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Manufacturing technologies of P/M high nitrogen stainless steels with a special 
regard to solid state nitriding of gas atomized powders were studied. The solid state 
mtriding was performed by gaseous nitriding at elevated temperatures in a fluidized 
bed furnace. Nitriding temperature and time for the different materials was 
determined by thermogravimetric analysis (simultaneous DTA/TG analysis). The 
nitrided powders were subsequently consolidated by Hot Isostatic Pressing (ШР). 
The powders and consolidated materials were studied by optical microscopy, 
scanning electron microscopy, X-ray photoelectron spectroscopy, electron probe 
microanalysis and X-ray analysis.

According to the results of the experiments and analysis performed, it can be 
concluded, that solid state nitriding is an effective way to increase nitrogen contents 
of the powders beyond their nitrogen solid solubility in steels produced in a 
conventional molten route manufacturing at atmospheric pressures. 
Thermogravimetric analysis of the powders in a nitrogen-hydrogen atmosphere 
give useful information on the suitable nitriding temperartures and times. Fluidized 
bed nitriding is a novel method for nitriding of gas atomized powders in nitrogen- 
hydrogen atmospheres. °

Oxygen content of gas atomized powders increased, when they were nitrided in a 
fluidized bed furnace. This is not acceptable, since the mechanical properties of the 
consolidated materials are adversely affected by oxygen contamination of the 
powders.
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1. Introduction

Alloying steel with nitrogen in order to obtain good properties in a cost effective way has been of great 

interest during the last 30 years, although nitrogen has been known to have both beneficial and detrimental 

effects on steel properties. The main reason for the interest towards nitrogen as an alloying element is to 

save other expensive alloying elements, such as nickel, and at the same time to introduce good property 

combinations to steels. Progresses in manufacturing technologies have also increased interest in nitrogen 

alloying of steels, since so far manufacturing of nitrogen alloyed steels has been more complicated as 

compared with the other steels.

Austenitic stainless steels are considered to be high nitrogen austenitic stainless steels, if they contain more 

than 0,4 wt-% of nitrogen. Nitrogen is known to be a strong austenite stabilizer and it lowers the stacking 

fault energy (SFE) up to a value of approximately 0,24 wt-% N, whereas at higher nitrogen contents the 

SFE does not markedly change (Oda et al., 1990). Nitrogen causes the deformation mode to become more 
planar as nitrogen content increases. Nitrogen lowers the Ms and Md30 -temperatures and at high nitrogen

contents no deformation martensite (a') exists (Hannula et al., 1984). Nitrogen dissolves into interstitial 

sites in austenite forming an interstitial solid solution, which causes strengthening of the austenitic matrix. 

High nitrogen austenitic steels have a unique combination of high yield strength and high fracture 

toughness, which is not typical for other steels. Yield strength is approximately 800 - 900 MPa in the 
solution annealed condition, and it can be raised by cold working and by strain ageing to values from 1500 
to 3000 MPa. Fracture toughness can have an excellent value of 500 МРал/iñ in the solution annealed 

condition, but it decreases after cold working to a still high value between 100 and 150 МРал/т (Speidel, 

1988). The reason to the fact that cold working effectively raises the yield strength of these materials is their 

high work hardening coefficient. High nitrogen austenitic stainless steels have also excellent corrosion 

properties, such as resistance to stress corrosion cracking, crevice corrosion and pitting corrosion. In 

addition to good mechanical and corrosion properties, high nitrogen austenitic stainless steels have low 

magnetic permeability, good wear resistance and good creep resistance at high temperatures. The capability 

of nitrogen to introduce all of the above mentioned properties depends on whether it is in solid solution or 

precipitated as nitrides.

2. Nitrogen alloying of austenitic stainless steels

In order to be able to manufacture high nitrogen austenitic stainless steels, the theoretical background of 

nitrogen effects on austenitic stainless steels has to be understood. Therefore in the following chapters the 

basics of nitrogen alloying of iron-base alloys are described, in order to understand the attainable properties 

of high nitrogen austenitic stainless steels.
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2.1 Nitrogen in austenite

2.1.1 Comparison between nitrogen and carbon in austenite phase

Nitrogen atoms, like carbon atoms, enter the y- and Ct-iron lattices as interstitial solute atoms, since the 

atomic size of nitrogen is sufficiently small as compared with that of iron atom (Honeycombe, 1982). When 

nitrogen atom enters the iron lattice, some lattice distortion takes place, because the atomic size of nitrogen 

is bigger than the size of an available interstice. The atomic sizes of nitrogen and carbon are shown in Table 

1. Nitrogen enters the smaller octahedral interstice instead of the larger tetrahedral interstice in the iron 

lattice, which is due to the more favourable relief of strain in the iron lattice. The relief of strain in the iron 

lattice takes place by movement of two nearest neighbour iron atoms, when nitrogen enters the octahedral 

interstice, whereas, if nitrogen entered the tetrahedral interstice, it would have to move lour nearest 

neighbour iron atoms.

Table 1. Atomic sizes of non-metallic elements in iron (Honeycombe. 1982).

Element

Atomic 
radius '

(Â)

r

r\

2- Fe 1 28 1.00
a 0 94 0 73
c 0 77 0 60
N 0 72 0 57
0 0 60 0 47
H 0 46 0 36

The solubility of nitrogen, as well as carbon, in austenite is greater than in ferrite, because the interstices are 

larger in the austenite as compared with those in the ferrite (Honeycombe, 1982). The solubilities of 
nitrogen and carbon in y - and CC-iron are shown in Table 2a. As can be seen, the solubility of nitrogen at 

temperatures above room temperature in both y- and Ct-iron is greater, especially in ct- iron. The 

solubilities of nitrogen and carbon in both y - and Ct-iron at room temperature are extremely low. The Fe-N 

and Fe-C phase diagrams are compared in Figure 1 (Forch et al„ 1990).
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Table 2. a) solubilities of nitrogen and carbon in 7 - and Ct-iron and b) diffusivities of elements in 

7 - and CC-iron (Horeycor x\ 198 :).

Diffusion
Activation Freouency coefficient Temperature
energy 0 ‘actor D3 Ci.q-c •ange

Solvent Solute (kj moi ' (cm2 $- ’) |C”" i-'l i'C)

r-.ron C 135 0 15 1 5 .IC-’ 900-1050
Fe 269 G 18 2 2 .10-11 1050-1390

Temperature Solubility Co 364 30 »10' 21 0 « 10-’1 Ю50-1250
(at 1050‘C)

ГС) »i*/. 405 1 3 « Ю4 68 0 «1С-” 1050-1 250
(at 1050*0

И50 2.04 8 8 253 3 0 150 -IO'" aoo-i:co
723 0 80 3.6 N1 230 0 77 77 * ¡0 - *i 930-1050
723 0 02 0 095 P 293 29 3 3 6 .10-4 1280-1350

20 <0 00005 <0 00012 s 20: i 35 1 5 .10-’ 12CO-1350
N in y-non 650 2 3 10 3 vV 376

?

170 «I0-1' 1050-1250
590 2 35 8.75 (at 1050 *0

N m 1 non 590 0 10 0 40
20 <0 0001 <0 0004 *1.1 г n n ^ 30 5 2 * 10 * 1i 1 8 «m-s

76 30 « 10- 11 t 3 « 10-6
Fe 240 0 5 .'CO- 750
Co 225 2 1 « :0-M *00- 73C
Ci 343 3 0 V.104
N1 258 9 7 3 7 ж 1Q-M 700- ЭС0
P 230 2 9 20 xlO-’° 360-900
w 293 33 «I01

a) b).

System Fe—N

Metalloid-content [wt-X]

Figure 1. Comparision of Fe-N and Fe-C phase diagrams (Forch et al.. 1990).

Nitrogen and carbon atoms have high diffusivities in both 7 - and Ct-iron. as can be seen in Table 2b. Their 

diffusivities are several orders of magnitude higher than those of substitutional atoms in 7 - and Ct-iron 

(Honeycombe, 1982) . This means, for instance, that homogenization heat treatments for elimination of 

nitrogen and carbon concentration gradients are shorter and can take place at lower temperatures as 

compared with those of substitutional solute atoms. The diffusion of both interstitial and substitutional 
solute atoms is faster in ferrite than in austenite, which is due to the fact, that 7 -iron has a close-packed

structure, whereas CC-iron has a more loosely-packed structure. The more loosely-packed structure of CC- 

iron responds more readily to thermal activation than 7-iron, which results in an easier passage of

vacancies and associated solute atoms through the structure of CC-iron.
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Nitrogen atoms form according to Bugaev et al. (1990) and Gavriljuk et al. (1990) 180° configurations in 

iron-nitrogen austenite as can be seen in Figure 2. Nitrogen atom distribution in austenite differs from 

carbon atom distribution in austenite. Carbon atoms form 90° configurations, i.e., C-C atom pairs are 

located in the nearest possible neighbouring interstitial sites (Figure 2a). The physical reason for the 

difference in nitrogen and carbon atom distribution in austenite is explained to be the different interaction 
energy values of interstitial atoms between themselves : 1)^, - 0,11 eV and "0^ - 0,09 eV. Thus,

nitrogen atoms have stronger mutual repulsion as compared to carbon atoms and therefore the existence of 

nitrogen atom pairs (90° configurations) is excluded.

a)

b)

0 - metal atoms ; • - Interstitial atoms.

Figure 2. 90° (a) and 180° (b) configuration of atomic bonds between Fe and C or Fe and N (Bugaev et al. 

1990).

Both nitrogen and carbon atoms form covalent type bonding with iron atoms. However, there exists a 

difference in the electron exchange between iron and carbon as compared with iron and nitrogen atoms



7

(Bugaev et al, 1990; Gavriljuk et al., 1990). Iron and nitrogen have greater electron exchange as compared 

with that of iron and carbon, since nitrogen has more valence electrons than carbon (Bugaev et al., 1990; 

Gavriljuk et al., 1990). Nitrogen containing austenite has also been proposed to have a more symmetrical 

electrical charge distribution in fcc-lattice as compared with carbon containing austenite, which explains 

greater solubility of nitrogen in austenite (Bugaev et al., 1990).

Alloying elements affect nitrogen atom distribution in austenite, but unlike in the case of carbon containing 

austenite, nitrogen does not cause solid solution decomposition in the austenite phase. Solid solution 

decomposition results in microinhomogeneous structure, thus, affecting adversely mechanical and corrosion 

properties (Bugaev et al., 1990; Gavriljuk et al., 1990). Manganese, for instance, affects iron-nitrogen 

austenite in a manner, that both 90° and 180° configurations disappear, which means, that there exists a 

strong repulsive force between nitrogen atoms. Therefore, nitrogen atom distribution remains uniform. If 

compared with carbon containing austenite alloyed with manganese, nitrogen atoms form a more 

homogeneous distribution in the austenite than carbon atoms. Manganese can be alloyed to nitrogen 

containing austenite at least up to 10 wt-% Mn without decomposition of solid solution, whereas in the case 

of carbon containing austenite, even small additions of manganese cause decomposition of solid solution 

and the formation of microinhomogeneous structure. Thus, alloyed nitrogen containing austenite has greater 

thermal stability.

Oda, Kondo and Shi bata (1990) have reported the existence of interstitial -substitutional complexes in a 15 

Cr - 15 Ni austenitic stainless steel. According to them, interstitial atoms, such as nitrogen atoms, have 

strong interaction with chromium atoms and therefore gather chromium around them forming interstitial- 

substitutional complexes with a short-range ordered structure in the austenite matrix resulting in solid 

solution strengthening. This strengthening appears in stainless steels, which are in the solution treated 

condition and the interstitial-substitutional complexes dissolve during plastic deformation. Silicon is said to 
promote the formation of interstitial-substitutional complexes around chromium atoms (Oda et al, 1990). 

According to Golovin et al. (1992), a similar formation of substitutional-interstitial complexes of interstitial 

atoms (C, N) and substitutional atoms (Cr) takes place by precipitation processes in high-chromium ferritic 

steels. It is connected with the ”475 °C embrittlement”, which takes place in the temperature range of 400 

to 550 °C. It is said to be caused by decomposition processes of solid solution, which is thermodynamically 

unstable at temperatures < 550 °C. In the temperature range of 400 to 550 °C, the following processes take 

place: 1) decay of solid solution, which is supersaturated with interstitial atoms, caused by dislocation 

pinning, 2) formation of substitutional-interstitial complexes of interstitial atoms (C, N) and substitutional 

atoms (Cr) and 3) formation of Cr-rich zones.
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2.1.2 Strengthening and deformation hardening of nitrogen alloyed austenitic stainless steels

There exists different theories explaining the strengthening and deformation hardening mechanisms of 

nitrogen alloyed austenitic stainless steels. According to Honeycombe (1982), nitrogen and carbon interact 

strongly with strain fields of dislocations leading to the formation of high interstitial concentrations or 

atmospheres in the vicinity of dislocations, which in turn results in strengthening of the austenite phase. 

The formation of these atmospheres requires diffusion of solute atoms, and as nitrogen and carbon have 

high diffusivities. strain aging can take place readily in the temperature range of 20 to 150 °C. According to 
Gavriljuk and Jephimenko (1990) strengthening of nitrogen containing austenite can be explained by the 

fact, that dislocations are less mobile in austenite containing nitrogen as compared to carbon containing 

austenite, which means that dislocation interaction with nitrogen atoms is substantially stronger than that 

with carbon atoms. This difference in interaction between dislocations and nitrogen atoms takes place in 

austenites containing high nitrogen contents (> 0,4 wt-% N), whereas at low contents of nitrogen (< 0,4 wt- 

% N) the interaction is approximately the same as between carbon atoms and dislocations. Strain aging of 

nitrogen containing austenite after cold deformation improves mechanical properties and is explained to be 

connected with the pinning of split dislocations by nitrogen atoms although the interaction mechanism is 

still not clear. The increase of strength caused by strain aging begins below nitride precipitation

temperatures, which means, that the increase in strength cannot be explained by precipitation hardening 

(Gavriljuk et al.. 1990). According to Wada and Ohta (1989) strain aging of alloyed austenitic stainless 

steels can be explained by precipitation of nitride forming elements. During strain aging Cr. Mo, W, Si, Nb 

and V, which have a strong affinity for nitrogen, diffuse to nitrogen segregated dislocations and form 

nitrides. The improvement in mechanical properties of nitrogen-alloyed austenitic stainless steels by strain 

aging is due to interaction between dislocations and nitrogen, formation of nitrides at dislocations and by 

the coherency between the nitrides and the austenitic matrix during nitride formation process.

Speirs et al. and Jack (1988) have reported of another strenghtening mechanism of austenitic stainless 

steels. In this mechanism nitrogen forms clusters in the austenite phase with substitutional alloying element 

atoms isothermally at different temperatures in the temperature range of 400 - 650 °C, when nitrogen is 

introduced by keeping nitrogen potential of ammonia-hydrogen atmosphere constant in the furnace. These 

clusters are called mixed substitutional-interstitial solute-atom clusters and they are also called as GP zones. 

These clusters are remarkably stable and they have a disordered structure. They are first coherent with the 

matrix and become incoherent as they grow (Speirs). Clustering is followed by nitride precipitation in 

steels. However, nitrogen clusters are seldom observed in quenched and aged steels.

According to Milliner et al. (1993) the plastic deformation of nitrogen alloyed stainless steels always takes 

place by a combination of planar glide and mechanical twinning; planar glide is active at lower strains and 

deformation twinning at higher strains, respectively. At intermediate strains both mechanisms are active. 

Both mechanims start at primary slip systems after which the secondary slip systems are activated. Nitrogen
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content of the steel has an effect on the structural changes taking place in the steel during deformation, i.e., 

as the nitrogen content of the steel increases, the planarity of the glide becomes sharper and strains for the 

transition from planar glide to deformation twinning decrease and the related stresses increase. Also, the 

microstructure of the steel becomes finer. All these features are explained to be due to the decrease in 

stacking fault energy (SFE) and increase in internal friction with increasing nitrogen content. The 

increasing planarity of glide can be explained to be due to decrease in stacking fault energy with increasing 

nitrogen content, i.e., the lower the SFE is the wider the partials separate. Therefore, a glide plane of given 

length contains fewer dislocations and, thus, the glide plane can bear a lower strain. As a result, more glide 

planes have to be activated, the amount of activated planes increases and the distances between glide planes 

decreases. This, on the other hand, means that the secondary slip systems will be activated earlier. The 

decrease in strain associated with the transition from planar glide to mechanical twinning is due to the 

formation of extended stacking faults as a result of low SFE, which, in turn, supports mechanical twinning. 

