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Abstract Here we report the effects of nano-Y2O3 addition, sintering atmosphere and time during on the fabrication of

PM duplex and ferritic stainless steels composites by dual-drive planetary milling of elemental Fe, Cr and Ni powders

followed by conventional pressureless sintering. Yttria-free and yttria-dispersed duplex and ferritic stainless steels are

fabricated by conventional sintering at 1000, 1200 and 1400 �C temperatures under argon atmosphere. In another set of

experiment, yttria-free and yttria-dispersed duplex and ferritic stainless steels are consolidated at 1000 �C for 1 h under

nitrogen atmosphere to study the effect of sintering atmosphere. It has been found that densities of duplex and yttria-

dispersed duplex stainless steel increase from 71% to 91% and 78% to 94%, respectively, with the increase in sintering

temperature. Similarly, hardness value increases from 257 to 567 HV25 in case of duplex, and from 332 to 576 HV25 in

yttria-dispersed duplex stainless steel. X-ray diffraction analysis shows the domination of more intense austenite phase than

ferrite at higher sintering temperature and also in nitrogen atmosphere. It is also evident that addition of yttria enhances

phase transformation from a-Fe to c-Fe. Duplex and yttria-dispersed duplex stainless steels exhibit the maximum com-

pressive yield strength of 360 and 312 MPa, respectively.

KEY WORDS: Nano-Y2O3; Composites; Stainless steel; Powder metallurgy (PM); Mechanical properties;

Microstructure; Phase transitions

1 Introduction

Duplex stainless steel is one of the very important grades of

the stainless steel that manifests the properties of both the

austenitic and the ferritic stainless steels. Generally, duplex

stainless steel contains almost equal proportions of the

austenite and the ferrite, but it may vary depending upon

the methods of preparation, composition, experimental

conditions, etc. This blending effect imparts excellent

corrosion resistance, high strength, good weldability, low

thermal expansion, high energy absorption, good high-

temperature tensile and creep strength [1]. The presence of

interstitial atoms and inter-metallic phases impart more

strength to duplex stainless steel which acts as obstacles for

dislocation motion [2, 3]. Wang et al. [4], Shashanka et al.

[5], Miyamoto et al. [6] and Liang et al. [7] reported the

superior properties of duplex stainless steel and highlighted

its applications in chemical, marine, nuclear power, oil,

petrochemical, paper and pulp industries. On the other

hand, the ferritic stainless steel is another important grade

of the stainless steel having body-centered cubic lattice

structure containing less amount of expensive Ni.

Dobrzanski et al. [8] and Li et al. [9] reported some

excellent properties of the ferritic stainless steel such as

high thermal conductivity, less stress corrosion, excellent

high temperature oxidation resistance, creep resistance,
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low thermal expansion, magnetic property and high yield

strength. Therefore, it is mainly used in refrigeration cab-

inets, cold water tanks, chemical and food processing,

water treatment plants, street furniture, electrical cabinets,

sticking memos on the fridge, storing knives and other

metallic implements [4]. Duplex and ferritic stainless steels

have wide range of applications; therefore, many

researchers are trying to improve their structure and

properties by bringing down their microstructure to nano-

level and by adding metal oxide dispersing agents.

Planetary milling [10] is one of the most widely used

plastic deformation method and used to refine the structure

of materials to nano-level. One of the advantages of

planetary milling is the production of extremely refined

materials in bulk amount at preferably shorter time and

with reduced possibility of oxidation. Therefore, we have

prepared duplex (Fe–18Cr–13Ni) and ferritic (Fe–17Cr–

1Ni) stainless steel powders from their elemental compo-

sitions by planetary milling route using specially designed

dual-drive planetary mill (DDPM). The mill design, fab-

rication and the fast, efficient powder synthesis was

reported by the authors in their previous paper [11].

In the present work, nano-structured duplex and ferritic

stainless steels were prepared by planetary milling and

metal oxide dispersoids were further added to improve

their mechanical properties [12]. Liu and Li [13], Felten

[14], Wukusick and Collins [15] and Francis et al. [16]

investigated the effect of oxygen active dispersoids such as

nano-Y2O3 which imparts strength to interfacial bonding,

hinders grain growth and increases hardness of stainless

steels.