The increase in stress for the onset of mechanical twinning is due to the increase in the stress from critical 

shear stress for glide to the shear stress for mechanical twinning to take place. Nitrogen decreases SFE and 

increases internal friction. Both of these effects increase critical shear stress for glide. The refinement of the 

microstructure is due to the fact, in addition to that mechanical twinning takes place earlier as the nitrogen 

content of the steel increases, also that the amount of active sites for mechanical twinning to take place 

increase. According to Milliner et al. (1993) the general effect of increasing nitrogen content is that it 

changes the dislocation glide distribution so that local dislocation density is increased. This can be 

explained by three mechanisms. The first explanation is, that more active glide planes are needed for the 

same strain and as a result, the activation stress for more dislocation sources is required. The second 

explanation is, that since the microstructure of nitrogen alloyed steels is finer than that of the steel with no 

nitrogen, there exists more intersections of criss-crossing active glide planes. Dislocation reactions of the 

Lomer-Cottrel-type are taking place at the intersections creating locks acting as dislocation barriers, whose 

amount is higher in nitrogen alloyed steels as compared with steels not alloyed with nitrogen. The third 

explanation is, that the dislocation barriers in nitrogen alloyed steels are more efficient as compared with 

those in the steels without nitrogen. In other words, in order for the dislocations in the nitrogen alloyed 

steels to overcome a barrier, a split-up dislocation must pass through totally. The partial dislocations 

(leading and trailing partial dislocations) become more widely separated and the trailing partial dislocation 

interacts with the stress fields of neighbouring dislocations and becomes held back. Therefore, high stresses 

are required in order the dislocations to pass a barrier. In the microstructure of nitrogen alloyed steels after 

deformation, structural inhomogeneities can be observed, i.e., there are grains which do not contain 

deformation twins. This is explained to be due to texture developement and dynamic properties of stacking 

faults, i.e., compression and expansion under different orientations. Also, different grains are differently 

oriented and the required stresses for the onset of mechanical twinning are accordingly reached at different 

strains (Milliner et ah, 1993).
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2.1.3 Effect of nitrogen on stacking fault energy and stability of austenite phase

Stacking fault energy (SFE) affects the plastic deformation mode, which in turn affects the flow stress and 

therefore the mechanical properties. Hydrogen compatibility and stress corrosion cracking (SCC) resistance 

are also affected by SFE. In other words, SFE helps to understand the structure property relationships in 
austenitic stainless steels (Stoltz and Vander Sande. 1980: Milliner et al.. 1993). The SFE ot different 

austenitic stainless steels can be evaluated with the empirical equation ot Schramm and Reed (1975) 

(Hannula et al., 1984):

SFE (mJ/m2 ) = -53 + 6.2 (wt-% Ni) + 0,7 (wt-% Cr) + 3.2 (wt-% Mn) + 9.3 (wt-% Mo) (1)

Deformation mode of austenitic stainless steels is more planar the lower the SFE is. The more planar the 

deformation mode is, the more susceptible the steels are to transgranular stress corrosion cracking (Stoltz 

and Vander Sande. 1980: Douglass et al., 1964; Swann, 1963; Latanision and Ruff, 1971). The effect of 

nitrogen to the SFE has been studied by many researchers. Douglass et al. (1964) found that nitrogen does 

not affect the SFE. but it affects the dislocation structure by making dislocations to remain planar. The 

deformation mode was thought to change more planar due to short-range ordering, which causes the steels 

to become susceptible to stress corrosion cracking. According to Swann (1963), nitrogen slightly lowers the 

SFE. when the nitrogen content of the steel is 0,12 wt-% N. However, he stated, that the resulting planar 

dislocation structure and susceptibility to stress corrosion cracking could not be completely explained by 

lowering of the SFE. He also stated that these phenomena can be explained by short-range ordering. Stoltz 

and Vander Sande (1980) found that nitrogen additions to different 21Cr-6Ni-9Mn austenitic stainless 

steels lowered the SFE from 53 mJ/m2 for 0,21 wt-% nitrogen to 33 mJ/m2 for 0,24 wt-% nitrogen and then 

SFE remained relatively constant up to 0,53 wt-% nitrogen as can be seen in Figure 3. They also found that 

the steels had the more planar deformation mode the higher the nitrogen content was, and that the stacking 

faults and deformation twins were extended when nitrogen contents were high (> 0,24 wt-% N). The sharp 

transition in SFE, when nitrogen content was increased from 0,21 to 0,24 wt-% N was suggested to be 

related to the austenite phase stability of the steels, i.e.. nitrogen levels < 0,21 wt-% N are not sufficient to 

fully stabilize the austenite phase. In equation (l) nitrogen is not taken into account, i.e., it is based on the 

assumption, that nitrogen has only minor influence on SFE.
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NITROGEN CONTENT. wt%

Figure 3. Stacking fault energy (SFE) as a function of nitrogen content in different 21Cr-6Ni-9Mn 

austenitic stainless steels (Stoltz, 1980).

Nitrogen is a strong austenite phase stabilizer. The effect of nitrogen on the austenite phase stability can be 

described with the following equations (Hannula et al., 1984) :

Ms ("Q = 502 - 810 (C) - 1230 (N) -13 (Mn) - 30 (Ni) - 12 (Cr) - 54 (Cu) - 46 (Mo) (2)

Md3o CC) - 497 - 462 (C + N) - 9.2 (Si) - 8.1 (Mn) - 13.7(Cr) - 20 (Ni) - 18.5 (Mo) (3)

In Table 3 calculated values for Ms - and Md30- temperatures for solution annealed AISI 304-type 

austenitic stainless steels with different nitrogen contents are shown. As can be seen, Ms - temperature is 

-310 °C. when the nitrogen content of the steel is appr. 0,21 wt-% N and the corresponding Md30- 

temperature is -73 °C. Therefore, when nitrogen contents are high enough (> 0,4 wt-% N), there is no 
martensite present, since both the Ms - and Md30- temperatures are so low. This means, that high

nitrogen austenitic stainless steels contain no deformation martensite even after high amounts of cold 

deformation (Hannula et al., 1984).



Tabic 3. Calculated values for Ms - and Md30- temperatures for solution annealed A1SI 304-type 

austenitic stainless steels with different nitrogen contents (Hannula et al., 1984).

12

N

Solution Annealed

SFE
(mJ/m"’)

M,
CO (°C)

0 017 24 - 88 + 8
0 036 13 - 73 + 33
0.077 22 -148 -13
0 174 33 -302 -78
0.210 23 -310 -73

2.2 Nitrogen solubility in steels

In order to produce high nitrogen steels, it is important to know as exaedy as possible the nitrogen solubility 

in different steels. In casting, we are interested in nitrogen solubility in the liquid state and during 

solidification of the melt, since the solubility of nitrogen determines the capability of the process technology 

and the soundness of the castings. Nitrogen solubility in alloyed steels is usually determined by 

thermodynamic analysis. The main interest in this study is in the nitrogen solubility in liquid and solid 

austenite phases.

2.2.1 Basic thermodynamic laws

Thermodynamic investigations of nitrogen solubility in alloyed steels are mostly based on equilibrium with 

nitrogen containing gas phase. It is called as Sievens law, i.e„ the quantity of nitrogen dissolved in the 

metal is proportional to the square root of nitrogen partial pressure. Dissolution of nitrogen in alloyed steels 

can be described by the reaction (Zheng, 1991) :

i N2(g) - [N](s) (4)

Dissolution is considered to take place in two steps: first, nitrogen molecules split into atoms at the steel 

surface and subsequently atomic nitrogen enters the interstitial sites of the steel. The equilibrium constant 

for reaction (4) is as follows:

KN
fN[wt-% N]

VpN,
(5)
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where aN is the activity of nitrogen dissolved in steels, p^-2 is the partial pressure of nitrogen and is related 

to the nitrogen activity in the gas phase, fN is the activity coefficient and wt-% N is the weight percent of 

nitrogen in steel. The reaction is considered to take place in 1 atm pressure of nitrogen gas. The activity 

coefficient fN is a proportional factor and it describes the relation between chemical activity and 

concentration of dissolved nitrogen. Usually, when determining nitrogen solubility in iron-base alloys, an 

infinitely dilute solution of nitrogen in pure iron is considered as the reference state. Based on that, the 

activity coefficient of nitrogen in pure iron is unity. After the reference state is determined, it is possible to 

evaluate how alloying elements affect nitrogen solubility, i.e., how they change the activity coefficient fN. At 

a given temperature and pressure, and since nitrogen solubility follows Sievert's law, i.e., the quantity of 

nitrogen dissolved in the metal is proportional to the square root of nitrogen partial pressure, the changes of 

the activity coefficient caused by alloying elements can be evaluated as follows:

where j is an alloying element. The activity of interstitial elements in iron is usually described by Wagner's 

interpretation. Using Taylor series expansion, the logarithm of activity coefficient and additionally the fact 

that nitrogen activity in pure iron is unity, it is possible to determine the activity coefficients of nitrogen in 

different iron-base alloys using the following equation (Zheng, 1991) :

log fN = Y eJN (%j)2+ X rN(%j>2 + XrN + - (7)

j j jk

where к also refers to alloying elements, e^ r^ and r^are interaction parameters, %j and %k are

different alloying element contents in wt-%. Interaction parameters describe how different alloying elements 

affect nitrogen solubility in iron-base alloys through the logarithm of the activity coefficient fN. With these 

interaction parameters, which in most cases depend on temperature, the thermodynamic properties of 
different iron-base alloys can be evaluated.

2.2.2 Thermodynamic analysis

Comprehensive investigations in the field of thermodynamic analysis of iron-base alloys have been done by 

many researchers (Zheng, 1991; Feichtinger and Zheng. 1988; Frisk and Hiilen, 1988; Jarl, 1978; 

Hertzman and Jarl, 1987; Kikuchi et al„ 1988). They have included the influence of alloy composition, 

temperature and pressure on nitrogen solubility in iron-base alloys both in liquid and solid state.



nitrogen solubility in pure iron

In Figure 4 the nitrogen solubility can be seen in pure iron in the temperature range 873 - 1973 К at 1 atm 

N? gas. There are three different phases present: liquid, ferrite and austenite phase. In the liquid phase 

nitrogen solubility increases slightly with temperature. Nitrogen solubility in pure iron in all phases follows 

Sievert's law at least up to 200 MPa nitrogen pressure (Zheng. 1991: Rawers et al., 1990: 1992; 1994В).

Temperature, (*C)

Figure 4. Nitrogen solubility in pure iron at 1 atm N2 (Zheng, 1991).

There are two ferrite phases: delta and alpha ferrite. Nitrogen solubility in ferrite increases with temperature 

as in the liquid phase, but the temperature dependence is slightly stronger. Nitrogen solubility in the 

austenite phase is different from the liquid and ferrite phases. It is higher than the solubility to the ferrite 

phases, and the solubility increases with decreasing temperature. It has been observeded, that the nitrogen 

solubility in austenite phase at 1273 К obeys Sieverts law up to 200 MPa (Zheng. 1991; Rawers et al.. 1990; 

1992).

ALLOYING elements and nitrogen solubility

In order to predict nitrogen solubilities to iron-base alloys, it is necessary to use thermodynamic analysis. In 

Figure 5 it is presented how different alloying elements affect the nitrogen activity coefficient together with 

the effects of different elements on nitrogen solubilities. The smaller the logarithm of the nitrogen activity,
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the greater the nitrogen solubility. It means that C, B, Si, Co, Ni, Al. etc. decrease nitrogen solubility and 

V, Cr, Mn, Mo, W, etc. increase nitrogen solubility. It should also be noted, that although some elements, 

such as V, strongly affect the nitrogen activity, their effect is usually not noticeable since their concentration 

is limited, especially in stainless steels. The effect of the most important alloying elements, such as Cr, Ni, 

Mn, in the nitrogen solubility is necessary to know exactly, since their effects are the most important in 

practice.

2 4 6 8 10 12 14 16

Content of Element, (wt-%)

So<ut)iUty Soáubiüty

a) b)

Figure 5. a) Dependence of the nitrogen activity coefficient on the alloy content at 1873 К and

b) effect of different elements on nitrogen solubility in iron-base alloys (Zheng et al, 1990; Zheng, 

1991).

Chromium:

Chromium lowers nitrogen activity and increases nitrogen solubility in iron-base alloys as can be seen in 

Figure 6. In the melts of high chromium contents Sieverts law is not valid (Zheng, 199T, Feichtinger et al., 

1988). According to Rawers (1994A) Sieverts law is not valid in the ferrite or austenite phase for Fe-Cr
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alloys, at least not up to 150 MPa of nitrogen pressure. The noticeable effect of chromium is. that it 

increases nitrogen solubility with decreasing temperature in all phases, i.e., in liquid, ferrite and austenite, 

which is opposite to the solubility of nitrogen in pure iron. Nitrogen solubility in austenite is much higher 

than in ferrite and it is also higher than that in the liquid phase. The higher the chromium content, the 

wider the delta ferrite temperature range between liquid and austenite phase is, since chromium stabilizes 

the ferrite phase. The widening of the delta ferrite temperature range and dramatical decrease in nitrogen 

solubility in ferrite, as compared with the austenite phase and liquid phase, can cause problems during 

solidification, such as inhomogeneous structure, cast defects, gas pores, etc..

NITROGEN SOLUBILITY (wt-%)

Austenite

Ferrite

800 1000 1

Figure 6. Nitrogen solubility in different Fe-Cr alloys at 1 atm N2 gas pressure (Feichtinger, 1991).

Nickel:

Nickel increases the nitrogen activity and therefore decreases nitrogen solubility as can be seen in Fig. 7, 

where the value of the term log (wt - %N) describes nitrogen solubility. In Figure 7 the nitrogen solubility in 

two Fe-Ni-alloys is also compared with nitrogen solubility in pure iron. Nickel is an austenite stabilizer and 

the delta ferrite range between liquid and austenite phases becomes smaller and finally disappears with 

increasing nickel content (Zheng. 1991).



17

-1.9 -

-2.0 -

-2.1 -

1 0000/T

Figure 7. Nitrogen solubility in different Fe-Ni alloys at 0,8813 atm N, gas pressure (Zheng, 1991).

Manganese:

Manganese lowers the nitrogen activity and increases nitrogen solubility in iron-base alloys. The delta 

ferrite phase ceases to exist at high manganese contents, since manganese expands the austenite field 

(Zheng, 1991). In the liquid phase nitrogen solubility increases with decreasing temperature up to about 12 

wt-% Mn, but with higher Mn-contents the temperature dependence is the opposite. At high temperatures 
nitrogen solubility cannot be exactly determined, since manganese has high vapour pressure and manganese 

contents decrease due to evaporation (Zheng, 1991). Sieverts law is valid over the entire composition range 

for nitrogen partial pressures up to 1 atm. In the austenite phase nitrogen solubility increases with 

decreasing temperature, but Sieverts law is not valid at high pressures, especially with high manganese 

contents (Zheng, 1991). According to Rawers (1994B) Sieverts law is valid for Fe-Mn alloys up to 150 MPa 

with Mn-contents up to 6 wt-%. In this case, in the beginning the microstructure consist of ferrite phase and 

the microstructure changes to a mixture of ferrite and austenite phase; ferrite to austenite ratio is decreasing 

with increasing nitrogen content.

Chromium and Nickel:

Fe-Cr-Ni alloys are the most important group of austenitic stainless steels. The experimental results of 

nitrogen solubility in Fe-Cr-Ni alloys at 1 atm N2 gas pressure are represented in Figure 8 (Zheng, 1991). 

The alloys in Figure 8 have a narrow delta ferrite temperature range between liquid and austenite phases. 

Nickel makes the temperature range narrower as compared with Fe-Cr alloys, since it is an austenite 

stabilizing element. The delta ferrite region disappears, when the alloy contains 17,1 wt-% Cr and 7,75 wt- 

% Ni. It can also be seen that nitrogen solubility increases, i.e., the value of log (wt - % N) increases, with
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increasing chromium and nickel contents and with decreasing temperature, i.e., chromium etfcctively 

overcomes the decreasing effect of nickel on nitrogen solubility.

1 0000/T

5 l9%Cr-2.074Ni 
9 74%Cr-4.71%Ni 
17 IV.Cr-7 7SV.NÍ 
21,8%Cr-7 40%Ni

Figure 8. Nitrogen solubility in Fe-Cr-Ni alloys at 1 atm N2 gas pressure (Zheng, 1991).

Chromium and Manganese:

Chromium and manganese together increase the nitrogen solubility and the solubility increases with 

decreasing temperature. There exists a narrow delta ferrite gap between the liquid and austenite phases, 

which is explained to arise due to the presence of manganese and nitrogen (Zheng, 1991). The nitrogen 

solubility in two Fe-Cr-Mn alloys at 0,8813 atm of N2 gas is shown in Figure 9. It has also been observed,

that the higher the partial pressure of nitrogen, the narrower is the delta ferrite region between the liquid 

and austenite phases, because nitrogen solubility in Fe-Cr-Mn alloys is higher at higher partial pressures of 

nitrogen (Zheng, 1991).

в 4.1%СМ5.7%Мл 
• 12%СМ6.4У.Мп

Il •
-0.6 -

10000/T

Figure 9. Nitrogen solubility in Fe-Cr-Mn alloys at 0,8813 atm of N2 gas (Zheng, 1991).
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NITROGEN SOLUBILITY IN MULTICOMPONENT ALLOYS

Steels contain usually several alloying elements and impurities. In order to be able to determine the 

theoretical nitrogen solubilities, it is necessary to evaluate the combined effects of all alloying elements as 

far as there is available information. In the following, it will be described how nitrogen solubilities in 

multicomponent alloys in liquid and austenite phases can be calculated.

Liquid phase

Two methods for calculating the nitrogen solubilities in multicomponent alloys in the liquid phase are 

presented.

Interaction parameter method

In the interaction parameter method the influence of different elements is expressed by using the interaction 

parameters. The method is based on Equation (7) and the activity coefficient of nitrogen can be evaluated 

by adding the effect of each element. In Table 4 the temperature dependent interaction parameters for 

different elements are summarized.

Table 4. Temperature dependence of interaction parameters of alloying elements in melts of iron-base alloys 

(Zheng, 1991).

Element 2*fl
N 6 4N

V -363/T * 0.080 I7.6/T - 0.006 -0.45/T * 
0.00018

Nb •237/T ♦ 0.055 5.I4/T - O.OOIS

Cr -I67/T * 0.042 3.3/T - 0.00io -0.039/T + 
0.000012

Ta •102/T + 0.018

Mn -73/T «■ 0.022 0.80/T - 0.00038

Mo -34/T 4- 0.0061

w -3.6Я - 0.0039

Ni I8.4/T t 0.00042

Si I7I/T - 0.031

C 274/T - 0.060 -28/T + 0.035

0 1640Я - 1.14

N 320П 0.12

The nitrogen solubility in iron-base multicomponent alloys can now be calculated in a wide range of

pressure, temperature and alloying element concentration with the following equation (Zheng, 1991) :
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log (wt-%N) = -Щ-- U6-(f^-jXeN.2073K (%J)

j
'2( 7 ' l'48)S rJN.2073K (%j)2 

j
1/8424 V" i 1* 6pf“ ' ^JL qN.2073K (%J)3 + 2 >°g PN2 (g)

j

where e^ 2q73k - rN 2073K anc* qN 2073K ж interaction parameters at 2073 K, %j is each alloying 

element content in wt -% and pNj is the partial pressure of nitrogen.

Equivalent concentration method

Equivalent concentration method is based on the similarity how different alloying elements affect nitrogen 

solubility. The percentages of various alloying elements are convened to an equivalent concentration of a 

reference element according to the influence of the alloying element on nitrogen solubility. This means, in 

other words, that an equivalent factor k¡N represents the influence of each element as compared to the 

influence of reference element. The reference element for normal low alloy steel is carbon and for stainless 

steels it is chromium, since chromium is the most important alloying element. The equivalent chromium 

concentration affecting nitrogen solubility can be calculated with the following equation (Zheng, 1991) :

(wt-% Cr)eq = kJN (wt-%j) (9)

j

Since Sieverts law is not valid at high nitrogen pressures ( > 200 MPa) and with increasing chromium and 

nitrogen concentrations, the deviation has to be corrected with an interaction parameter of nitrogen on 

itself:

ей-0,13 (10)

In order to calculate the chromium equivalent factor for nitrogen solubility it is necessary to know the 

equivalent factors of different alloying elements, which are summarized in Table 5. The nitrogen activity 

coefficient can be calculated as follows (Zheng, 1991) :

log fN - -0,048 (wt-% Cr)eq + 3,5 x 10"4 (wt-% Cr)^ +0,13 (wt-% N) (11)
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This equation is valid in the equivalent concentration range of -22 to 42 and in the nitrogen pressure range 

of 0,1 to 10 MPa. Some accuracy is lost, when this method is used, since the conversion of interaction 

parameters to equivalent factors is not exact due to the fact that the interaction parameters for nitrogen and 

some elements are only of first order and for some other elements they are also of higher order.

Table 5. Equivalent factors of different alloying elements for calculating chromium equivalent for

nitrogen solubility in iron-base alloy melts at 1873 К and 20 MPa nitrogen pressure (Zheng, 

1991).

Element Equivalent factor

C -2,46

В -1,73

Si -0,90

P -1,00

As -0.20

Co -0,20

Ni -0,22

Cu -0.12

Sb -0,20

Sn -0,16

Al -0,85

W 0,04

Mo 0,27

Mn 0,50

Ta 0,69

Cr 1,00

Nb 1,05

V 2,05

Ti 19,40

Zr 13,13

N -2,70
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Austenite phase

Calculations of nitrogen solubilities in the austenite phase for multicomponent alloys can be performed by 

the interaction method (Zheng. 1991). The nitrogen activity coefficient can be calculated with the help of 

Equation (7), in which the combined effect of each alloying element on the nitrogen activity is obtained by 

using the interaction parameters. In Table 6 the temperature dependent interaction parameters of alloying 

elements for nitrogen solubility in the austenite phase are collected.

Table 6. Interaction parameters of alloying elements for nitrogen solubility in the austenite phase 

(Zheng. 1991).

t? =-320-6 + 0.1 127
N T

tO „ 111 _ 0.0028
N T

eï = 16 0 + 0.00288 
' T

rff = 1.887 x 10"4

eM" =-1211 + 0.03567
T

rtf = lili - 0.001245 
N T

rûN, = 12. _ 0.005N T

rOMn , 211 -0.00165
T

rQOMn = _L06 x IQ-4

ejj“ = -0 05

v 1540 n7Q eN =----— + 0.79

= n°= + 0.0215

eg = 0.12 
eg = 0.052 

eg = 0.050

Combining the values obtained by using Equation (7) with the results in pure iron, it is possible to 

determine the nitrogen solubility in the austenite phase as follows (Zheng, 1991) :

/441 5 \ i
log (wt-%N) - I •~Y~ - 1,922 I - log f N + 2 log p n, (12)
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The CALPHAD method

It is possible to calculate the thermodynamics of alloyed high nitrogen steels utilizing the CALPHAD 

approach (CALculation of PHAse Diagrams), in which the properties of each phase are analyzed and 

described by using some mathematical representation (Frisk and Hiilen, 1988; Jarl, 1978; Hertzman and 

Jarl, 1987; Kikuchi et al„ 1988). It is possible to calculate individual phase equilibria and even the complete 

phase diagram by minimizing the Gibbs energy. The properties of a higher order system can be predicted 

with some confidence from the lower order systems. In Figure 10a the schematic phase diagram for Fe- 

15Cr-15(Mn/Ni) alloys is shown and in Figure 10b a section at 1473 К through the Fe-Cr-Ni-N phase 

diagram is presented.

v 7-fe(Oendfite)

(7-fe. CrN)Eutectic

NITROGEN

A- 0.4
У' 0.3 у

^ 0.2

0.2 0.4 0.6 0.8
=ITE-rRfiCT10N CR

a) b).

Figure 10. a) The schematic phase diagram for Fe-15Cr-15(Mn/Ni) alloys, b) An isothermal section at 

1473 К of the Fe-Cr-Ni-N phase diagram (aN = 0,2) (Rawers et al., 1992; Frisk and Hiilen, 

1988).

A thermodynamic analysis of the quinary system Cr-Fe-Mo-Ni-N system (Frisk, 1990) is combined from 

evaluations of the following systems: Cr-Fe-Ni-N, Fe-Mo-N, Cr-Mo-N, Cr-Fe-Mo, Fe-Mo-Ni and Cr-Mo- 

Ni. The combination of these systems was performed by extending Gibbs energy expressions for various 

phases, such as liquid, fee, bcc and £ -nitride, to the quinary system. There exists a number of intermetallic 
phases (Frisk, 1990), but they were left out of the analysis, since the main interest in the study was the 

solubility of N and nitride formation in the different phases. In the evaluation, some higher order 

interactions of some systems were set to zero, since there was no information available. Thermodynamic 

models to form the Gibbs energy expressions for the bcc, fee and £ -nitrides in the Cr-Fe-Mo-Ni-N system 
are based on a two-sublattice model, i.e., (Cr, Fe, Ni, Mo)a (N, Va)c , where a and c denote the number of
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the sites on each sublattice and Va the vacant interstitial sites. The detailed calculation of the combined 

Gibbs energy expressions for these phases is described in Appendix 1. The solubility of nitrogen in different 

liquid Cr-Fe-Mo-Ni alloys is shown in Figure 11. where the calculated values are compared with 

experimental data of Wada and Pehlke (Ref.. 21). It can be observed that the deviation between the 

calculations and experimental data is larger at higher Cr and Ni contents, which can be explained by 
vaporization of Cr from the melt. According to Frisk (1990), the deviation could probably be adjusted with 

some of the ternary and quaternary parameters in the calculation. However, these parameters have not yet 

been evaluated. Therefore, a satisfactory agreement with the experimental data of nitrogen solubility in 

liquid for quinary alloys can be achieved when the Cr content is up to 20 wt-% and Ni content is up to 10 

wt-%.
Wada and Pehlke.
w1% Fe/wt% N i=4/1

-0.2-1

-0.4

-0.6-

-1.0-

-1.2-

-1.4-

Figure 11. The solubility of nitrogen in various Cr-Fe-Mo-Ni alloys at 1 atm pressure compared with 
experimental data of Wada and Pehlke (Ref., 19). The Mo contents are 2.5 and 8 wt-% 

when the Cr content is 10,20 and 30 wt-%, respectively, and 5 wt-% Mo when the Cr 

content is 40 wt-% (Frisk, 1990).

The calculated effect of Mo on the fee phase region at 1273 К for two Ni contents, i.e., 10 and 20 wt-% Ni, 

is shown in Figure 12. It can be observed, that Mo moves all phase boundaries to lower Cr contents and that 

the fee phase is in equilibrium with the nitride (Cr, Mo)N. This means, that there exists a complete series of 

solid solutions between CrN and the Mo nitride with an fee structure and the Mo nitride can dissolve small 

amounts of Fe and Ni (Frisk, 1990). At higher Cr contents, the fee phase is in equilibrium with the E-

nitride.
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Figure 12. The calculated extension of the fcc phase at four constant Ni and Mo contents (in wt-%) 

(Frisk, 1990).

Hiilen and Qiu (1992) have added Mn in the calculations and studied the behaviour of Mn and N in 

austenitic stainless steels and, especially, the conditions for pore formation during solidification and the 

possibilities of increasing the nitrogen content of the alloys without pore formation. They evaluated the

interactions between various elements in the liquid, fee, bcc and hep (nitride) phases. For instance, the 
N2 pressure at the liquidus as a function of the nitrogen content in steels is shown in Figure 13. It can be 

observed, that the addition of 10 wt-% Mn increases markedly the nitrogen solubility' and also that the 

addition of 2 wt-% Mn eliminates about half of the decreasing effect of 10 % Ni on the solubility of 

nitrogen. The effect of Mn to the pore formation phenomenon can be seen in Figure 14. Mn addition is an 

efficient way to increase the nitrogen content of an austenitic stainless steel and to prevent the pore 

formation risk, since it increases nitrogen solubility in the fee phase and the risk for the formation of the bcc 

phase with a lower nitrogen solubility causing the pore formation during solidification is reduced.

0.3-

0.05 0.10 0.15 0-20
Weight-Pen*« N in lx*»

Figure 13. The N, pressure at the liquidus as a function of the nitrogen content in different steels 

(Hilleri and Qiu, 1992).
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Figure 14. The phase boundaries in equilibrium with N 2 gas at 1 atm pressure for different alloys 

(Hillen. 1992).

2.3. Nitride precipitation in austenite phase

Nitride precipitation in high nitrogen steels may be either beneficial or it can have unwanted effects. 

Whether the nitrides are beneficial to the steels or not depends on the composition of the nitrides and on the 

application of the steel. The nitride precipitation can be divided into two categories: chromium nitrides and 

nitrides forming with strong nitride forming additives such as V, Ti and Nb. which can be alloyed in small 

quantities in high nitrogen steels. Before these two nitride precipitation processes are described in detail, the 

basic principles of nitride precipitation are described.

The mechanism of nitride precipitation in iron-base alloys does not differ much from those in other ferrous 

and non-ferrous systems (Jack, 1988). Precipitation may therefore occur homogeneously or 

inhomogeneously, i.e„ by nucléation and growth or by spinodal decomposition, which on the other hand 

means, that there occurs either a formation of a metastable phase or not. These possible phase formations 

occur either by diffusion control or by interphase reactions. These phase changes may happen at low 

temperatures by the diffusion of nitrogen, which has high diffusivity like all interstitial atoms, or by 

martensitic reactions, or by both phenomena.

Nitride precipitation in the austenite phase is preceded, like in other phases, by clustering of nitrogen atoms, 
which means that there exists GP zone formation (Speirs; Jack, 1988). The precipitation sequence begins 

with the formation of GP zones which are coherent with the matrix followed by formation of a metastable 

intermediate phase, which is partly or entirely incoherent, and finally by the precipitation of the stable 

equilibrium phase. The changes in the value of the lattice parameter of a Fe-34 at-% Ni-2,2 at-% V alloy at
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different temperatures at the same nitrogen potential are shown in Figure 15. According to Jack (1988), the 

sudden decrease in the value of the lattice parameter corresponds to a change from a preprecipitation 

process to a direct precipitation process. The clusters are mixed clusters, i.e., nitrogen is combined with a 
transition metal atom (V, Ti, Nb,...), which decreases the nitrogen activity coefficient fN and increases

nitrogen solubility before precipitation. The nitrogen solubility is higher also because the GP zones are 

metastable with respect to the equilibrium precipitate. The nitride precipitation is usually almost perfectly 

periodic in the <100> direction (Jack, 1988), which means that the precipitation results in a homogeneous 

structure. This almost perfect periodicity of nitrides in the austenite phase is due to the fact, that the 

clustering takes place by spinodal decomposition and it is not due to strain minimisation as in the ferritic 

phase. Nitride precipitation can happen for instance in strain-ageing processes depending on the 

temperatures and ageing times.

700 600
Temperature *C

Figure 15. The lattice parameter of a Fe-34 at-% Ni-2,2 at-% V alloy as a function of temperature 

(Jack, 1988).

2.3.1 Chromium nitrides

In high nitrogen steels it is important to be able to prevent chromium nitride precipitation. Precipitation of 

chromium nitrides can have adverse effects on mechanical properties, especially on ductility. It has adverse 

effects also on the corrosion properties, when the precipitation is localized at the austenite grain boundaries, 

since then the regions adjacent to the grain boundaries are depleted in chromium and as a result 

intergranular corrosion may occur. The most unwanted chromium nitride is Cr2 N, which is formed at

elevated temperatures depending on the composition of the steel.
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The depleted-zonc theory was developed for carbon containing stainless steels. According to this theory, 
chromium carbides, (Fe. Сг)2зС^ , precipitate at the grain boundaries at the temperature range of 400 - 900

°C, when the steels are allowed to stay long enough at this temperature range (Stawström and Hiilen. 

1969). The formation of chromium carbides is controlled by the diffusion of chromium. The chromium 

carbide has a high chromium content and the chromium is taken from a thin zone of the matrix 
(approximately 200 Å or more) along the grain boundaries. When the chromium content at the depleted 

zone decreases below 13 wt-% (Stawström and Hillen. 1969), the zone loses its corrosion resistance causing 

the steel to become sensitive to intergranular corrosion. When the steel is annealed for a short time at the 

temperature range of 400 - 900 °C, the mimimum chromium content at the depleted zones along the grain 

boundaries depends on the carbon content of the steel and the annealing temperature and at the early stage 
of the carbide precipitation the steel is sensitive to intergranular corrosion. When the annealing time at 

these temperatures is prolonged, the carbides continue to grow and the carbon content of the austenite 

matrix decreases resulting in an decrease of the carbon activity of the steel, which in turn allows the 

chromium content of the depleted zone to increase, when chromium diffuses from the matrix further away 

from the grain boundaries (Stawström and Hiilen, 1969). This means, that a strongly temperature 

dependant self-healing process takes place, which makes the steel resistant to intergranular corrosion again. 

The self-healing process occurs simultaneously with the gradual precipitation of the carbides and it takes 

place the faster the higher the temperature is.

The structures of grain boundaries have been suggested to affect the grain boundary segregation and

precipitation. Briant (1983) has studied the grain boundaries with AES, and observed that the composition 

of some grain boundaries can vary very much from the average composition. He has suggested, that the 

variation in the segregation and precipitation to the grain boundaries can be explained by the fact that some 

grain boundaries are particulary strong or weak "traps" for the segregants or precipitates and that the 

"trap"- strength between the segregants as well as precipitates and the grain boundaries depends on the 

chemical bonds that form in the boundary between the metal atoms and the segregant at the grain 

boundaries.

The formation of chromium nitrides is controlled by the diffusion of chromium, as in the case of chromium 

carbides (Uggowitzer and Speidel, 1990). The precipitation behaviour of chromium nitrides by using the

TTT-diagrams is shown in Figure 16. The time for the precipitation to begin depends on nitrogen content, 

which is explained by the effect of nitrogen on the solution heat treatment temperatures, which have to be 

increased with increasing nitrogen content of the steel. At the same time, nitrogen increases the 

supercooling, which means, that the free energy of transformation decreases and the precipitation of 

chromium nitrides is accelerated. When high-nitrogen austenitic stainless steels are cold worked and 

recrystallization annealed in order to get a fine microstructure, the formation of chromium nitrides takes 

place at low temperatures as can be seen in Figures 17a and b, from which it can also be seen, that the 

annealing temperature has to be increased with increasing nitrogen content in order to get a precipitate-free
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microstructure. The effect of recrystallization treatment on the grain size is also shown in Figures 17a and 

b. Therefore, in order to get a fine grain size and to avoid the formation of chromium nitrides, 

recrystallization annealing should be performed in a narrow temperature range, which depends on the steel 

composition (Uggowitzer ans Speidel, 1990). The formation of chromium nitrides is influenced by cold 

deformation. In cold worked condition high-nitrogen steels have high dislocation density. High-nitrogen 

steels have low stacking fault energies, i.e., dislocations are arranged in planar arrays. These two facts 

mean, that there exists slip bands, which act as a high diffusivity paths resulting in the precipitation of 

chromium nitrides and, thus, the precipitation takes place much faster than in the solution annealed steels 

shown in Figure 16. At higher recrystallisation annealing temperatures the recrystallization process is faster 

than the precipitation process and the formation of chromium nitrides does not take place. The minimum 

temperatures leading to the precipitate-free microstructure for alloys with different nitrogen contents are 

indicated by dashed lines in Figure 16.
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Figure 16. Precipitation behaviour of different alloys in the solution annealed condition (Uggowitzer and 

Speidel, 1990).
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Figure 17. The dépendance of grain size on the recrystallization treatment (Uggowitzer and Speidel, 1990).
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It is possible to calculate the maximum temperature of the Cr2 N precipitation by a thermodynamic 

analysis, which is based on the nitrogen activity data (Zheng. 1991). The basic chemical reaction for Cr2 N 

formation in austenite can be expressed:

2[Cr] + [N] = Cr2 N (13)

The thermodynamic data for the Cr2 N formation is:

GCr, N --106,14 + 0,051 T (14)
, 455

log aQ *• log Xq+ ( 1 - Xq) ~j~ (15)

In Equation (15) XCr is the mole fraction of chromium in the alloy. This precipitation procedure is based, 

like all precipitation procedures, on the decrease of the free energy of the system. With the parameters in 

Equations (14) and (15) it is possible to calculate the equilibrium nitrogen content at the precipitate 

interface by thermodynamic analysis.

It is important to determine the equilibrium nitrogen content in the austenite phase corresponding to the 

beginning of Cr2 N precipitation. The equilibrium nitrogen activity at the precipitate interface can be 

evaluated as follows (Zheng, 1991) :

*N exp
^CqN-

RT (16)

The evaluation can be done with Equations (14) and (15) where Cr is considered as pure metallic 

chromium, N as nitrogen gas ( N2 ) at 1 atm and Cr2 N as a stoichiometric phase without other elements.