Sintering atmosphere is one of the most important

parameters which involves dew point of the gas and also

influences the densification process of the stainless steels

to a greater extent [17, 18]. Therefore, we performed

sintering of yttria-dispersed and yttria-free stainless steel

samples by conventional sintering method in argon and

nitrogen atmospheres at 1000 �C for 1 h. Kurgan repor-

ted the effect of sintering atmosphere (argon and nitro-

gen) on the AISI 316L stainless steel compacts. He

studied the sintered density, grain morphology and

mechanical properties of AISI 316L stainless steel sin-

tered at argon and nitrogen atmospheres, and concluded

that the AISI 316L compacts sintered in nitrogen atmo-

sphere exhibit higher strength and hardness than the

steels sintered in argon atmosphere [19]. Martin et al.

[20] consolidated duplex stainless steel at 650 and

700 MPa in nitrogen and hydrogen atmospheres at a

temperature of 1250 �C. The sintering of compacted

duplex stainless steel was carried out for 30, 60, 120 and

240 min, respectively, and at different cooling rates

(furnace, gas and water cooling) to study the

microstructure and mechanical properties. They reported

that furnace-cooled duplex stainless steel samples exhibit

a high tensile strength than the base materials and water-

cooled duplex stainless steels. They concluded that water

cooling can increase the hardness of duplex stainless

steel, but it decreases the tensile strength and ductility.

Pandya et al. [21] reported the densification process of

the austenitic stainless steel at 1200, 1300 and 1400 �C,

respectively, and studied the effect of sintering temper-

ature on the microstructure and mechanical properties of

austenitic stainless steel. They correlated processing

parameters, microstructure and properties and concluded

that the density of the austenitic stainless steel increases

with the increase in sintering temperature. Vijayalakshmi

et al. [22] investigated the microstructural evolution and

mechanical properties of duplex stainless steel at 1100,

1200, 1300 and 1350 �C sintering temperatures. They

correlated microstructural changes at different tempera-

tures and concluded that the surface hardness mainly

depends upon the phases present in the materials. Sha-

shanka and Chaira [23] prepared nano-structured duplex

and the ferritic stainless steel powders by Pulverisette

planetary milling of elemental Fe, Cr and Ni powder for

40 h. They consolidated both the stainless steels by

conventional pressureless sintering at 1000, 1200 and

1400 �C temperatures, respectively, in argon atmosphere

to study the microstructure, density and hardness. They

achieved 90% of sintered density and 550 HV Vickers

microhardness for duplex stainless steel sintered at

1400 �C for 1 h. Similarly, they achieved 92% sintered

density and 263 HV microhardness for the ferritic

stainless steel sintered at 1400 �C. Shashanka and Chaira

[11] synthesized duplex and ferritic stainless steels in a

very fast and efficient manner by planetary milling of

elemental powders in dual-drive planetary mill (DDPM).

They reported that only 10 h of milling is sufficient to

prepare more than 500 g of nano-structured stainless

steel powders using DDPM, whereas other conventional

planetary millings can produce only few grams in more

than 20 h and hence they concluded that DDPM method

of stainless steel preparation is fast and efficient.

In the present investigation, our aim is to study the

effect of nano-Y2O3, sintering atmosphere and time during

synthesis of nano-structured duplex and ferritic stainless

steels by planetary milling followed by conventional sin-

tering. Here, we also investigate the microstructural evo-

lution, mechanical properties and phase transformation of

yttria-dispersed and yttria-free duplex and ferritic stainless

steels during milling and consolidation. Microstructure,

density and hardness values of all the stainless steel

samples fabricated by conventional sintering method in

argon and nitrogen atmospheres at 1000 �C are compared.

The effect of nano yttria addition is also studied

successfully.
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2 Experimental

The detailed study of synthesis of duplex (Fe–18Cr–13Ni)

and ferritic stainless steel (Fe–17Cr–1Ni) powder by dual-

drive planetary milling was explained by authors in their

previous papers [24, 25]. Carbon content of the both 10-h

milled stainless steel powders were measured by CHNS

analyzer (Elementar Analysensysteme, Germany/Vario

EL). Planetary-milled stainless steel powders were mixed

separately with 1 wt% nano-Y2O3 powder particles in a

turbula shaker mixer (TURBULA� T2F, Willy A. Bacho-

fen AG Maschinenfabrik, Switzerland) for 3 h. Yttria-dis-

persed and yttria-free duplex and ferritic stainless steel

powder samples were consolidated by pressureless con-

ventional sintering method.

All the stainless steel samples were compacted using

hydraulic press at 700 MPa and polyvinyl alcohol as bin-

der. Compacted stainless steel samples were convention-

ally sintered at 1000, 1200 and 1400 �C, respectively, in a

tubular furnace with holding time of 1 h each under argon

atmosphere to study the effect of temperature. In a separate

set of experiment, conventional sintering was carried out at

1000 �C under nitrogen atmosphere for 1 h to study the

effect of sintering atmosphere.