Additionally in Equation (15) the mixture of chromium and iron is simplified to a regular solution. The 

relation between nitrogen activity and its content should be also considered. Since the nitrogen activity is 

proportional to the nitrogen content in austenite, i.e.:

aN - fN '[wt-%N] (17)

where fN ' is the nitrogen activity coefficient in the austenite phase and aN is the nitrogen activity 

corresponding to the reference state at 1 atm. Now, fN' can be evaluated through the isobaric nitrogen 

solubility in alloys:

aN- (18)
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[wt-% N]P — I atm 

Y

(19)

The nitrogen solubility in the austenite phase at 1 atm can be evaluated with Equation (12) and with the 

interaction parameters in Table 3. Finally, the equilibrium nitrogen content for the beginning of the Cr2 N 

formation can be calculated by substituting Equations (17) and (19) into Equation (16):

[wt-%N]
[wt-% N] 1 aim

exp
fro
GÇr, N

RT (20)

The calculated nitrogen content above depends on temperature and chromium content. The influence of 
alloying elements is introduced by changes in the nitrogen solubility [wt-%N]^ " 'atm . It can also be

noted, that chromium addition affects also the activity of chromium.

From the above calculated nitrogen solubilities one can determine maximum nitrogen solubility curves in 

certain temperature ranges for different alloys. From these curves the minimum temperature for complete 
dissolution of Cr2 N with various nitrogen contents can also be evaluated. Utilizing the interaction 

parameters of Table 6, it is possible to evaluate the phase equilibrium of Cr2 N in multicomponent iron-

base alloys with quite high precision (Zheng, 1991). In Figure 18 the temperature dependence of the 

maximum nitrogen solubility with respect to the Cr2 N precipitation in the temperature range between 800

- 1300 °C for an alloy with composition of 21%Cr-25%Ni-6,2%Mo is shown. The effect of alloying 

elements on the maximum nitrogen solubility curves is shown in Figure 19.

calculated

У * Cr N

a Fe-21Sb0.25%Ni-6.2%Mo

♦ Heubner-1 

■ Heubner-2

0.3 0.4 0.6 0.7 0.8

Nitrogen Content, (wt-%)

Figure 18. The calculated maximum nitrogen solubility in austenite and experimentally observed 

Cr2 N precipitation. Alloy composition is 21%Cr-25%Ni-6,2%Mo (Zheng, 1991).
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Ni. Si. C. Cu. P. В

Mn. Mo. V. Nb. Ta. Ti

0.6 0.8 1.0 120.0 0.2 0.4

Nitrogen Content, (wt-%)

Figure 19. Influence of alloying elements on the maximum nitrogen solubility curve in stainless 

steels (Zheng, 1991).

As can be seen from Figure 19, the maximum nitrogen solubility curve is dependent on the change oí 

chemical composition. Elements decreasing the nitrogen activity in solid solution such as Mn, Mo. V. Nb, 
Ta and Ti increase the nitrogen content for Cr2 N formation, whereas elements increasing the nitrogen 

activity such as Ni. Si. C. Cu. P and В promote Cr2 N precipitation. Chromium decreases the nitrogen 

activity in the austenite phase and therefore it should retard Cr2 N precipitation. However, the activity of 

chromium is directly proportional to the chromium content and therefore the precipitation of Cr2 N is

promoted by chromium. Thus, the influence of chromium depends on the total effect of these two factors. In

Figure 20 the influence of chromium content on Cr 2 N precipitation curves is shown (Zheng, 1991).

T . 1200 *C

Chromium Content, (wt-%)

Figure 20. Influence of chromium content on Cr2N precipitation at 1200 °C in various alloys (Zheng. 1991).
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In Fe-Cr alloys at 1200 °C the nitrogen solubility reaches a minimum value at approximately 10 wt-% 

chromium. At lower chromium contents the higher nitrogen solubility curve is due to the low chromium 

activity, whereas at higher chromium contents the action of chromium to decrease the nitrogen activity is 

stronger than the increase of chromium activity (Zheng, 1991). In Figure 20 the effects of Ni and Mn on 

maximum nitrogen solubility are also presented. The increasing Ni content decreases the nitrogen solubility, 

whereas Mn strongly increases the nitrogen solubility. Mn also shifts the solubility minimum to higher 

chromium contents, which can be explained by the influence of higher order interaction parameters of 

nitrogen in Fe-Cr-Mn-N system (Zheng, 1991).

2.3.2 Other nitrides

Nitride precipitation of certain nitrides can also be desired, since they improve mechanical properties such 

as high temperature yield strength and tensile strength and additionally prevent grain size coarsening 

(Wada and Ohta, 1989; Perrot and Foct, 1990; Wilson, 1990). A disadvantage is that nitrides, even in small 

amounts, decrease ductility and work-hardenability (Wada and Ohta, 1989). These nitrides are introduced 

to the alloys by addition of small amounts of strong nitride forming alloying elements such as V, Ti, Nb, 

etc. The compositions of the nitrides can vary from simple metal-nitrogen structure (TiN, VN) to complex 

structures, where two or more metallic elements are combined with nitrogen atoms (e.g., CrNbN). As 

mentioned before, these alloying elements decrease the nitrogen activity coefficient and therefore increase 

nitrogen solubility, but they have also a strong interaction with nitrogen and form easily nitrides (Wilson, 

1990). In Figure 21 the nitrogen solubility in iron-metal alloys at 1600 °C and 1 atm nitrogen pressure is 

shown.

0.175

Figure 21. Nitrogen solubility in iron-metal alloys at 1600 °C and 1 atm nitrogen pressure (Perrot and Foct,

1990).
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As it can be noticed, the stronger the affinity between nitrogen and the metallic element, the higher the 

nitrogen solubility is at first and nitride precipitation occurs rapidly. It has also been observed, that a strong 

affinity between nitrogen and metallic elements implies a very negative Gibbs energy of tormation ot nitride 

and hence easy nitride precipitation. Mn and Cr are exceptions trom this behaviour, since their nitrides are 

unstable in such conditions and nitrogen solubility is high. Some elements, such as В and Si, tend to 

precipitate as nitrides when their concentrations are high (Perrot and Foct, 1990).

Strain-aging phenomenon is connected with nitride precipitation (Wada and Ohta, 1989). In the initial 

stage, the precipitates are coherent with the matrix, i.e., with the austenite phase, resulting in increase in 

strength. This strengthening effect is lost when overaging takes place.

Nitrides improve high temperature strength, when the nitrides precipitate inside the grains instead of 

precipitating at the grain boundaries (Liska et al.. 1990). Dispersion of the intragranular precipitates 

enhances the resistance of an alloy against creep deformation, i.e., the stationary creep rate. Additionally the 

time for the onset of the tertiary creep stage becomes longer. When the precipitates are located at the grain 

boundaries, they affect the kinetics of nucléation as well as growth of creep defects (voids) and, thus, the 

character of the creep failure (Liska et al., 1990). It was also mentioned before that precipitates, e.g., 

CrNbN, can prevent coarsening of the grain size.

In nitrogen alloyed austenitic stainless steels can also precipitate at elevated temperatures (> 700 °C), in 

addition to chromium nitrides, pi-nitride containing large amounts of Cr, Mo and Ni and eta-phase, which 

also has a high nitrogen content with a nominal composition of MsSiN (Jargelius-Petterson, 1993A, 1994). 

Pi-nitride is a transient nitride, which is replaced by intermetallic phases after a longer period during the 

exposure at elevated temperatures.

2.4 Intermetallic phases

In addition to different nitrides, nitrogen alloyed austenitic stainless steels may contain different 
intermetallic phases during exposure to elevated temperatures ( > 700 °C). These phases have been 

identified as sigma-, chi-, eta. Laves- and T-phases (Jargelius-Petterson, 1993A; 1994). Nitrogen content 

affects the occurence of these phases during the exposure of the steels at elevated temperatures. Jargelius- 

Petterson (1994) studied three Mn-alloyed austenitic stainless steels with the nitrogen contents of 0,024, 

0,23 and 0,49 wt-% N. The compositions of the steels are shown in Table 7.
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Table 7. Compositions (wt-%) of Mn-alloyed austenitic stainless steels (Jargelius-Petterson, 1994).

Alloy C Si Mn P S Cr N1 Mo j N

C! 0.017 0.72 11.0 0.010 0.005 20.2 18.2 4.66 10.024

c: 0.019 0.68 10.8 0.011 0.005 20.6 18.5 4.70 [0.23

Ca 0.019 0.63 10.5 0.011 O.Cti: 20.1 18.5 4.69 1 0.49

The steels were annealed at argon-filled capsules up to 3000 h at 900 °C and up to 4500 h at 700 °C. The 

precipitated phases after annealing from 3 min up to 5 h are shown in Table 8. As can be noticed, the main 

precipitated phase in alloy C2 with 0,23 wt-% N was small particles of sigma phase at the grain boundanes. 

After 30 min the small particles of sigma phase were grown considerably and additionally chi- and Laves 

phases were also observed inside the austenite grains. After 5 h all these three phases were observed to 

grow. The compositions of these three phases were observed to be constant up to 5 h of annealing.

Table 8. Compositions (wt-%) of secondary phases precipitated in alloy C2 after various times at 900 °C 

analysed with an EDS inTEM (Jargelius-Petterson, 1994).

Time Phase No.1 Si Mn Cr 1 N. Mo Fe

3min Sigma 6(6) 1=0 j 8=0 29=1 110=1 13z 1 39=2

30mm Sigma 15(6) 0=0 18=0 31=1 ii=: 1i3=: 37=1

Ch. 20( ! 1 ) 1=0 8=1 27=2 8=1 120=2 36=1

Laves 9<5i 1=1 ¡4=0 16=2 7=1 1 27z2

5 hours Sigma 6(6) 0=0 8=0 31=0 11=1 [:з=1 37=1

Chi 16(12) 0=0 ¡8=1 27=1 9=1 18=1 38=1

J Laves 5(5) 2=0 5=0 16=1 3=0 [40=1 29=1

Figure denotes the total number of precipitates identified, figure in parentheses denotes mose analysed.

Alloy C4 behaved differently from Alloy C2 during the exposure at 900 °C for various times as can be seen 

from Table 9. After 3 min, small precipitates of predominantly chi-phase along with small amounts of 

Laves-phase and Cr2N were detected at the grain boundaries. After 30 minutes of annealing at 900 °C large 

eutectoid-like areas of Cr2N were observed, which in some cases were surrounded by small preciptates of 

Laves-phase. Isolated particles of chi-phase and two transient phases, pi-nitride and T-phase, were also 

detected at the grain boundaries. Intragranular precipitation was not observed at this stage of annealing in 

contrast to the case in alloy C2. After 5 hours, the main precipitate at the grain boundaries was still Cr2N 

either as large single particles or as eutectoid-like areas with interjacent Laves-phase. Chi-phase was also 

observed to have precipitated in substantial amounts at the grain boundaries. Intragranular precipitates were
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also observed, the phases being chi- and Laves-phases in similar amounts. In alloy C2 chi-phase was 
observed in higher amounts than Laves-phase. Laves-phase was also observed to be precipitated 

intragranularly along with thin lamellar Cr2N-precipitates.

Table 9. Composition (wt-%) of secondary phases precipitated in alloy C4 alter various times at 900 °C

analysed with a EDS inTEM for the samples annealed up to 5 h and with an WDS for the samples

annealed for 3000h (Jargelius-Petterson, 1994).

T me Phase No. Si Мл 1 Cr 1 Ni Mo I Fe

3 mm Cr;N 70 0=0 3=0 |7S=4 li=l 6=l

Laves 7(4) 2=0 4=1 117=1 8= I 42= I 27= I

Chi 35(25i 1=0 7=1 127=3 I0=l 20=3 35=3

30 mm Cr.N 40(15) 0=0 4=1 84=2 l=l 3=2 3=l

Laves 15(7) 2=0 4=0 12=2 8= I 42= I 32=l

Chi 10(3) 0=0 8=0 25=1 9il 19=2 39=l

T 3(3) 1=0 4=0 41=3 6=l 27=I I2l=l

Pi 5(5) 1=0 4=0 46=4 14=2 I6=l ! 19=2

5 hours Cr-N 15ill) 0=0 5=2 82=4 2= I 7=3 14=2

Laves 13(7) 2=0 5=1 115=1 7=0 42= I 29= I

Chi 26(24) 1=0 7=1 125=1 8=0 20=2 39= I

JOOOhours Cr-N (8) - 10±2 37=5 16=0 t=0 •

Sigma (10) - 10=1 33=2 9=l I0=l

Laves (3) - 9=1 23=1 15=0 23=0 •

After 3000 h of annealing at 900 °C, which according to Jargelius-Petterson (1994) is presumed to represent 
the equilibrium state, it was observed for alloy C2, that only sigma-phase and few isolated particles of Cr,N 

were present. As a consequence, it could be stated that the intragranular precipitates of chi- and Laves- 

phases at the intermediate annealing times were transient phases. The occurence of Cr2N-precipitates only 

at the equilibrium state suggests that it becomes stable only after the austenitic matrix becomes depleted in 

some alloying elements and enriched with nitrogen by the precipitation of sigma-phase (Jargelius-Petterson, 

1994). In alloy C4, the principal equilibrium precipitate is sigma phase as can be seen from Table 9. Sigma- 

phase is interspersed with isolated globular precipitates of chi-phase and Cr2N. The precipitation sequence 

of alloy C4 begins with the grain boundary precipitation of chi-phase at short annealing times. At

intermediate annealing times the main precipitates are eutectoid-like Cr2N and Laves-phase. whereas at the 

equilibrium state both eutectoid-like Cr2N and Laves-phase are replaced by sigma-phase. According to 
Jargelius-Petterson (1994). when comparing alloys C2 and C4 annealed at 900 °C with nitrogen contents of 

0.23 and 0,49 wt-% N, respectively, nitrogen supresses the formation of sigma-phase but stabilizes chi-

phase .
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The equilibrium structure of alloy C4 after 4500 h of annealing at 700 °C consists of mainly sigma-phase 

along with Laves- and eta-phases and intragranular Cr2N-precipitates. In alloy C2 the main precipitates 

were sigma- and Laves-phases along with Cr2N. In alloy Cl the dominant precipitate was sigma-phase and 

no single-phase region was not observed in the temperature range of 700 - 1200 °C (Jargelius-Petterson, 
1994).

Jargelius-Petterson (1993A) has also studied the precipitation reactions at 850 °C for an austenitic stainless 

steel with the composition of 20Cr-25Ni-4.5Mo-0.21N. After 10 min of annealing at 850 °C the dominant 

precipitated phases at the grain boundaries were Laves phase and Cr2N along with small amounts of pi- 

nitride, M6C and so-called T-phase. After 5 hours. Laves-phase and Cr2N were still the dominant 

precipitates and the amount of pi-nitride and T-phase was increased and eta-phase appeared. After 3000 h 

of annealing at 850 °C sigma-phase had replaced all the grain boundary phases, which indicates, that T- 

phase is a transient phase as are pi-nitride and Cr2N as well, since they were replaced by eta-phase. Laves- 

phase was still observed within the grains. Sigma- and eta-phases were also precipitated within the grains.

3. POWDER METALLURGY

Powder metallurgy route for manufacturing products with complex shapes and special properties has 

become more attractive, since demands for higher quality and enhanced properties have increased. The 

main reason for selecting powder metallurgy as a manufacturing method is the combination of attractive 

properties, reduced costs and improved productivity. As compared with conventional ingot metallurgy, the 

powder metallurgy route offers savings in machining costs and in amounts of waste material, since the 

products can be manufactured very close to their final dimensions, i.e., utilizing the near-net-shape 

techniques. Also, it is possible to avoid all kinds of casting defects. Combination of certain properties and 

microstructures can only be obtained by using the powder metallurgy route, because of the homogeneous 

microstructures obtained (Zheng, 1991).

Although it is possible to manufacture high nitrogen steels by pressurized melting processes in industrial 

scale, the disadvantages associated with these processes, such as high capital investment of melting facility, 

non-homogeneous nitrogen distribution in large ingots, limited size and shape of the ingots and the fact that 

high nitrogen steels manufactured by these methods become expensive due to process related factors, makes 

other manufacturing methods attractive. Manufacturing of high nitrogen steels via powder metallurgy route 

has gained lately attention as a potential new process. Powder metallurgy manufacturing of high nitrogen 

steels has attractive technical potential, since nitriding of powder in nitrogen atmospheres is promising, 

when thermodynamic as well as kinetic aspects are considered. Nitrogen solubility in the austenite phase of 

iron-base alloys in the solid state is generally higher as compared to the liquid state, which means that it is
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reasonable to perform nitrogen alloying in the solid state (Zheng. 1991). Nitrogen alloying in the powder 

metallurgy route requires less energy as compared to the pressurized liquid treatments and the mtnding 

processes can be carried out at atmospheric pressure and hence it is possible to save in manulactunng costs. 

Nitrogen alloying in the solid state is. especially, attractive, when the phase changes of iron-base alloys 

during solidification take place. When the molten iron-base alloys start to solidify, there occurs generally a 

dramatic decrease in nitrogen solubility due to the formation of the ferrite phase before the austenite phase 

formation. The low solubility of nitrogen in the ferrite phase causes porosity and an uneven nitrogen 

distribution in the solidified ingots. These phenomena can be avoided in the powder metallurgy route. 
However, nitrogen diffusion is slow at low temperatures, which means that the thickness of the matenal 
which can be nitrided is restricted, if a homogeneous nitrogen distribution is desired. Nitriding of powder is 

feasible, since the panicle size ranges used generally fulfill the diffusion requirements (Zheng, 1991).

3.1 Powder production

Stainless steel powders are produced by atomizing of the prealloyed melts. Atomization methods for powder 

production are: gas atomization, water atomization and centrifugal atomization. These methods differ from 

each other in the cooling medium, cooling rate of the atomized melt droplets and the resulting shape of the

powder panicles. The cooling rates in all three atomization processes are in the range of lO - 106 K/s

(Zheng. 1991).

In the gas atomization, the cooling medium is argon, nitrogen or helium, which disintegrates the liquid 

metal stream with a high velocity and the stream expands rapidly when coming out of the gas nozzle. When 

gas atomization is done under inen conditions, contamination is minimised. The panicle shape of gas 

atomized powders is spherical with a wide panicle size distribution (Zheng, 1991; Korth et al., 1990; Flinn

étal., 1990).