All the stainless steel samples were polished carefully

for microscopic investigation. The density and micro-

hardness values were measured by Archimedes method

[26] and Vickers microhardness methods, respectively.

Vickers microhardness studies were carried out using

LECO-LM248AT fitted with a Vickers pyramidal diamond

intender. Carl Zeiss optical microscope was used to study

the microstructure of consolidated stainless steel samples,

and their phase fraction was calculated by using Axio

Vision Release 4.8.2 SP3 (08-2013) software. The con-

solidated stainless steel samples were characterized by

X-ray diffraction (XRD) in a Philips PANalytical diffrac-

tometer using filtered CuKa-radiation (k = 0.1542 nm).

Compression tests were performed in an Instron corpora-

tion series IX automated Materials testing 1.26 systems at

room temperature and at a strain rate of 1 mm/min. All the

yttria-dispersed and yttria-free duplex and ferritic stainless

steel specimens have the cylindrical disk-shaped structure

with an average H/D ratio of 1.10.

3 Results and Discussion

3.1 Synthesis and Characterization of Milled

Duplex and Ferritic Stainless Steel Powder

The elemental powder mixture of Fe, Cr and Ni of com-

position Fe–18Cr–13Ni (duplex) and that of composition

Fe–17Cr–1Ni (ferrite) were selected from Schaeffler dia-

gram. The above compositions were milled in a specially

designed DDPM for 10 h with 6:1 ball to powder weight

ratio under toluene atmosphere to prevent oxidation. Fig-

ure 1a and b shows the microstructure of duplex and fer-

ritic stainless steel powders after 10 h of milling. The

detailed study of microstructural evolution of duplex and

ferritic stainless steel powders was explained by the

authors in their previous publications [11, 23, 24]. The 10-h

milled stainless steel powders exhibit regular, small and

spherical shapes as shown in the SEM microstructures. We

studied the qualitative and quantitative analyses of 10-h

milled duplex and the ferritic stainless steel powders by

EDS as shown in Fig. 1c, d, respectively. The EDS analysis

confirms the homogeneous distribution of elements with

almost same composition as that of initial parental ele-

mental composition. The amount of carbon present in the

10-h milled stainless steel samples were measured by using

CHNS analyzer. It was found that duplex stainless steel

contains 0.077% of carbon, whereas ferritic stainless steel

contains 0.093% of carbon. Figure 2 depicts the FESEM

image of as-received Y2O3 nanoparticles. The yttria

nanoparticles are regular and spherical shape with an

average particle size of around 40 nm.

3.2 Consolidation of Duplex and Ferritic Stainless

Steel Powders

3.2.1 Effect of Sintering Temperature

3.2.1.1 Phase Analysis by XRD The XRD spectra of

duplex and ferritic stainless steel samples sintered at 1000,

1200 and 1400 �C are shown in Fig. 3a, b, respectively.

The XRD spectra of conventionally consolidated duplex

and ferritic stainless steel samples show sharp and crys-

talline diffraction peaks of the ferrite and the austenite

phases. The sharpness and crystallinity of diffraction peaks

increase with the increase in sintering temperature from

1000 to 1400 �C. During milling, the stainless steel powder

has undergone many transformations like introduction of

structural defects, amorphization, reduction in crystallite

size and the increase in volume fraction of grain bound-

aries. This increases the number of defect storage sites,

shortens diffusion paths and attains non-equilibrium state

[27]. But during sintering, the stainless steel powder par-

ticles diffuse and rearrange themselves in a regular manner,

and this increases the crystallinity of stainless steel. The

rate of diffusion, grain growth and the atomic periodicity

increases with the increase in sintering temperature. Fig-

ure 3c and d depicts the XRD spectra of conventionally

sintered yttria-dispersed duplex and ferritic stainless steel

samples at 1000, 1200 and 1400 �C, respectively. Both

stainless steel samples show high intense, sharp crystalline
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diffraction peaks as shown in the figures. The yttria-dis-

persed duplex stainless steel shows phase transformation

from a-Fe to c-Fe during sintering and results in more

dominant austenite phase at higher temperature. Figure 3c

clearly shows the phase transformation of a-Fe to c-Fe by

resolving both austenite and ferrite peaks at 1000 �C. The

intensity and percentage volume of the austenite phase

increase with the increase in sintering temperature. At

1400 �C, the austenite peaks become more dominant than

ferrite peaks in case of yttria-dispersed duplex stainless

steel. The yttria-dispersed duplex stainless steel shows

more intense and predominant austenite peaks than the

yttria-free duplex stainless steel where phase transforma-

tion is limited even at higher temperature. The phase

transformation is due to the dispersion of Y2O3 in stainless

steel. The phase transformation may be due to the diffusion

of yttria atoms into the smaller interstitial sites of ferrite

crystallites, forms mismatch strains and thus initiates phase

transformation [11]. The refinement of ferrite crystallite to

nano-level can also initiate phase transformation. There-

fore, more research work is to be carried out to study the

mechanism of yttria during austenitic stabilization. Both

the XRD spectra show no sigma phases, carbides or nitride

precipitations of secondary phases.

3.2.1.2 Microstructure and Phase Analysis Figure 4a

and b shows the optical micrographs of duplex and ferritic

stainless steel samples consolidated at 1000, 1200 and

1400 �C, respectively. From the microstructures, it is

confirmed that the number of the pores decreases with the

increase in sintering temperature from 1000 to 1400 �C.

This is due to rapid rate of mass transport at higher tem-

peratures through necking. At 1400 �C, material dissolu-

tion takes place primarily at the interior of both the

stainless steel samples. At 1400 �C, the part of very fine

stainless steel powders melts and forms pendular bonds at

their particle contacts. Due to weak and semisolid bonding

between the particles decreases the viscosity of the liquid.

Fig. 1 SEM images of duplex a and ferritic b stainless steel milled for 10 h; similarly EDS of duplex c and ferritic d stainless steel powders

milled for 10 h in DDPM

Fig. 2 FESEM microstructure of as-received Y2O3 nanoparticles
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Then low viscous liquid flows freely through capillary

action and results in rapid viscous flow sintering densifi-

cation [28–30]. Therefore, the stainless steel sintered at

1400 �C exhibits low porosity ratio, high density and

maximum hardness. Pandya et al. [21] also reported similar

results of material dissolution at 1400 �C. Figure 4c, d

represents the optical micrographs of yttria-dispersed

duplex and ferritic stainless steel samples sintered at 1000,

1200 and 1400 �C, respectively. The increase in sintering

temperature from 1000 to 1400 �C decreases the number of

the pores and increases the density of sample as well as the

fraction of austenite phase in both the stainless steels, as

shown in Fig. 4. Therefore, we have carried out an inves-

tigation to study the extent of volume fraction of the ferrite

and the austenite phase formed in both yttria-dispersed and

yttria-free stainless steel during sintering. The volume

fraction of both ferrite and austenite phases are calculated

by Axio Vision Release software. The volume fraction of

the austenite phase increases from 51 to 65% during sin-

tering from 1000 to 1400 �C in case of duplex and from 57

to 72% in case of yttria-dispersed duplex stainless steel.

Similarly, the volume fraction of the austenite phase

increases from 33 to 58% in ferritic stainless steel and from

41 to 62% in the yttria-dispersed ferritic stainless steel

during sintering from 1000 to 1400 �C. In the micrographs,

ferrite (a-white), austenite (c-gray) and pores (P-black) are

shown.

3.2.1.3 Density and Hardness Study Figure 5a represents

the effect of sintering temperature on the densities of yttria-

free duplex, ferritic stainless steel, yttria-dispersed duplex

and ferritic stainless steel samples, respectively. The den-

sity of all four stainless steel samples increases with the

increase in sintering temperature from 1000 to 1400 �C. At

higher temperature, the rate of diffusion is more effective

and the atoms rearrange themselves in a very dense pattern.

A maximum density of more than 94% is achieved for both

yttria-dispersed duplex and ferritic stainless steel samples

at 1400 �C sintering temperature. The optical microstruc-

tures of yttria-dispersed duplex stainless steel show very

less porosity ratio with the increase in sintering tempera-

ture. It is observed from the microstructures that the

porosity ratio of yttria-dispersed duplex stainless steel is

less compared to yttria-free duplex stainless steel. This is

Fig. 3 XRD spectra of duplex a, ferritic b stainless steel, yttria-dispersed duplex c and yttria-dispersed ferritic d stainless steel samples sintered

at 1000, 1200 and 1400 �C in argon atmosphere
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due to the accommodation of yttria nanoparticles in the

interstices of micron-sized stainless steel particles and

hinders the grain growth. As Tiwari et al. [31] reported, the

added yttria nanoparticles have a tendency to increase the

propensity for grain boundary added diffusion and the

addition of yttrium aluminum garnet (YAG) to ferritic

(434L) stainless steel improves the densification, mechan-

ical and tribological properties. They performed sintering

at both solid-state (1200 �C) and super-solidus (1400 �C)

sintering conditions and concluded that super-solidus sin-

tering and YAG addition result in superior densification

and enhancement of the hardness of ferritic stainless steels.