In the water atomization, the particle shape is more irregular than in gas atomized powders. The water 

atomization process is similar to the gas atomization except that the cooling rate of the liquid droplets is 

higher. The cooling medium can be water or some other fluid, and the powder characteristics is determined 

by the type of the cooling fluid, pressure, temperature, geometry of the fluid nozzle and properties of the

melt (Zheng, 1991).

In the centrifugal atomization, the molten metal is disintegrated by the centrifugal force, which can be 

achieved by a rotating electrode, rotating disc. etc. The liquid droplets solidify in an inert atmosphere or in 

vacuum. The powder characteristics is determined by cooling medium, rotation velocity, melting rate and 

properties of the atomized alloys. The shape of the powder particles is spherical and the particle size 

distribution is uniform and additionally the particles are very clean (Zheng, 1991). The most interesting and
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the most productive of these methods is gas atomization and therefore it will be discussed in more detail in 

the following.

3.1.1 Gas atomization

Gas atomization in inert atmospheres, such as argon, nitrogen and helium, makes it possible to attain the 

benefits of the rapid solidification and to reduce the level of the entrained processing gases, which may 

cause porosity in the solidified powder particles and in consolidated products. The benefits of rapid 

solidification are: chemical homogeneity, fine microstructures, extended solid solutions and a very stable 

substructure, which improve mechanical properties and resist grain growth in the final products (Korth et 

al., 1990; Flinn, 1990). The stable microstructure is a result of supersaturation of vacancies, which are 

quenched in during rapid solidification. Oxygen, helium and noble gases stabilize the vacancies and control 

the nucléation and growth of vacancy clusters. Oxygen also reduces the surface energy of vacancy clusters 

and, thus, stabilizes them. Oxygen comes from the melt and is entrapped during solidification. The vacancy 

clusters are stable at high temperatures, which explains the obtained stable high temperature microstructure 

of the consolidated powders.

Nitrogen is a beneficial atomizing gas for nitrogen alloyed austenitic stainless steels. Argon atomized 

powders can be hollow, whereas in nitrogen atomized powders pores are virtually eliminated (Janowski et 

al., 1992). Janowski et al. (1992) studied the effect of atomizing and backfill gases on the properties of gas 

atomized 304L- and 304L + Cr-powders. The gases used in the studies were argon and nitrogen and in the 

studies it was noticed, that backfill and atomizing gases did not have any systematic effect on the particle 

size distributions of powders. Both atomizing and backfilling gas of the melting chamber have an influence 

on the fraction of the hollow particles. However, the atomizing gas has the biggest influence. When 

nitrogen is used as the backfilling and atomizing gas the amount of hollow particles is clearly smaller as 

compared with those when argon is used. The pores are generally concentrated in the bigger powder 

particles, whereas the smaller powder particles seldom have pores. It was also noted, that when nitrogen 

was used as backfilling and atomizing gas, the nitrogen content of the powders was controlled mainly by 

the backfilling gas whereas the atomizing gas had only a small effect on the nitrogen content of the powders 

(Janowski et al., 1992). The amount of dissolved nitrogen is not affected by the extended solubility of 

alloying elements into the atomized powders since nitrogen solubility in austenitic stainless steels increases 

as temperature decreases. The reason for the smaller amount of hollow particles when nitrogen is used as 

backfilling and atomizing gas as compared with argon is explained to be the high solubility of nitrogen in 

the austenitic stainless steels, whereas argon has a low solubility in austenitic stainless steels. Therefore, if 

nitron is entrapped in the powders, it dissolves and redistributes in the powder particle, whereas if argon is 

entrapped in the powder particles, it remains as a gas-containing bubble. The argon gas bubble cannot be 

remowed by traditional consolidation methods, such as HIPing. The gas-containing pore may be compressed 

during HIPing, but it will reopen during subsequent exposure to elevated temperatures, such as during



40

solution annealing. These pores act as stress concentrators reducing the ductility, toughness and fatigue 

resistance of the final products (Janowski et al.. 1992).

There exist three theories for the formation of hollow powder particles during atomizing. According to the 

first theory, which is called as the "bag formation theory", liquid metal forms a closed sheet containing 

gas. If the transport rate and/or solubility of the entrapped gas in the liquid is insufficient the gas to escape 
or dissolve, the solidified powder particle will contain a bubble of the atomizing gas. According to the 

second theory, the pore is formed as a result of solidification shrinking. When the liquid droplet solidities 

the center of the powder particle solidifies last and as a result of the volume change associated with 

solidification a pore forms. In this case the pore does not contain gas and therefore the pore will not open 
during exposure to elevated temperatures. According to the third theory, the pore forms as a result of 

reduction of the gas solubility during solidification. In this mechanism the gas is evolved at the liquid/solid 

interface of the liquid droplet and is ultimately entrapped inside the powder particle. According to Janowski 

et al. (1992), when nitrogen is used as atomizing and backfilling gas solidification shrinkage is not a major 

cause for the formation of hollow powder particles. The other two theories are likely to explain the pore 

formation in the powder particles, when argon was used, but which one of them has a stronger contribution 

cannot be be determined. However, both theories explain, why nitrogen atomized powders have practically 

no pores, since nitrogen solubility in austenitic stainless steels increases with decreasing temperature and 

nitrogen dissolves into the powder particles (Janowski et al„ 1992).

Atomization of Fe-18Cr-6Mn-4Ni-alloy under elevated pressure (up to 0,2 MPa) and nitrogen atmosphere 

in the melting chamber resulted in nitrogen content of 0,6 wt-% N. which is according to thermodynamic 

data close to the equilibrium nitrogen content under the melting conditions (Dunning et al„ 1994). The 

pressure in the collection chamtxr was 0.689 kPa. but it is possible, that pressurizing of the collection 

chamber is not necessary, because of the rapid solidification of the liquid droplets allowing the nitrogen to 

remain in the powder particles instead of being released due to the lower pressure in the collection chamber 

as compared with the pressure in the melting chamber.

The powder particles of gas atomized 304L-powder have generally dendritic or cellular-dendritic 
microstructure. Powder particles with particle size < 20 pm may have a smooth surface as a result of 

massive solidification of fine liquid droplets with large undercooling (Bracconi and Case, 1994).

In Figure 22 a gas atomization facility is shown. It consists of a stainless steel tank assembly, cyclone 

separator, collection can, crucible/nozzle system, induction heating system, data acquisition system as well 

as control and instrumentation systems. The molten metal flows from the crucible to the atomizing nozzle 

through a ceramic tube, which is placed in a hole in the bottom of the crucible. In order to manufacture the

powders with the desired properties, the environment of the atomizing chamber must be clean, i.e„ the 

chamber must be vacuum tight. The chamber is vacuum pumped and filled with an inert gas several times
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before melting and atomizing. The melting crucible is usually made of zirconia. The atomizing nozzle, 

through which the atomizing gas flows with a high pressure, is designed so that the melt does not fall freely 

before atomizing (Korth et al„ 1990).
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Thermocouoie 
’(crucible temperature)
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,Ring nozzle
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(nozzle)
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Manual 
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Figure 22. A gas atomization facility (Korth et al., 1990).

The properties of the manufactured powders can be affected by process parameters, such as geometry of the 

nozzle, gas-to-metal flow ratio, sub- vs. supersonic gas flow, superheat of the melt, heat capacity of the 

atomizing gas as well as surface tension and viscosity of the melt. The transfer tube/nozzle assembly is the 

most critical part of the atomization facility. The gas nozzle maintains a steady flow of molten metal from 

the crucible down to the atomizing zone, since the molten metal does not flow well due to gravity. The 

steady flow of the molten metal is attained by an aspirating effect of the high velocity atomizing gas coming 

out of the nozzle. Changes in the aspiration effect change the gas-to-metal flow ratio, which determines the 

average particle size of the powder. Therefore, the configuration of the nozzle is very important (Korth et 

al., 1990). The powders should have as small particle size as possible, since then they have the special 

properties of the rapidly solidified materials as compared to coarse particle sizes. This can be achieved by
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keeping the gas-to-metal flow ratio so high, that it still allows continued operation. The viscosity and 

surface tension of the molten metal affect also the atomizing process at the gas-metal interface, but it is not 

known exactly how (Korth et al., 1990).

3.1.2 Powder milling

Prealloyed steel powders can also be produced by milling brittle cast ingots (Zheng et al., 1993). The cast 

ingots are melted in a vacuum furnace under argon atmosphere and they contain nitrogen only as trace 

amounts. The cast ingots can easily be milled mechanically, since they contain brittle intermetallic phases. 

As compared with gas atomized powders, mechanically milled powders have the following advantages. 1) 

they are less contaminated by oxygen at their surfaces, since the temperatures used during milling are at or 

below room temperature, 2) the powder size of the milled powders can be ultrafine when performing the 

milling in a high energy mill, 3) alloys with high contents of nitride and/or carbide forming elements can be 

manufactured, since these nitrides and carbides are first formed in the solid state contrary to the atomized 

powders (the nitrides and carbides are stable at the melting temperatures) and 4) the cost of the milled 

powder is less due to the cheaper manufacturing equipment and more simple manufacturing method. Atter 

milling the powders are nitrided and consolidated in the same way as atomized powder. The intermetallic 

phases in the consolidated steel are eliminated by a suitable nitrogen content introduced by solid state 

nitriding (Zheng et al., 1993).

3.2 Powder nitriding

The main attention in the powder metallurgy manufacturing of high nitrogen austenitic stainless steels is 

paid to the nitriding process. The high solubility of nitrogen in the solid phase of austenitic stainless steels 

and the short diffusion distance due to small powder particle size combined with the utilized lower 

temperatures and pressures as compared to the molten route of manufacturing of high nitrogen stainless 

steels makes powder metallurgy an attractive manufacturing method. The powder nitriding process has to 

ensure the desired average nitrogen content of the entire manufactured component and as homogeneous 

distribution of nitrogen as possible (Zheng et al., 1990; Zheng. 1991; Feichtinger and Zheng, 1990; 

Feichtinger, 1991). In the powder metallurgy route the nitriding can be done at different stages, in the 

melting of the alloy before atomizing, during atomizing utilizing high pressure nitrogen as atomizing gas, 

powder nitriding with nitrogen gas or nitrogen gas mixtures or by mixing the metal powders with additive 

powders having high nitrogen contents. In the first two methods, the highest nitrogen contents ж limited

to the equilibrium solubility and to short reaction time, since the nitriding process takes place in the liquid 

phase. Nitriding of the powder with nitrogen gas or nitrogen gas mixtures is a suitable method and mixing 

of powders is an attractive method.
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3.2.1. Powder nitriding with nitrogen gas or nitrogen gas mixtures

The basic principle of powder nitriding is the same in all methods, when using nitrogen gas or nitrogen gas 

mixtures. The nitriding process is divided into two phases: a) the nitriding gas flows through the powder, 

which is controlled by the gas permeability in a porous bed, and b) absorption of nitrogen by the powder 

particles, which is controlled by several surface reactions on the surfaces of the powder particles and by 

diffusion of nitrogen atoms in the metal lattice (Zheng, 1991; Ferriss, 1983). The nitriding behaviour of 

different powders depends on several factors: 1 ) powder characteristics (chemical composition, particle size 

and shape and surface state of the powder particles), 2) process parameters (pressure, time and 

temperature), 3) geometry of the powder bed and 4) nitriding route.

3.2.1.1 Diffusion of nitrogen in austenitic stainless steel powders

The high solubility of nitrogen in the austenite phase is restricted by the slow diffusion of nitrogen in the 

solid phase at low temperatures as compared to the diffusion rate in the liquid state. The powder particles 

have oxide films on their surfaces which also decrease the diffusion of nitrogen in the powder particles. The 

kinetics of nitrogen diffusion in the powder particles is important, since it makes possible to determine the 

suitable temperature range for nitriding and to control the nitrogen content during nitriding. Zheng (1991) 

investigated nitrogen diffusivity in steel powders by putting small amounts of powder in an alumina boat 

and equilibrated them with nitrogen gas in the temperature range of 600 - 1200 °C. The influence of gas 

flow, i.e., gas permeability, could be neglected due to the small volume of the sample. From these 

experiments it was noticed, that the nitrogen diffusivity in the powder panicles and the nitrogen content 

could be controlled by adjusting temperature and nitrogen panial pressure. The higher the nitrogen partial 

pressure the higher the nitrogen content of the nitrided powder particles. The suitable temperature ranges 

for austenitic stainless steels were: 600 - 700 °C for steels with high manganese contents and 700 - 800 °C 

for steels with high nickel contents. For the high manganese austenitic stainless steels nitriding begins at 

600 °C, but since the nitriding rate is too low, the nitriding should be performed at temperatures close to 

700 °C depending on the steel composition as can be observed in Figure 23. At this temperature it is 

possible to achieve nitrogen contents above 1,0 wt-% N. Nitriding can also be performed at the temperature 

range of 1100 - 1200 °C, where the diffusion of nitrogen in the powder particles is fast and the saturation 

nitrogen content is reached in a short time. The saturation nitrogen content is, however, smaller due to the 

temperature dependence of nitrogen solubility in the austenite phase. In general, it has been observed that 

the diffusivity of nitrogen in solid iron alloys seems to be reciprocally proportional to its equilibrium 
solubility (Zheng, 1991).
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Figure 23. Nitrogen content of X3CrMnl818 powder as a function of nitriding time at different 

temperatures (Zheng, 1991).

3.2.1.2 Effect of nitrogen partial pressure and cooling rate on nitrogen diffusion

According to Zheng (1991) the nitrogen partial pressure affects nitriding kinetics and the resulting nitrogen 

contents of a martensitic X20CrMoV 121 -powder. The nitrogen partial pressures used were 0,0243 and 

0,098 MPa and as from Figure 24 can be noticed, nitrogen contents of the powder nitrided at 0,098 MPa are 

twice of the values for the powders nitrided at 0,0243 MPa after the same nitriding time.
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Figure 24. Nitriding of X20CrMoV 121-powder at different temperatures at 0,098 MPa (a) and at 0,0243

MPa (b) (Zheng, 1991).
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The effect of nitrogen partial pressure of nitrogen - hydrogen atmosphere on the nitrogen diffusion has been 

presented for wrought stainless steels AISI 301 and 304L (Jargelius-Petterson, 1993B), but powders should 

behave in a similar manner. The depth of nitride formation on the surface of wrought AISI 301 steel 

increased with increasing nitrogen content of the annealing atmosphere, when the steels were annealed at 

1050 °C for the same time. The nitrogen content of the atmosphere varied from 20 to 95 % and the depth of 

nitrogen diffusion in the form of nitrides (Cr2N) increased from negligible depth for an atmosphere 
containing 20 % nitrogen to - 40 pm for an atmosphere containing 95 % nitrogen. However, the nitrogen 

content of the extreme surface according to microprobe analysis was 0,6 wt-% N for an atmosphere 

containing 20 % nitrogen to 2,4 wt-% N for an atmosphere containing 95 % nitrogen. The nitrogen content 

on the surface falls to that of the base material at - 100 pm.

Cooling rate also affects the nitrogen content of wrought AISI 301 and 304L steels (Jargelius-Petterson, 

1993B). Grain boundary and intragranular nitrides (Cr2N) are assumed to be formed on the surface during 

cooling from 1050 °C. These nitrides can be nucleated during cooling or they are nucleated already at the 

annealing temperature and grow during cooling. These nitrides are the larger the slower the cooling rate 

and, hence the higher the nitrogen content.

3.2.1.3 Nitrogen permeability through the powder bed

The nitriding gas must flow through the powder bed before it can be absorbed into the powder particles 

producing a homogeneous nitrogen distribution in the powder bed. Therefore, the gas flow rate influences 

the nitriding rate. The gas flow through the powder bed is controlled by the permeability, if the gas flow rate 

is not extremely high, and the slip flow can be neglected. Taking into account these two limitations, the gas 

flow through the powder bed can be estimated with Darcy's law (Zheng, 1991) :

(21)

where D e = the formal diffusion coefficient, which can be given as:

D (22)e
Л e

where:

Bq = specific permeability

P - pressure 

T| = viscosity of gas 

£ = porosity
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The permeability of a powder bed does not depend on the nature of the gas. which is present in the 

intcrparticlc space. It depends on microstructural characteristics of the powder bed. such as porosity, 

specific surface area and surface state of the powder panicles. The permeability ot the powder bed is 

constant up to 1000 - 1100 °C and at higher temperatures the powder bed stans to densify. Gas permeation 

is fast at low temperatures, which is contrary to the nitrogen diffusivity (Zheng et al., 1990; Zheng. 1991).

3.2.1.4 Nitriding kinetics of packed powder bed

When nitriding a packed powder bed there are problems in getting a homogeneous distribution of nitrogen 

through the powder bed. During nitriding the nitriding gas is absorbed to the interpanicle space, which 

results in decrease in the local nitrogen pressure due to the poor permeability of the minding gas through 

the powder bed. Inhomogeneous nitrogen content in the powder bed can result from the temperature 

differences in the powder ted caused by poor thermal conductivity of the powder bed. which in turn is 

caused by small contact areas of the spherical powder particles (Zheng et al.. 1990). The nitnding rate is 

different in different pans of the powder bed depending on the distance from the inlet of the nitnding gas. 

The nitrogen concentration profiles during nitriding with different methods are shown in Figure 25. In case 
(a), as minding goes on. powder is nitnded gradually to a saturation concentration C$ from the gas inlet to

the other end of the powder bed, whereas in case (b). every part of the powder bed has the same nitriding 

rate and the nitrogen content reaches the same level in every part of the powder bed after a certain nitnding 

time. Cases (a) and (b) are the ideal methods of achieving a homogeneous nitrogen distribution in the 

powder bed. In practice nitrogen concentration profile behaves as shown in case (c). i.e., powder bed 

absorbs nitrogen in the interpanicle space and the local nitrogen pressure decreases because of the poor 
permeability of the nitriding gas through the powder bed. The pan of the powder bed near the gas inlet has 

the highest nitriding rate, but the further away from the gas inlet the position is, the slower the mtriding 

rate is and the longer the time for reaching the saturation level C, is.
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Distance from the End of Nitrogen Inlet

Figure 25. Nitrogen distributions in packed powder beds during nitriding: a) and b) represent ideal

behaviour of a powder bed during nitriding and c) represents nitriding behaviour of a powder

bed in practice (Zheng et al., 1990).
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The literature data and experimental results (Zheng, 1991) of the diffusivity of nitrogen in austenitic iron- 

base alloys is shown in Figure 26, and it can be noticed, that the diffusivity of nitrogen in pure iron is larger 

than that in the other alloys. The diffusivity of nitrogen in iron-base alloys is reciprocally proportional to its 

equilibrium solubility, as it is generally known for gases in metals in both liquid and solid state (Zheng, 

1991).