They also reported that addition of 10 wt% YAG results in

YAG–YAG bonding instead of YAG–stainless steel. This

decreases the density and hardness of stainless steel.

Therefore, they concluded that addition of small amount of

YAG (5 wt%) results in strong YAG–stainless steel

bonding [31]. Jain et al. [32] also reported that addition of

Fig. 4 Optical microstructure of duplex a, ferritic b stainless steel, yttria-dispersed duplex c and yttria-dispersed ferritic d stainless steel samples

sintered at 1000, 1200 and 1400 �C in argon atmosphere (P Pores)
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more percentage of yttria nanoparticles increases the pos-

sibility of yttria–yttria interaction rather than yttria–stain-

less steel interaction and agglomerates at grain boundaries

and decreases the strength of stainless steel. Optical

microstructure of all the stainless steel samples confirms

that the increase in sintering temperature decreases the

number of pores and increases the density. The density of

duplex and ferritic stainless steels varies from 71% to 91%

and from 73% to 93%, respectively, at sintering tempera-

ture of 1000 to 1400 �C. Similarly, the density of yttria-

dispersed duplex and ferritic stainless steels varies from

78% to 94% and from 80% to 96%, respectively.

Figure 5b represents the Vickers microhardness values

of yttria-dispersed and yttria-free stainless steel samples

measured at 245-mN indentation load. At higher sintering

temperature, the density increases due to the less number of

voids and hence hardness also increases. The Vickers

microhardness value is calculated using the relation [33].

HV ¼ 1:8544
P

d2
ð1Þ

where P is the applied load and d is the diagonal length of

the indentation. Yttria-dispersed duplex and ferritic stain-

less steel samples show more hardness values than yttria-

free duplex and ferritic stainless steels, respectively.

Addition of yttria in stainless steel increases the bonding

strength, density and hinders grain growth. As a result,

yttria-dispersed stainless steel exhibits higher hardness than

yttria-free stainless steels. The Vickers microhardness

values of duplex and ferritic stainless steels change from

257 to 567 HV and 192 to 265 HV, respectively, for

variation of sintering temperature from 1000 to 1400 �C.

Similarly, the hardness values change from 332 to 576 HV

for yttria-dispersed duplex and from 205 to 341 HV for

ferritic stainless steel, respectively. Figure 6 depicts the

effects of the indentation load on the microhardness of

duplex, ferritic, yttria-dispersed duplex and the ferritic

stainless steel samples sintered at 1000, 1200 and 1400 �C,

respectively. The Vickers microhardness measurements of

all the stainless steel samples were carried out at three

different loads 98, 245 and 490 mN with a dwell time of

10 s. For each stainless steel sample, at least five trials of

the indentations were made at each load and the average

values of the diagonal lengths of the indentation marks

were measured as hardness. From Fig. 6a–d, it is observed

that the hardness values of respective stainless steel sample

decrease with the increase in applied indentation load. This

is due to the indentation size effect (ISE), and it occurs due

to the surface effect and strain gradient effect [23, 34]. ISE

also directly relates to the intrinsic structural factors of the

tested materials such as indentation elastic recovery, work

hardening during indentation and surface dislocation pin-

ing [35, 36]. The hardness of the tested specimen is a

measure of the indentation depth, which is inversely pro-

portional to hardness [37]. Therefore, with the increase in

applied load from 98 to 490 mN, the indentation depth

increases and thus decreases the hardness values as shown

in the figure. Mott [38], Buckle [39], Gane [40], Upit and

Varchenya [41] and Chen et al. [42] reported the significant

variations of hardness with depth, especially at depths of

less than a few micrometers, and they also reported the

possibility of two types of effects. Normal ISE increases

the hardness at smaller depths, and reverse ISE decreases

the hardness. But in our case due to normal ISE, the

hardness decreases with the increase in the indentation

depth.

3.2.1.4 Compressive Strength Figure 7 shows the com-

pression yield stresses of the yttria-dispersed, the yttria-free

duplex and the ferritic stainless steel samples sintered at

1000 �C. It is shown that yttria-dispersed stainless steel

shows maximum resistance to deformation than the yttria-

Fig. 5 Curves of sintered density a and Vickers microhardness b of stainless steel samples sintered at 1000, 1200 and 1400 �C in argon

atmosphere
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free stainless steel. We know that the yttria-dispersed

stainless steel exhibits maximum density and hardness

values and hence more stress is required to deform them.

The addition of yttria increases strengthening, inhibits

dislocation motion, increases the deformation resistance,

controls the recovery and re-crystallization process and

inhibits the grain growth [43]. As a result, the yttria-dis-

persed stainless steel sintered at 1000 �C shows maximum

yield stress than the yttria-free stainless steels. Yttria-dis-

persed duplex and ferritic stainless steels exhibit the

maximum compressive yield stresses of 360 and 308 MPa,

respectively, whereas yttria-free duplex and ferritic stain-

less steels possess maximum yield stresses of 312 and

225 MPa, respectively. The toughness values of duplex and

ferritic stainless steels are found to be 24 and 9 MPa,

respectively. Similarly, the toughness of yttria-dispersed

duplex and yttria-dispersed ferritic stainless steels are

found to be 28 and 15 MPa, respectively. The values of the

volume fractions, density, hardness and compressive

strength of austenite and ferrite phases of yttria-dispersed

and yttria-free stainless steel samples sintered in argon

atmosphere are tabulated in Table 1. The composition,

preparation, processing methods, density, microhardness

and yield stress of stainless steels investigated by different

authors are tabulated in Table 2.

Fig. 6 Effect of indentation load (98, 245 and 490 mN) on Vickers microhardness of duplex a, ferritic b stainless steel, yttria-dispersed duplex

c and yttria-dispersed ferritic d stainless steel samples sintered at 1000, 1200 and 1400 �C in argon atmosphere

Fig. 7 Compressive stress–strain curves of the yttria-dispersed and

yttria-free duplex and ferritic stainless steel samples sintered at

1000 �C in argon atmosphere
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3.2.2 Effect of Sintering Atmosphere

3.2.2.1 Phase Analysis by XRD Figure 8a and b repre-

sents the XRD spectra of duplex and ferritic stainless steel

samples sintered conventionally at 1000 �C in nitrogen

atmosphere. Both the stainless steels show sharp and

crystalline diffraction peaks. From the XRD graphs, it is

confirmed that the austenite peaks are more dominant in

duplex stainless steel; and the ferrite peaks are dominant

along with austenite and traces of iron nitride phases in

ferritic stainless steel, respectively. Ferritic stainless steel

sintered in nitrogen atmosphere shows a-Fe to c-Fe phase

transformation, but phase transformation is absent in fer-

ritic stainless steel sintered at argon atmosphere. It is

widely accepted that nitrogen favors the a-Fe to c-Fe phase

transformation [11] and therefore sintering atmosphere

plays an important role in phase transformation. Limited

amount of austenite phase forms during milling, and hence

Table 1 Volume fractions, density and hardness of the austenite and ferrite phases of stainless steel samples sintered in argon atmosphere at

different sintering temperature

Sample Sintering temperature

(�C)

Volume fraction (%) Theoretical

density (g/

mL)

Sintered

density

(%)

Vickers

microhardness

(HV)

Compressive

strength

(MPa)Austenite

phase

Ferrite

phase

Duplex stainless steel 1000 51 49 7.84 71.05 257 312

1200 62 38 85.55 451

1400 65 35 90.56 567

Ferritic stainless steel 1000 33 67 7.75 72.5 192 225

1200 44 56 88.08 224

1400 58 42 93.12 265

Yttria-dispersed duplex

stainless steel

1000 57 43 7.80 77.81 332 360

1200 65 35 90.6 495

1400 72 27 94.28 576

Yttria-dispersed ferritic

stainless steel

1000 41 58 7.70 79.99 205 308

1200 52 48 91.23 282

1400 62 38 96.05 341

Table 2 Composition, preparation, processing methods, density, microhardness and yield stress of stainless steels investigated by different

authors

Reference Composition Powder preparation Processing method Density

(%)

Vickers

microhardness

(HV)

Yield

stress

(MPa)

[43] Ni–20Cr–1.2Y2O3 SPEX 8000 M shaker mill for

2 h

SPS at 1100 �C for 30 min 99.55 472 1286

[44] AISI 304L Equal channel angular pressing at

700 �C
225 652

[45] Fe–18Cr–8Mn–0.9 N High-energy shaker mill for

144 h under nitrogen gas

Conventional sintering at 1100 �C
for 30 h

87.3 324 270

[46] 74Fe–18Cr–8Mn High-energy shaker mill for

120 h under nitrogen gas

Conventional sintering at 1100 �C
for 20 h

83.1 495 390

[47] 316L SS Gas atomization Direct laser deposition method

using 1 kW Nd: YAG laser

215 408

[48] Fe–17Cr–10Mn–

3Mo–0.4Si–0.5 N–

0.2C

Planetary ball mill for 48 h

under argon gas

Conventional sintering at 1050 �C
for 1 h and water quenched

542

[Present

paper]