о X3CrMnNI818 

• X20CrMoV121

1 Pura Iron
2 Fe-20%Cr-25%Ni

10000/T

Figure 26. Diffusivity of nitrogen in austenitic iron-base alloys (Zheng, 1991).

There are two methods to get a desired nitrogen content to the powder bed: 1) nitriding occurs in a certain 

nitrogen partial pressure, which is the equilibrium pressure of the desired nitrogen content in the powder 

particles, or 2) nitriding occurs by infusing a certain volume of nitriding gas into the powder bed (Zheng, 

1991). In the first case, the diffusivity of nitrogen determines the nitriding rate, which means that nitriding 

can be performed at the temperature range of 1000 - 1200 °C. The homogeneity of the nitrogen distribution 

in the powder bed is not affected by poor gas permeability, which only increases the nitriding time. The 

nitrogen solubility is proportional to the square root of the nitrogen partial pressure. In the second case, in 

order to get a homogeneous nitrogen distribution in the powder bed. the nitriding temperature has to be 

lowered, which means, that the diffusivity of the nitriding gas in the powder particles and mass transfer 

determine the nitriding rate, whereas the permeability of the nitriding gas has no effect to the nitriding rate. 

Therefore, since the gas permeability is faster at lower temperatures, the nitriding temperature range is 600 

- 800 °C depending on the composition of the powder particles. It means that the nitriding times become 

longer than in the first case, since the diffusivity of nitrogen decreases with temperature.

Nitriding of an austenitic stainless steel powder, such as 18 Cr -18 Mn - N, can be done both in the high 

temperature range, i.e., at 1000 - 1200 °C, or at the lower temperature range of 600 - 700 °C. When the 

nitriding is done at the high temperature range keeping the pressure constant, the nitriding time decreases 

with increasing temperatures due to the temperature dependence of nitrogen diffusivity. When the pressure 

of the nitriding gas is increased, the nitriding rate increases, which can be explained by the fact, that the
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formal diffusion coefficient ( De ) for gas flow through the powder bed is proportional to the pressure. The 

nitriding rate is slower than in the case of a small powder sample, which is due to the poor gas permeability 

(Zheng, 1991). At the low temperature range, the nitriding times are longer, but the nitrogen distribution is 

more homogeneous through the powder bed. At this temperature range, if the pressure is not changed, the 

nitriding rate depends only on the nitriding temperature being the taster the higher the temperature is. As 

mentioned before, nitriding of the powder beds must be done at the right temperature range depending on 

the desired nitrogen content and composition of the powder particles. A homogeneous nitrogen content 

distribution can be achieved even in quite large powder beds, when reduced nitriding rate due to the poor 

gas permeability of the nitriding gas is taken into account.

3.2.2 Interaction of oxide films on the powder particle surfaces with nitriding gases

Nitriding gases contain often hydrogen in addition to nitrogen in order to be able to prevent the powder 

from being oxidised during nitriding or even to reduce the oxide layers on the surace of powder particles. 

Therefore, the stability of different oxides on the surfaces of powder particles is of great importance. The 

oxidation of a metal, M, may represented (Lall. 1991):

M (s) + 02 -* M02 (23)

The standard free energy, A P, for the formation of an oxide is:

ДР-.RTlnK (24)

where R is the gas constant, T is the temperature in Kelvin degrees and К is the equilibrium constant for 

any reversible reaction at equilibrium and is the ratio of the activities of the products to reactants. For 

reaction (23):

К23-
aMO;

aMx ao,
(25)

Metal and its oxide are solid and in their standard states at atmospheric pressures, their activities can be 

assumed to be unity (Lall, 1991). The activity for oxygen can be replaced by its partial pressure, P<>_. since 

it will behave like an ideal gas. Hence equation (25) can be simplified:

(26)
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Standard free energies of formation for several metal oxides as a fuction of temperature are shown in the 
"Richardson diagram" in Figure 27. From this diagram it is possible to determine the relative stability of 

oxides from thermodynamic point of view, but not from a kinetic standpoint. The reactants and products are 

considered to be in their standard states, i.e., as the pure metal and oxide. However, in reality, they do not 

exist in their standard states and, therefore, their activity is less than unity (Lall, 1991). The more negative 

the standard free energy in Figure 27, the more stabile the oxide is. From Figure 27 it can be noticed, that 

even for the relatively unstable oxide the oxygen level of the atmosphere required is impractically low in 

order to initiate the reduction of the oxide.

'Af ¡V /«* /«' '/«'
TEMPERATURE in DEGREES centigrade

This line *s hypothetical and applies to 
stoichiometric compounds. Actual 
decomposition is to Fc,C, containing—
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Figure 27. Standard free energies of formation of metal oxides as a function of temperature (Lall, 1991).
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In order to reduce the oxides on the surface of powder particles, the powders have to be exposed to a 

reducing gas, such as H2. Therefore, the reaction in equation (23) has to be combined with the following

reaction (Lall, 1991):

As a result:

2 H2 (g) + 02 (g) » 2 H20 (g)

M (s) + 2 H20 (g) - M02 + 2 H2 (g)

(27)

(28)

The standard free energy for reaction (28) is the difference of the free energies for reactions (23) and (27).

af28 = APm- af°23* 27
(29)

As a result, the standard free energy for reaction (28) is:

AF°28”-RTlnK28
(30)

The equilibrium constant for equation (30) is:

'-30'

and

К

aMo; x (рн, )

ам x (Rh,q)

(Ph,)2

(31)

30 (Ph,o)2
(32)

Therefore:
(P )2

ДР --RT In ~
28 (P )2V И.О^

(33)

and

Д P28 - -2RT In
(PH;)
(PHlo)

(34)

The ratio of the two partial pressures in Equation (34) gives the values at which reaction (28) is at 

equilibrium for a given oxide. Using the values for standard free energy values from Figure 27. it is possible 

to calculate equlibrium conditions at any temperature. In Figure 28 a plot of these equilibrium conditions as 

a function of temperature for different oxides are shown. The ratio of partial pressures P№ / Рцкэ is 

converted to water vapor content, i.e., to dew point. For a given metal oxide, the line gives the conditions
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under which the oxidation/reduction reversible reaction is in equilibrium. To the left of the line oxidising 

conditions prevail, while to the right reducing conditions prevail (Lall, 1991). As from Figure 28 can be 

seen, the lower the dew point at a certain temperature is. the more likely the reduction of the oxide is to take 

place. Also, the higher the temperature at a certain dew point, the more likely the reduction of the oxide is 

to take place. It is also important, that the dew point of the cooling atmosphere is low enough so that 

reoxidizing will not occur. It should be noted, that the conditions in Figure 28, as well as in Figure 27, are 

based on pure oxides and metals. In practice, the metal/metal oxide may be dissolved in the iron matrix or 

combined with other constituents and their activities are different from their standard states (less than 

unity). Therefore, the curves in Figure 28 will be displaced to the left, i.e., the reduction of oxides takes 

place at lower temperatures or at higher dew points.

-100
2000

TEMPERATURE *C

Figure 28. The equilibrium temperature for reduction of metal oxides as a function of dew point (Lall, 

1991).

The dew point of the atmosphere affects the nitriding kinetics of austenitic stainless steels. According to 

Jargelius-Petterson (1993B), increasing the dew point of the bright annealing atmosphere (60 % N2 - 40 % 

Hj) from - 49 °C to - 38 °C caused a dramatic decrease in nitrogen uptake in AISI 301 steel. This was 

explained to be due to the appearence of a spinel type oxide consisting primarily of chromium and 

manganese. This spinel type oxide was in the middle layer of a three layer oxide film, in which silicon oxide 

film was closest to the metal surface and aluminum oxide was the outer oxide layer. Also, it was noted, that 

at low dew points of the atmosphere, nitrides (Cr2N) co-existed with oxide film containing silicon on the 

surface of the steels AISI 301 and 304L. The oxide film was reported to take several forms: an amorphous 

silicon oxide (presumably Si02), a hexagonal structure in the form of fine precipitates with [0001] plane 

perpendicular to the specimen surface and a lattice spacing consistent with a metal aluminium silicate 
(Jargelius-Petterson, 1993B).
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3.3 Nitriding methods

3.3.1 Rotary furnace and canned powder nitriding

Different methods for nitriding of powder beds are shown in Figure 29. In the method (a) the powder bed is 

nitrided before canning, in the method (b) nitriding is done in a container and in the method (c) nitriding is 

done during the HIP-cycle.

Roury Nitnding Furnace

Nitriding Of Powder Before Canning

Heat Tre*»neni Furnace

Gas Conditcrung Unii 
Nitriding in the Container

(Ui Condemning um

Nitriding during HIP

Figure 29. Nitriding methods of powder beds (Zheng. 1991).

In the method (a) nitriding can be done in a rotary furnace in order to avoid agglomeration of the powder 

bed during nitriding at high temperatures. Nitriding of some austenitic stainless steel powders can be done 

at lower temperatures (600 - 700 °C). and hence agglomeration of the nitrided powders is not a problem, 

and nitriding can be done with a stationary powder bed. In the method (b) nitriding can be done in two 

ways: by introducing a certain volume of the nitriding gas in a can or by setting the pressure of the nitriding 

gas to a certain level during nitriding. The details of nitriding the powder beds by this method have been 
described in the previous chapter. In Figure 30 an assembly in which the nitriding can be done by this 

method is shown. It consists of two volumes of the nitridng gas. The first volume is a dosing volume of the 

nitriding gas. The nitrogen content absorbed by the powder can be evaluated from the pressure drop of this 

volume. The second volume of the nitriding gas, which is in connection with the powder can. serves as a 

pressure dampener for the pressure regulation in the powder can (Feichtinger and Zheng, 1990).
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Figure 30. Facility for pressure and volume controlled nitriding of canned powder beds (Feichtinger and 

Zheng, 1990).

In the method (c) nitriding is done during the HIP-cycle. Nitriding gas is nitrogen gas and it is supplied to 

the powder bed from a source, that is not the same as for the ШР pressure vessel. The nitrogen gas is stored 

to the interparticle spacing in the powder bed. Nitrogen is absorbed at lower temperatures due to the high 

pressures associated with the heating in the ШР-cycle. The nitrogen distribution in the powder bed is very 

homogeneous. Nitriding by the so called ШР-N process does not affect the normal ШР-cycle, which means, 

that the manufacturing time for a high nitrogen steel component is not affected by the nitriding process 

(Feichtinger and Zheng, 1990; Feichtinger, 1991).

Nitriding of canned Ti-modified 316L-powder with pure nitrogen gas has been also performed by 

controlling the nitrogen activity of the nitriding gas (Johansson et al., 1991). The advantage of solid state 

nitriding of Ti-modified AISI 316L-powder is that fine dispersion of TiN particles can be achieved. In the 

nitriding tests it was observed, that nitriding at low temperatures (900 °C) with an nitrogen atmosphere 

having high nitrogen activity (0,8) are required in order to achieve fine TiN particles. At higher 

temperatures (1100 °C) with the same nitrogen activity the TiN particles are coarser. The effect of nitrogen 

activity on the nitrogen content of the powder is shown in Figure 31. As can be noticed, if equilibrium 
nitrogen contents below 1 wt-% N when nitriding at 900 °C are desirable, low nitrogen activities are 

required. If a certain nitrogen content for the powder is desireable, the required equilibrium nitrogen 

acitivity increases with increasing temperature, as can be noticed from Figure 32, where the required 

equilibrium nitrogen activity to achieve 0,56 wt-% N in a Ti-modified AISI 316L-powder as a function of 

temperature is shown.
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Figure 31 The effect of nitrogen activity on the nitrogen content of Ti-modified AISI 316L-powder 

(Johansson et al., 1991).
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Figure 32. Required equilibrium nitrogen activity to achieve 0.56 wt-% N in a Ti-modified AISI 316L 

powder as a function of temperature (Johansson et al.. 1991).
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3.3.2 Fluidized bed nitriding

Fluidized bed furnaces are used in heat treatments of different parts because of its close control and 

uniformity of the atmosphere and temperature in the furnace with reduced costs and acceptable 

environmental effects. The inherent advantages of fluidized beds in heat treatment are high heat transfer 

and freedom from contamination of either the workpiece or the atmosphere (Reynoldson, 1993).

When a dry, finely-divided particle bed (typically aluminum oxide) is fluidized, it behaves like a liquid. The 

individual panicles become microscopically separated from each other by a moving gas fed up through the 

bed. The general types of fluidized beds are shown in Figure 33. A gas-fluidized bed is considered to be 

dense-phase fluidized as long as it exhibits a clearly-defined upper limit or surface (Reynoldson, 1993). If 

the fluid flow rate is sufficiently high, terminal velocity of the solids is exceeded and the upper surface of 

the bed disappears. In this stage entrainment becomes appreciable and solids are carried out of the bed with 

the fluid stream and the fluidized bed becomes disperse, dilute or lean-phase with pneumatic transpon of 

solids. The majority of fluidized beds used for heat treatment are of the aggregative or bubbling type.
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Figure 33. General types of fluidized beds (Reynoldson, 1993).

The quality of fluidization is mainly determined by the properties of the solids and fluids; other factors 

affecting are the rate of solid mixing, the size of the bubbles and the extent of heterogeneity in the bed. 

These factors are bed geometry, gas flow rate, type of gas distributor and internal vessel features, i.e., 

screens, baffles and heat exchangers. The type of gas distributor has one of the most important effects on the
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quality of fluidization. The influence of the type of gas distributor on the quality of fluidization is shown in 

Figure 34 and as can be noticed, the more the gas distributor has orifices the better the quality of the 

fluidized bed.

Poor quality; 
much fluctuation 
in density with—» 
channelling and 
slugging.

Figure 34. Influence of the type of gas distributor on the quality of fluidization (Reynoldsoru 1993).

The quality of fluidization can be determined by a diagram of pressure drop vs. velocity when the bed 

cannot be observed visually. The pressure drop vs. velocity diagram for a well-fluidized bed is shown in 
Figure 35. As can be noticed, the diagram has two distinct zones. In the first zone, at relatively low flow 

rates the pressure drop is approximately proportional to the gas velocity reaching a maximum value, which 

is slightly higher than the static pressure of the bed. As the gas velocity further increases the packed bed 

suddenly "unlocks" and the pressure drop decreases to the static pressure of the bed. The decrease of the 

pressure drop is due to the increase of voidage from ^ (« fraction of voids in a fixed bed of particles) to 

(- fraction of voids at minimum fluidization). In the second zone, the velocity of the gas becomes higher 

than the minimum fluidization (p,^) and the bed expands and gas bubbles rise resulting in a heterogeneous 

bed. The pressure drop remains practically unchanged despite a rise in gas flow in the second zone. The 

constancy in pressure drop is due to fact, that the dense gas-solid phase is well-aerated and can deform 

easily without appreciable resistance, i.e., the bed is considered to behave hydrodynamically (Reynoldson, 

1993).
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Figure 35. Pressure drop vs. velocity diagram for a well-fluidized bed (Reynoldson, 1993).

The minimum fluidization velocity (p^) depends in simplified terms on the particle diameter (d) and mass 

of the particle:

Pmf” d2P (35)

The gas flow for minimum fluidization depends on temperature. Figure 36. As can be seen, the gas flow 

decreases with increasing temperature. It has been reported, that the gas consumption/пг of the bed area at 

20 °C is 240 Nm3/h and at 800 °C 38 Nm3/h.

Temperature, *F

Temperature, *C

Figure 36. Effect of temperature on gas flow corresponding to minimum fluidization for 0,1 mm diameter 

particles with an apparent density of 2 (Reynoldson, 1993).

Fluidized beds have high heat transfer coefficients ranging from 120 to 1200 W/m2. These high values are

due to the turbulent motion and rapid circulation rate of the particlfes, as well as the extremely high solid-
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gas interfacial area. Particle diameter has an effect on the heat transfer coefficient. In order to achieve as 

high heat transfer coefficient as possible, the particle di amter should be as small as possible. However, 

below a certain diameter, electrostatic effects can cause problems and, therefore, the optimum particle 

diameter is 100 pm. Density of the bed material also affects the heat transfer coefficient. According to 

Reynoldson (1993). the optimum density for bed materials is 1280 - 1600 kg/m3. Denser materials produce 

lower heat transfer coefficients and also require more power for fluidization. Materials with lower densities 

suffer from electrostatic effects. Thermal conductivity and specific heat do not have any marked effect on 

heat transfer coefficient. Maximum heat transfer for a particular particle density and diameter requires an 

optimum gas flow rate. Generally, the optimum gas flow rate is between two to three times the minimum 

fluidization velocity. Higher gas velocities result in particle entrainment, high consumption of fluidizing gas 
and poor heat transfer. Too low gas velocity, on the other hand, results in poor heat transfer and lack of 

uniformity in processing.

Particle size distribution in the bed is not homogeneous during fluidization. According to Kunii and 

Levenspiel (1969) the particle size distribution of sand in the bed as a function of the bed height during 

fluidization is closely related to the voidage (fraction of voids in the bed) distribution in the bed. The 

particle size distribution is roughly constant within the main zone of constant voidage. In the upper falling 

density zone the amount of fine particle sizes increases progressively. In addition, the main zone contains 

less fine particle sizes at high fluidizing gas velocities, which means, that fine particle sizes are eliminated 

from the bed more rapidly the higher the fluidizing gas velocity is. According to Hiraki et al. (1965), 

however, the particle size distribution in a bed cosisting of spherical catalyst in a rectangular bed was 

homogeneous in the main region of the bed as well as in the falling density region of the bed and that there 

was no relation with the height of the bed.

The amount of bed material in the fluidized bed depends on the application. In order to achieve a bed which 

is well and evenly fluidized, the height/width ratio of the bed is important and it should be less than 2-3. 

High and thin beds should thus be avoided, since the surface of the bed tends to be unstable due to the 

coalescence of gas bubbles. This behaviour is observed in beds with height/width ratio of 5 - 8 (Werther, 

1974). Fluidized bed expands during operation and as a result, the height of the bed increases with 

increasing velocity of the fluidizing gas. The width of the bed also affects the amount of bed expansion 

during operation, i.e., the thinner the bed the greater the expansion.

The most widely used fluidized beds for heat treatment are the dense-phase type, where the bed consists of 

fine solid particles held in supension without any significant particle entrainment by an upward flow of gas. 

The heat sources of fluidized bed furnaces are either electrical heating or gas heating. Electrical heating is 

more widely used than gas heating despite the higher energy costs of electrical heating. This is due to the 

good availability of electricity, longer retort life, decreased capital cost and ease of operation as compared 

with gas heating. There are a number of electrical heating techniques, such as external resistance heating.
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internal resistance heating, immersed element heating, direct resistance heating and induction heating. The 

most widely used technique is the external heating type. A schematic representation of a fluidized bed 

furnace with external heating by electrical resistance elements is shown in Figure 37. The fluidized bed is 

contained in a heat resisting pot, which is heated by an external electrical resistance. Waste heat recovery of 

the fluidizing gas can be used to increase thermal efficiency, which can be achieved by recirculating the 

fluidizing gas (Reynoldson, 1993). The fluidized gas can be maintained at any desired composition despite 

recirculation. However, the lid of the furnace should be as tight as possible in order to be able to ensure the 

homogeneity of the atmosphere in the bed. In the internal heating technique, the heating element is placed 

within the fluidized bed. The heating element is sheared and it heats the bed particles and fluidizing gas. 

The sheath material of the heating element can be a mineral and it can be used as an insulation material 

covered with an integral metal sheath. These beds are generally used at temperatures up to 500 - 600 °C. In 

the immersed element heating technique the heating elements are immersed in a ceramic retort and the 

retort and the heat source are combined, which improves the heat transfer in the fluidized bed. Limitations 

of this technique are the useful temperature range (600 °C) and the available size of ceramic retorts (up to 

450 mm). In the direct resistance heating technique the bed material is electrically conducting. Such 

materials are, for example, carbon powder and silicon carbide. Electric current is applied directly to the bed 

by electrodes and heat is generated within the bed. Induction heating of the retort instead of external 

resistance heating has been studied because the heating rate to operating temperature is claimed to be much 

faster than that of the conventional designs using external resistance heating. The gas heating techniques 

are far more economical in terms of relative costs of energy and gas. However, the availability of the heating 

gas is a limiting factor in this technique. Also, the cost benefit of gas is offset in terms of transfer of useful 

heat to the fluidized bed and generally the efficiency of gas burners is at the best only 40 - 50 % of that of 

electrical resistance heating. Also, as told above, the retort life is longer, when electrical resistance hearing 

is used. Another advantage of elctrical resistance heating as compared with gas heating is, that higher bed 

temperatures can be achieved with electrical resistance heating than by gas heating. Vacuum furnace heat 
treatment has become important during the recent years. This technique has potential advantages, such as 

atmospheric integrity, low consumption of gas protective atmosphere and higher operating temperature ( > 

1300 °C). The high temperature capability is due to the use of high temperature resistant materials, such as 

Mo and W (Reynoldson, 1993).
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Figure 37. Schematic representation of an a fluidized bed furnace with external heating by electrical 

resistance elements (Reynoldson, 1993).

Any atmosphere used in conventional heat treating can be used in fluidized bed furnaces. The most often 

used atmospheres are: air. hydrocarbon gas-air mixtures, high purity nitrogen, ammonia, ammonia- 

hydrogen mixtures, argon, endothermic and synthetic atmospheres, etc. Ammonia is used in gas nitriding of 

a variety of steels, i.e., in case hardening. Mixtures of ammonia and hydrogen gases are used in bright 

annealing heat treatments. High purity nitrogen is used in heat treatments requiring low impurity levels (< 

10 ppm 02) and it is generally produced from liquid nitrogen provided that the gas is neutralized and excess

oxygen is removed (Reynoldson. 1993).

Nitriding of austenitic 20Cr - 25Ni - 1.8Ti-powder has been performed in a fluidized bed (Wilson, 1990). 

Panicle size can not be < 50 pm, since defluidization of the powder bed occurs, which is due to the high 
interpanicle cohesive forces. The defluidization causes channeling and slugging of the nitriding gas. which 

can be reduced by using a stirrer. A schematic representation of the fluidized bed reactor used in the tests is

shown in Figure 38.
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Figure 38. A fluidized bed reactor for nitriding of austenitic 20Cr - 25Ni -1,8Ti-powder (Wilson, 1990).

3.3.3 Powder nitriding by mechanical alloying

In mechanical alloying process in a high-energy ball-mill the impact deforms the powder particles 

plastically bringing the matrix interior to the surface. This newly exposed surface reacts with the 

atmosphere of the ball mill. When the atmosphere is nitrogen, nitrogen molecules are adhered to the newly 
formed surface, dissociate and are entrapped into the matrix during subsequent cold welding of the colliding 

milled particles (Rawers and Doan, 1994A; Dunning et al. 1994). Mechanical alloying of steel powders 

with additive powders having high nitrogen contents is an attractive way of manufacturing high nitrogen 

steels. High nitrogen wear resistant hard alloys with a nitrogen martensite matrix have been manufactured 

by this method (Berns and Wang, 1990). The powders can be mixed in a ball mill under nitrogen 

atmosphere and the process lasts from few hours up to 100 hours depending on the composition of the 
powders. As an example, when mixing AISI 316 stainless steel powder with Fe4 N powder (Foct et al.,

1990) after 24 h of milling there occurs destruction of the crystalline structure. As the milling goes on, there 

happens a recovery of the crystalline structure, which results in a new steel called as "high nitrogen 

mechanical steel". Nitrogen redistribution leads to the formation of dispersed nitride particles, when the 

steel powder is aged briefly at 200 °C. During the milling there occurs a slight nitrogen loss, which has to 

be taken into account, when manufacturing nitrogen alloyed steel powders with this method.

Nitriding of gas atomized Fe-, Fe-2A1- and Fe-18Cr-8Ni-powders in nitrogen atmosphere by mechanical 

milling has been observed to increase the nitrogen content 20 times higher than that of the as-cast nitrogen 

solubility of Fe-powder. Nitrides were not observed despite the high nitrogen content (> 1 wt-% N)
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(Rawers and Doan, 1994A; Dunning et al., 1994). During consolidation, nitrogen was observed to retard 

grain growth. Nitrogen concentration was observed to increase linearly with processing time, Figure 39. 

From Figure 39 it can also be noticed, that alloying Fe with Al, Cr and Ni increases nitrogen solubility of 

the powders. The metal matrix had a nanocrystalline structure and nitrogen was distributed interstitially 
and in defects such as grain boundaries and dislocations. Nitrogen concentration was observed to increase 
with decreasing particle size. This can be explained to be due to the fact, that nitrogen is concentrated in 

the outer regions of the particles and the central region of the particle has lower nitrogen concentration. 

When particles with different sizes are milled under same conditions, nitrogen concentration of the outer 

regions of the particles decreases and that of the central regions increases with increasing particle size 

(Rawers and Doan, 1994A).

0 20 40 60 80 100
MECHANICAL PROCESSING TIME (hours)

Figure 39. Nitrogen concentration as a function of processing time during mechanical milling of powders 

under nitrogen atmosphere (Dunning et al.. 1994).

3.3.4 High pressure powder nitriding

Powder nitriding tests have also been performed for different gas powders at pressures up to 150 MPa 

(Rawers et al., 1994B; Dunning et al., 1994). Nitriding was performed in a HLP chamber under nitrogen 

atmosphere at 1000 °C for 15 min. The powders had a particle size range of < 100 pm with an average 

particle size between 30 and 50 pm. The powder materials tested were: Fe, Fe-2A1, Fe-10Cr, Fe-бМп. Fe- 

10Cr-5Mn, Fe-18Cr-8Ni. In Figure 40 nitrogen concentration as a function of the (square root) nitrogen 

pressure for some of the alloys are shown. As can be seen, nitrogen concentrations up to 6 wt-% N can be 

achieved and that the nitrogen concentration is the higher the higher the amount of alloying elements 

increasing nitrogen solubility into the steels.



63

Fe-!0Cr-5Un

Fe-IOÇr,

Fe—2 AI,

Fe—6Mn „__

■ « ° £ 5 8 о 8
NITROGEN PRESSURE (MPa)

Figure 40. Nitrogen contents as a function of nitrogen pressure for different powders (<100 pm) nitrided 

for 15 min at 1000 °C in a HIP-chamber (Dunning et al., 1994).

Nitrogen was uniformly distributed in the powder particles. Nitrides were formed in the powders for all the 

other materials except for Fe-6Mn powders, in which a change in the microstructure from 100 % ferrite to 

a microstructure consiting of ferrite and austenite was observed. The ferrite to austenite ratio decreased 

linearly with increasing nitrogen content. In other words, nitrogen-manganese-iron complexes were 

formed, which stabilized austenite phase. The increase in nitrogen content for the other alloys was 

observed to consit of two stages. In the first stage at the lower nitrogen concentrations, there was a rapid 

increase in the nitrogen content due to the diffusing nitrogen becoming attracted with the substitutional 

alloying elements. In the second stage at the higher nitrogen concentrations, the increase in nitrogen 

concentration was lower due to metal nitride formation with the entire concentration of the alloying 

elements and the rate of increase in nitrogen content with increasing pressure was similar to that for pure 

iron. However, in Fe-10Cr-5Mn and Fe-18Cr-8Ni chromium nitrides (CrN, Cr2N was not observed) were 

formed immediately even at 0,1 MPa nitrogen pressure and the amount of CrN increased with increasing 

nitrogen content. After different nitrides (CrN, Fe4N, (Fe, A1)4N) in the different alloys were formed, the 
interstitial nitrogen content increased similar to the addition of nitrogen to pure iron (Rawers et al., 1994В; 

Dunning et al., 1994).
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3.4. Powder consolidation by Hot Isostatic Pressing (HIP)

HIP is the most common consolidation method for PM products. In this method the consolidation of the 

powder beds is achieved by using high temperatures and high pressures simultaneously. The temperature is 

below the melting point of the powder material, however, high enough to make it possible tor the powder 

particles to deform plastically under the high pressure. Simultaneous high temperature and high pressure 

compress the powder particles to full density resulting in a homogeneous isotropic structure and properties. 

In other words, HIP uses the nature of local capillary action as well as external tractions (Kim et al., 1993). 

The powder bed in the can is subjected to forces through the interparticle contact zones when the can is 

subjected to pressure. These forces cause plastic flow to occur during the high temperature exposure and the 

apparent density is increased. However, these forces do not necessarily improve the mechanical properties.

Temperature has the major role in increasing the bonding between the powder panicles and in increasing 

density of the final product. Therefore, temperature has the major role in increasing the mechanical 

properties of the final products. The effect of pressure on the increase in density is that the final density can 

be achieved sooner with increasing pressure. In general, the effect of pressure is to enhance the mechanical 

contact between the powder particles. Bonding of the powder particles is, on the other hand, related to 

thermally activated processes such as diffusion and N abarro-Herring creep (Kim et al., 1993). The number 

of contact points (coordination number) between the powder particles also affects the bonding between 

powder particles. Particle size of the powder determines the number of contact points between the powder 

particles. In addition to diffusion and Nabarro-Herring creep, power-law creep is one of the thermally 

activated processes contributing to the increase in bonding during HIPing. According to Kim et al. (1993) 

the dominant mechanism in densification of centrifugally atomized AISI 304 stainless steel powder during 

HIPing at 104 MPa pressure was power-law creep in the whole range of density regardless of powder 

particle size. A state, in which isolated pores were formed in the material and further densification took 

place, was achieved, when the homologous temperature T/Tm of 0,8 and 104 MPa pressure were used. 

Diffusion and Nabarro-Herring creep are more sensitive to the grain size of the powder particles and the 

densifying material during HIPing than power-law creep. If the HIPing pressure is lowered (down to 35 

MPa), the major densifying mechanism did not change at a low T/Tm of 0,7, but as the particle size of the 

powder was decreased from 100 to 30 pm, Nabarro-Herring creep and volume diffusion became active 

densification mechanisms in addition to power-law creep. This indicates that power-law creep is a strongly 

pressure dependent mechanism and that the effect of particle size on the change in densifying mechanism is 

due to the fact, that a smaller powder particle is subjected to a higher transmitted force than does a larger 

particle for the same HIP pressure (35 MPa) (Kim et al„ 1993). In general, the pressure effect on the density 

is more pronounced in the high HIPing temperatures. Tensile elongation is one of the most direct 

indications of bonding efficiency, since elongation values increase as the density increases for similar HIP 

conditions. On the other hand, if the density of the materials is the same for materials HIPed with different 

HIP parameters, the elongation values will not be equal. According to Kim et al. (1993) in general, 

materials (AISI 304 stainless steel) made from powders with smaller powder particle sizes had higher
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elongation values as compared with those for the materials made from larger powder panicle sizes when the 

pressure was kept constant (104 MPa) and temperature was decreased from 1100 to 900 °C. This is due to 

the higher number of contact points between smaller powder panicles as compared with those of the larger 

powder panicles. Therefore, the bonding between the smaller powder panicles is better than between the 

larger powder panicles. However, when the pressure was 104 MPa and temperature 1100 °C during HIPing, 

any panicle size dependence of the elongation values could not be observed. In general, for equal density, 
better bonding between the powder panicles can be achieved, if the powders are densified by more thermal 

than mechanical processes.

The high pressures are obtained by a compressor and the pressurizing medium is argon or nitrogen gas. The 

HIP manufacturing method is shown in Figure 41. The gas atomized spherical shaped powder, which is 

ideal for HIP, is encapsulated into a can, which is usually made of welded low carbon steel sheet, or 

ceramics. The powder can also be encapsulated in a glass capsule, which deforms uniformly by viscous flow 

at the pressing temperatures. Before sealing, which is usually done by welding, the can/capsule is evacuated. 

The can transmits the isostatic pressure to the powder bed and prevents the pressurizing gas to penetrate the 

powder bed. After sealing the can is placed into the HIP chamber where it is subjected to the high 

temperature and pressure, which acts isostatically on all sides of the can resulting in a uniform shrinkage of 

10 to 12 % of the original dimensions due to the plastic deformation of the powder particles (Nishiguchi et 

al., 1992; Miyasaka et al., 1991; Bämheim. 1987; Widmer, 1991; Vierimaa. 1985). It is also possible to pre

heat the capsule before placing it to the ШР chamber (Vierimaa, 1985). The can is evacuated during the 

heating in order to remove residual oxygen from the can, thus, preventing the powder from oxidation. The 

can may also be cold isostatically pressed (CIP) before the HIPing depending on the materials. It results in a 

better contact between the powder particles and, thus, in a better thermal conductivity of the powder bed.

COLD I PRH. HEATING
BOSTAT1C FUSSING AND DEGASSING

HOT
BQSTaTIC PIU2SINO

Figure 41. The ШР manufacturing method (Vierimaa, 1985).
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It is possible to control the grain structure and grain size of the material by keeping the temperature lower 

than the normal HIP temperatures, which in turn increases the process time. However, longer process times 

mean that the bonding between the powder particles caused by diffusion processes has more time to develop. 

HIPing of the powdered materials results in good hot forming properties, even for high alloy steels, which 

may be impossible to hot form after casting. After HIPing the materials can be extruded, torged, etc. to the 

final shapes. It is possible to join different materials with HIP, a method known as ditfusion bonding, and to

replace conventional joining methods such as welding. Densification of castings and vacuum sintered P/M 

parts to a full density can also be done by HIP.

HIPing cycle is usually divided into several segments, in which certain functions are performed. A typical 

HIPing cycle for stainless steel powder is shown in Figure 42. The processing parameters and functions of 

each segments are:

1) Purifying of the pressure vessel:

- temperature: heating up to 100 °C with a heating rate of 10 °C/min,

- pressure: evacuation down to 5 x 10 1 mbar 5 times followed by 

argon filling

2) Evacuation:

- temperature: heating up to 200 °C with a heating rate of 10 °C/min,

- pressure: evacuation down to 3 x 10 * mbar

3) Increase of temperature and pressure:

- temperature: heating up to 1150 °C with a heating rate of 20 °C/min,

- pressure: increasing up to 1100 bar

4) Constant temperature and pressure for 4 h:

- temperature: 1150 °C,



- pressure: 1090 -1100 bar

5) Cooling:

- temperature: cooling down to 100 °C with a cooling rate of 40 

°C/min,

- pressure: reducing due to the gas contraction with the decreasing 

temperature

6) End:

- temperature: cooling down to room temperature,

- pressure: reducing down to atmospheric pressure

1150 *c

1 090-
1100 bar

»20 ‘C/min

200 “C
100 “C

0.03 mbar

Figure 42. A typical HIPing cycle for stainless steel powder (Zheng, 1991).
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As mentioned before, there exists a new method called HIP-N process for manufacturing of high-nitrogen 

austenitic stainless steels (Feichtinger and Zheng. 1990; Feichtinger. 1991). The scheme of HIP-N process 

is shown in Figure 43 a. In the HIP-N process nitriding is done during the HIP-cycle. Nitriding gas is 

nitrogen gas and it is supplied to the powder bed from a source, that is not the same as tor the HIP pressure 

vessel. Nitrogen is absorbed at lower temperatures due to the high pressures associated with the heating in 

the HIP-cycle resulting in an uniform nitrogen distribution in the powder bed. The nitrogen distribution 

may change during the ШР-cycle as can be seen in Figure 43 b. In the beginning of the cycle the nitrogen 

distribution in the can is homogeneous. During heating there exists a steep temperature gradient caused by 
the poor thermal conductivity of the powder bed resulting in an uneven distribution of nitrogen in the can. 