Fe–18Cr–13Ni Dual-drive planetary mill for

10 h under toluene

Conventional sintering at 1000 �C
for 1 h in argon atmosphere

71.05 257 312
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sintering of stainless steel compacts can promote a-Fe to c-

Fe. Comparing the diffraction peaks of ferritic stainless

steel sintered at 1000 �C in argon and nitrogen atmo-

spheres (Fig. 3 and Fig. 8), we can observe the formation

of c-Fe peaks in ferritic stainless steel sintered in nitrogen

atmosphere; but austenite peaks are absent in argon

atmosphere sintering. Austenite has large interstitial sites

and smaller interfacial energy, whereas ferrite has smaller

interstitial sites and larger interfacial energy. During sin-

tering in nitrogen atmosphere, N2 atoms diffuse into the

larger interstitial sites of austenite and form very less dis-

tortion and volume mismatch. But in case of ferrite, N2

atoms diffuse into the smaller interstitial sites and create

mismatch strains. The presence of alloying elements such

as Cr and Ni in ferritic stainless steel increases the solu-

bility of N2 atoms in Fe lattice. Ferritic stainless steel

contains alloying elements such as Cr and Ni, and they

increase the solubility of nitrogen atoms in Fe lattice.

During milling, many processes such as introduction of

structural defects, distortion of crystallite lattice and

refinement in grain size, fracturing and cold welding of

powder particles take place. This results in maximum

defect storage sites and shorter diffusion paths. Therefore,

during sintering, N2 atoms easily diffuse into Fe lattice

through shorter diffusion paths and piled in defect storage

sites. The increased ratio of lattice strain to grain size

increases the preferable lattice storage sites for nitrogen

absorption [49] and thereby enhances the a-Fe to c-Fe

phase transformation. All the above explanation provides

more evidence that nitrogen acts as austenitic stabilizer.

Figure 8c, d depicts the XRD spectra of yttria-dispersed

duplex and ferritic stainless steel samples conventionally

sintered at 1000 �C in nitrogen atmosphere. Yttria-dis-

persed ferritic stainless steel shows a phase transformation

from a-Fe to c-Fe in presence of nitrogen atmosphere. But

the phase transformation is absent in case of yttria-dis-

persed ferritic stainless steel sintered in argon atmosphere

at 1000 �C. XRD spectra of all four stainless steel samples

sintered at nitrogen atmosphere show secondary iron

nitride phase, which enhances the hardness of the material.

Fig. 8 XRD spectra of duplex a, ferritic stainless steel b, Yttria-dispersed duplex c, Yttria-dispersed ferritic stainless steel d samples sintered at

1000 �C in nitrogen atmosphere
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3.2.2.2 Microstructure and Phase Analysis Optical

micrographs of yttria-dispersed, yttria-free duplex and

ferritic stainless steel samples consolidated at 1000 �C in

nitrogen atmosphere are shown in Fig. 9. All the

microstructures show a low porosity ratio which improves

the mechanical properties significantly, whereas stainless

steel samples sintered at 1000 �C in argon atmosphere

possess a high ratio of porosity with irregular shapes.

Stainless steel samples sintered in nitrogen atmosphere

form secondary phases such as chromium nitrides at grain

boundaries of Fe matrix as shown in the micrographs and

forms tri-phase structure. But secondary phases are absent

in stainless steel samples sintered in argon atmosphere at

1000 �C (Fig. 4), and they show only bi-phase structure

[50]. The presence of chromium nitride phase and phase

transformation from a-Fe to c-Fe has been confirmed by

XRD spectra. As we have discussed earlier, nitrogen acts

as austenitic stabilizer, and therefore, stainless steel sam-

ples sintered in nitrogen atmosphere show more volume

fraction of the austenite than the stainless steel sintered in

argon atmosphere. Figure 10 represents the volume frac-

tion analysis of yttria-free, yttria-dispersed duplex and

ferritic stainless steels, respectively. In the micrographs,

ferrite (Blue), austenite (Green) and chromium nitride

(Red) are shown. The volume fraction of austenite phase is

63% for duplex and 40% for the ferritic stainless steel

sintered in nitrogen atmosphere, whereas the same stainless

steel sintered at argon atmosphere shows the contents of

austenite phase of 51 and 33 vol%, respectively. Yttria-

dispersed duplex and ferritic stainless steel samples sin-

tered at nitrogen atmosphere show the contents of austenite

phase of 79 and 45 vol%. Similarly, yttria-dispersed duplex

and ferritic stainless steels sintered at argon atmosphere

show the contents of austenite phase of 57 and 41 vol%,

respectively.

3.2.2.3 Density and Hardness Study Figure 11a repre-

sents the effect of sintering atmosphere on the densities of

duplex, ferritic and yttria-dispersed duplex and ferritic

stainless steel samples, respectively. It is found that con-

ventional sintering carried out under nitrogen atmosphere

results in higher values of density and hardness as com-

pared to sintered at argon atmosphere. Kurgan [19] also

reported similar kind of results. Optical microstructures of

the stainless steel show regular arrangement with low

porosity ratio and high density. But the stainless steel

Fig. 9 Optical microstructures of duplex a, ferritic stainless steel b, yttria-dispersed duplex c and yttria-dispersed ferritic stainless steel d
samples sintered at 1000 �C in nitrogen atmosphere (P pores)
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sintered in argon atmosphere shows maximum porosity and

irregular shape and hence less density values. Duplex and

ferritic stainless steels sintered in nitrogen atmosphere

show densities of 74% and 77%, respectively. Similarly,

yttria-dispersed duplex and ferritic stainless steels possess

the densities of 80% and 82%, respectively. From Figs. 9

and 10, it is confirmed that the secondary phase such as

Cr2N is formed in all the stainless steel samples sintered

under nitrogen atmosphere at 1000 �C. Formation of the

secondary phase at the grain boundaries improves the

hardness, density and strength of the stainless steel signifi-

cantly. Figure 11b represents the effect of indentation load

Fig. 10 Phase analysis of duplex a, ferritic stainless steel b, yttria-dispersed duplex c and yttria-dispersed ferritic stainless steel d samples

sintered at 1000 �C in nitrogen atmosphere (ferrite—blue, austenite—green, chromium nitride—red)

Fig. 11 Curves of sintered density (argon and nitrogen) a and Vickers microhardness b of stainless steel samples sintered at 1000 �C in nitrogen

atmosphere
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on the microhardness of yttria-dispersed and yttria-free

duplex and ferritic stainless steels sintered at 1000 �C in

nitrogen atmosphere. The Vickers microhardness measure-

ments of stainless steel samples were carried out at 98, 245

and 490 mN indentation load with a dwell time of 10 s. It has

been found that the hardness value decreases with the

increase in the indentation load due to indentation size effect

(ISE). Addition of yttria nanoparticles in stainless steel

enhances the bonding strength, and therefore, yttria-dis-

persed stainless steel shows more density and hardness

values. The Vickers microhardness values of duplex and

ferritic stainless steels sintered at nitrogen atmosphere are

314 and 200 HV, respectively. Similarly, yttria-dispersed

duplex and ferritic stainless steels show microhardness

values of 400 and 253 HV, respectively, whereas micro-

hardness values of the duplex and ferritic stainless steels

sintered at argon atmosphere are 257 and 192 HV, respec-

tively. Similarly, yttria-dispersed duplex and ferritic stain-

less steels show microhardness value of 332 and 205 HV,

respectively. This increased hardness in nitrogen atmo-

sphere is due to the dissolution of nitrogen into stainless

steel samples during sintering. The presence of nitrogen not

only increases solid solution strengthening but also increa-

ses grain size strengthening [51, 52]. The values of the

volume fractions, density and hardness of austenite and

ferrite phases of yttria-dispersed and yttria-free stainless

steel samples sintered in nitrogen atmosphere are tabulated

in Table 3.

4 Conclusions

(1) Yttria-dispersed, yttria-free duplex and ferritic stain-

less steel samples were fabricated successfully by

planetary milling followed by conventional sintering.

(2) The increase in sintering temperature from 1000 to

1400 �C increases the density, hardness and a-Fe to c-

Fe phase transformation of duplex and yttria-dis-

persed duplex stainless steel.

(3) The hardness increases for duplex from 257 to 567

HV and for yttria-dispersed duplex from 332 to

576 HV with the increase in sintering temperature.

Similarly, the hardness increases from 192 to 265 for

ferritic stainless steel and from 205 to 341 for yttria-

dispersed ferritic stainless steel, respectively.

(4) Compressive yield stresses of yttria-free duplex,

ferritic, yttria-dispersed duplex and ferritic stainless

steel are 312, 295, 360 and 308 MPa, respectively.

(5) Conventional sintering in nitrogen atmosphere favors

a-Fe to c-Fe phase transformation and increases the

density and hardness of stainless steel when compared

with sintering in argon atmosphere. The increased

hardness is due to the formation of Cr2N phase.

(6) The hardness of duplex, ferritic, yttria-dispersed

duplex and yttria-dispersed ferritic stainless steels is

found to be 314, 200, 400 and 253 HV, respectively.
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