This is due to the temperature dépendance of nitrogen solubility in the austenite phase, i.e., nitrogen 

solubility drops with increasing temperature. Nitrogen is, thus, set free at the periphery of the powder bed, 

and when the center of the powder bed has reached a suitable temperature the free nitrogen is absorbed 

there. Pressure rises usually at the same time as temperature, which means, that compaction starts earlier at 

the outer region of the powder bed resulting in porosity. This means that nitrogen distribution remains 

unhomogeneous, and is similar to a segregation phenomenon, even when the center of the powder bed has 

reached higher temperatures. Therefore, the can should be first heated to the HIPing temperature, so that 

the entire bed has the same temperature, after which the pressure can be allowed to rise (Feichtinger and 

Zheng. 1990).

Powder
Can

Heating
Bernent

Rø-9a
Condbons at start

a) b)

Figure 43. a) A scheme of the ШР-N process and b) nitrogen distributions in canned nitrided powder

bed during the ИР-cycle (Feichtinger and Zheng, 1990).
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3.5 Thermogravimetric analysis

Transformations involving evolution and/or absorption from a specimen consisting of a condensed phase 

can be studied by thermogravimetric analysis (TG) and differential thermal analysis (DTA) (Speyer. 1994). 

Most of the devices for these purposes are configured for vacuum and/or variable atmospheres. The method 

is very accurate, since the resolutions down to 1 pg can be obtained. The analysis can be performed either 

separately or simultaneously.

In differential thermal analysis (DTA) a difference in temperature between a sample and a reference 

material is measured. Both the sample and the reference material are exposed to the same heating schedule 
via symmetric placement with respect to the furnace. A schematic illustration of the DTA device design is 

shown in Figure 44. The reference material can be any substance, which has the approximately same mass 

as the sample and which does not undergo any transformation in the temperature range of interest. The 

temperature difference between the sample and the reference material is measured with a "differential" 

thermocouple, in which the other junction is in contact with the sample crucible and the other with the 

reference material crucible. When a transformation/transformations in the sample material take place, the 

sample will either absorb (endothermic reaction) or it will release (exothermic reaction) heat and, thus, a 

temperature difference is observed, since the reference material is inert (Speyer, 1994).

Simple Reference
tøtø *l/

Furnace
Windings

Alumina (¡as- 
Flow Tube

Figure 44. Schematic representation of a differential thermal analyzer (DTA) (Speyer, 1994).

In thermogravimetric analysis (TG) weight changes of a specimen as a function of temperature are 

measured (Speyer. 1994). A typical TG design is shown in Figure 45. Specimen powder is placed on a 

refractory pan (usually porcelain or platinum), which is suspended from a high precision balance in the hot 

zone of the furnace. A thermocouple for temperature measurement of the sample is placed in close
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proximity of the specimen, however, not in contact with the specimen. As a result the thermocouple will not 

interfere with the free float of the balance. The specimen pan docs not move when the specimen gains or 

loses weight, since the balances are electronically compensated. As the specimen changes weight, its 

tendency to rise or fall is detected with the position transducer (LVDT). A current through the coil in the 

counterbalance side exerts a force on the magnetic core, which acts to return the balance pan to a null 

position. The current required to maintain this position is considered to be proportional to the mass change 

of the specimen. A derivative TG trace (DTG) is also often recorded. It is a smoothed plot of the 

instantaneous slope fo the specimen mass with respect to time. DTG does not contain any new information, 

but it identifies the temperatures at which mass loss is at a maximum, i.e., the DTG peak . If 

superimposed transformations are taking place, they are clearly seen as DTG "peaks" in contrast to the 

subtle slope changes in a TG trace. DTG traces can be compared with DTA traces of the same material and 

they show similarities for transformations, which involve weight changes and therefore, the types of 

transformations in the DTA trace can be differentiated by combining DTA and DTG traces (Speyer, 1994).

Magnetic
Core

Figure 45. Typical TG design (Speyer, 1994).

DTA and TG analyses can be performed together in the simultaneous thermal analysis technique (Speyer, 

1994). In other words, both thermal and mass change effects are measured concurrently on the same

sample. The devices for these analyses consist of a post with sample and reference cups at the top and of a 

base, that fits into a sensitive analytical balance. Another design is comprised of the sample and reference 
cups at the bottom and the post suspended from a balance arm from above. The main concern in the design
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of these instruments is to be able to extract the thermocouple signals without interfering with the free float 

of the balance. More accurate temperature correlations to mass change data can be achieved, if the sample 

thermocouple junction is in mechanical contact with the sample through the sample container. This can be 

achieved, for instance, by using tiny gold ribbons to transmit the thermocouple signals. A schematic 

representation of the Seiko ST A instrument is shown in Figure 46. Mass spectrometry attachments can be 

used in combination of DTA and TG measurements and they are used to determine the nature of the evolved 

gaseous reaction products (Speyer, 1994).

Deflection

Holder

TG/DTA Module CPU iTemp. Signal

Healer Power

Figure 46. A schematic representation of the Seiko STA instrument for simultaneous thermal analysis 

(Speyer, 1994).

In order to obtain optimum data resolution in both DTA and TG traces slow heating rates are preferable. 

This due to fact, that if the heating rate is increasingly rapid, the transformations tend to take place at 

higher temperatures taking place in shorter times and at a broader temperature ranges. Also, two reactions 

may appear as one. In other words, when slower heating rates are used, the onset of a transformation can be 

depicted more accurately. Slower heating rates have also the advantage, that the accelerating effects of self

feeding processes can be diminished. Highly sensitive balances are also needed, which permit the use of 

small specimens (~ 20 mg) in order to avoid temperature gradients and gaseous compositional gradients 

within the granulated specimen. The crucible dimensions and direction of gas flow lingering gases released 

by the reaction may remain near the reaction zone suppressing further reactions. Heavy effluent gases can 

be swept away from the neighbourhood of the reaction zone using a flowing purge gas. There are crucible 

constructions, which allow the purge gas to flow directly through the sample and reference materials and, 

thus, minimizing these effects. When powders are used as the sample material it is necessary to ensure free 

diffusion from the out of the reaction zones (Speyer, 1994). The tighter the powder packing in the sample 

the more difficult it is for the gaseous species to diffuse in and out of the reaction zones. This, on the other 

hand, means that decomposition reactions, for example, would take place at higher temperatures or the 

temperature range for the reaction would become broader. Excessive sample sizes are not acceptable, since 

the risk of appreciable temperature gradients in the sample increases. Thermocouple shielding and pan 

floating also affect the accuracy of the analyses. When the purge gas flows downward, the specimen crucible
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shields the thermocouple and the convection cooling taking place in the sample is to some extent inhibited 

and as a result, there is a temperature difference between the sample and the thermocouple, i.e., the 
specimen temperature is lower than that of the thermocouple and incorrect temperature measurement takes 

place. More correct measurement can be achieved, if the thermocouple is placed just over the specimen but 

not in contact with the specimen, so that the free float of the balance is not interfered. Buoyancy forces 

should also be taken into account during analysis, i.e., as the specimen and the crucible are exerted in a gas, 

the gas will exert an upward force on the specimen and the crucible, which is equal to their weight ( = 

Archimedes' principle). Depending on the weight gain or loss taking place in a raction, the effect of 

buoyancy force must be taken into account. If the weight gain/loss is high, buoyancy force does not have to 

be taken into account, whereas if the weight gain/loss is small, it has to be taken into account. Additionally, 

the buoyancy force changes if the specimen changes volume due to a transformation. Temperature gradients 

in the furnace cause convective gas flow from hot zones to colder zones even if purge gas is not used. This 

may cause spurious force to the specimen crucible and cause inaccurate weight measurements. The 

magnitude of this flow depends on the temperature of the hot zone and the position of the specimen crucible 

in the hot zone (Speyer, 1994).

Bracconi and Case (1994) has studied the weight change of nitrogen atomized AISI 304L stainless steel 

powder in vacuum and in static hydrogen and nitrogen atmosphere under 104 Pa pressure using linearly 

increasing temperature either in the TG-TPR mode or in isothermal conditions. Pure hydrogen and nitrogen 

gases were used, but the actual oxygen content in the furnace chamber due to the leak of air rapidly 

exceeded the nominal contents of oxygen of the gases (< 2 ppm 02 in Hj and < 5 ppm 02 in N2). The main 

goal of the study was to determine how effectively the oxide layers on the surface of powder particles could 

be removed and that how the "residual"oxygen reacts with powders during the elevated temperature 

exposure. According to the results, only iron oxides could be reduced in hydrogen gas and that the reduction 

of the oxide layers was at maximum around 400 °C, after which, at higher temperatures (up to 600 - 900 

°C). the powders started to oxidize due to the leaked air in the chamber. Other oxides were detected to be 

too stable at the above mentioned temperatures. According to Bracconi and Case (1994), the oxidation at 

temperatures > 400 °C was due to oxidation of Si, Mn and Cr. These reduction and oxidation reactions in 

the thermogravimetric analysis for powders with different particle size ranges at different temperatures are 

shown in Figure 47. As can be noticed, the reduction process at 400 °C can be seen to take place at all the 

temperatures. It can also be noticed, that the decrease in weight, i.e., the magnitude of reduction, is the 

bigger the smaller the particle size range is. Similarly, the increase in weight, i.e., the magnitude of 
oxidation of the powders, at the higher temperatures is the bigger the smaller the particle size range is.
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Figure 47. Weight change as a function of temperature for nitrogen atomized AISI304L stainless steel 

powder with different particle size ranges (Bracconi, 1994).

In the tests performed in the isothermal conditions at 600 °C under hydrogen and nitrogen atmospheres, as 

well as under vacuum, revealed that the weight of the powder samples increased with increasing holding 

time at 600 °C, i.e., the powder samples were oxidised. It was observed, that the increase of weight was 

clearly highest under nitrogen and that even under vacuum the weight was increased. However, it should be 

pointed out, that the possibility of nitrogen absorption into the powders was not determined (Bracconi and 

Case, 1994).
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4. Powder characterization by surface analysis

Atomized powders have oxide films on the surfaces ot the particles. The thickness ot the oxide film is 

independent of particle size and cooling rate during atomization. The oxide films are also affected by 

further handling of the powders. Hydrocarbons also exist in the surface film of the powder panicles. Oxygen 

coming from the melt can exist also inside the powder panicles. The entrapped oxygen together with the 

oxide film affect the mechanical properties of the consolidated powders, i.e., the tensile properties and high 

temperature strength can be enhanced, but the ductility of the materials is weakened by oxide inclusions. 
The composition of the oxide film depends on the composition of the atomized melt. In the gas atomized 

austenitic stainless steel powders the oxide films are composed of different oxides: iron- and chromium 

oxides are relatively dominant in the surface layer up to 200 A. However, silicon oxide films are the most 

common oxide films, since silicon segregates to the surface. Silicon oxide films are stable and exist at least 

up to 200 Å (Zheng, 1991; Flinn et al.. 1990; Ferriss. 1983). Manganese oxide films exist also in the 

surface layers, but nickel oxides have not been observed always although nickel has been observed to 

segregate slightly near the surface. Carbon and nitrogen segregate strongly into the surface film.

4.1 Basic principles of surface analysis with ESCA, AES and SIMS

It is possible to analyse the composition of the powder particle surfaces with surface sensitive analysing 

methods, such as AES (Auger Electron Spectroscopy), ESCA (Electron Spectroscopy for Chemical 

Analysis) and SIMS (Secondary Ion Mass Spectrometry). With these methods analytical, depth profile and 

chemical information can be obtained. The differences between these methods are related to their analysis 

depth profile, lateral resolution, sensitivity, elemental range, level of destruction, degree of chemical 

information and possibilities for quantitative results (Hantsche, 1989). If the information of the surfaces of 

the powder particles must be as complete and as reliable as possible, all of these methods have to be 

combined in order to overcome limitations of each individual method. In Figure 48 the limitations of 

different surface analysis methods ж shown.
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Figure 48. Information limitations of different surface analysis methods (Hantsche, 1989).

Information depth is the depth, from where the analytical information comes, when the surface is 
bombarded with different particles depending on the analysis method. From Figure 48 it can be seen that 

AES and ESCA have the same information depth ranging from 1 to 10 nm depending on the material and 

on some instrumental parameters of the equipment. The information depth of SIMS ranges from 0,5 to 1 

nm.

In the AES method the surface of the sample is bombarded with a focused electron beam and an inner shell 

electron of an atom is ejected. It results in a rearrangement of electrons; electron from another shell replaces 

the ejected electron and the energy difference of these two electron shells causes a third electron, so called 

"Auger electron", to leave the atom. A schematic diagram of electron transitions in Auger electron 

emission is shown in Figure 49 a. The kinetic energy of this "Auger electron" can be measured with an 

electron spectrometer and this energy is characteristic for each atom. A hemispherical or/and a cylindrical 

mirror analyser are shown in Figure 49 b. As it is shown in Figure 48, the information depth of AES is in 

the order of only a few nanometers, which is due to the low energy of “Auger electrons”. In the greater 
depths the created “Auger electrons" collide with numerous objects and loose their energy by inelastic 

scattering and their energies can not be determined as characteristic energies for certain atoms (Hantsche, 

1989).
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Figure 49. a) A schematic diagram of electron transitions in Auger electron emission and b) a 

hemispherical (left) and a cylindrical mirror (right) analyser (Hantsche, 1989).

The ESCA method is based on the classic photoelectric effect: a sample surface is bombarded by photons, 

i.e., by ultraviolet light radiation or X-rays, and it emits electrons as can be observed in Figure 50 a. In the 

case of X-rays, the method is also called XPS (X-ray Photoelectron Spectroscopy). The kinetic energies of 

the emitted electrons are measured and they are characteristic for each element. A double-pass cylindrical 

mirror analyser for ESCA high-energy resolution with an additional electron gun for AES is shown in Fig. 

34 b. When sputtering the sample surface, the surface atoms and the emitted electrons are removed at 

different rates depending on the elements in the sample and on the roughness of the sample surface. When 

sputtering a powder sample, sputtering occurs at local rates and depends on the access of the ions. The 

binding energies of the electrons can also be evaluated from the kinetic energies of the emitted electrons 
enabling the analysis of the chemical structure. The information depth of ESCA is similar to that of AES, 
since the generation process of the emitted electrons is basically the same and the energies are also 

comparable. The depths, from where the emitted electrons come, depend on the anode energy of the ESCA 

equipment and the binding energy of the atom (Ferriss, 1983; Hantsche, 1989).
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Figure 50. a) Electron transitions in photoelectron (and Auger electron) emission and b) a double
pass cylindrical mirror analyser for ESCA high-energy resolution with an additional 

electron gun for AES (Hantsche, 1989).

In the SIMS method, the sample surface is destructed by the bombarding with ionic particles, which 

penetrate into the solid sample with energies in the range of 1 - 30 keV. The energy is transferred to the 

target atoms and electrons by elastic and inelastic collisions, which result in modification of the sample 

material and emission of ions, atoms and molecules as shown in Figure 51 a. The emitted secondary ions 

are analyzed with a mass analyzer. It is possible to detect all the elements with the SIMS method, since it 

has a very high detection sensitivity. Quantitative microanalysis is also possible and the depth and lateral 

resolutions are very high. A set-up of a SIMS system is shown in Figure 51 b. The main problem in the 

SIMS analysis lies in the different ionization probabilities and hence different relative secondary ion 

intensities, which complicates the quantitative analysis. The ion bombardment effects, such as preferential 

sputtering, cone formation, etc., complicate the depth profiling as in all other depth profiling methods 

(Hantsche. 1989; Svensson).
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Figure 51. a) Interactions between noble gas ion beam and sample surface and b) a set-up of a

SIMS system consisting of an ion gun and a quadrupole mass spectrometer (Hantsche, 1989).

4.2. Surface analysis of powders

The powder samples to be analyzed with AES and ESCA are usually prepared by pressing the powder 

particles carefully into aluminium plates. The compositional profiles can be achieved by successive ion 

etchings and analyses. The etching is performed, for example, in argon gas at 4 x 10 torr pressure with 

an accelerating voltage of 1,0 to 2,0 kV resulting in etching rates of 1,0 to 5,0 nm/min for a given emission 

current (Olefjord and Nyborg, 1985). The etching yield can be obtained by corresponding experiments on a 

flat Si02-samples and the effective etching rate can be assumed to be the same for all reaction products of 

the powder. The area, which the ESCA analysis covers is 1 x 5 mm2 in flat projection. The AES analysis is 

performed on individual powder particles and the diameter of the beam is approximately 20 pm. The 

results from the AES and ESCA analyses are quantified by calibration measurements on pure elemental 

standards and well defined oxides.

When analysing the powder samples with ESCA, the recorded signals are deconvoluted into their elemental 

peaks, which are proportional to the concentration of the species (Olefjord and Nyborg, 1985). The
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intensity recorded with ESCA from a surface layer of thickness a and unit area can be evaluated with the 

following formula (Olefjord and Nyborg, 1985):

-a
I = YD X cos 51,5 0 [ 1 - e ^ cos 51,5 ° ] (36)

where: Y = the relative electron yield

D = the atomic density 

A = the free electron path

The value 51,5 0 is the angle between the normal to the surface of a flat sample and the spectrometer axis. 

Since a layer thicker than 3 A can be considered as infinitely thick, the Equiation (36) becomes .ore simple:

I - YD A cos 51,5 ° (37)

As mentioned before, the angle between the normal to the surface of a flat sample and the spectrometer 

axis is 51,5° and the value of cos 51,5° is 0,62. In the case of powder particle, the surface is not flat and 

therefore, the angle between the sample surface and spectrometer axis varies over the sphere. Thus, the 

intensities over the analysed sector of the powder panicle have to be integrated and the resulting value of 

the cos of the angle beween the normal to the surface of a powder sample and the spectrometer axis is 0,66 

instead of 0,62 as described before. However, the correction is not usually made, since the intensity profiles 

obtained by successive ion etchings and analyses of the surface of the powder covered by a thin oxide film 

are close to those recorded from a "flat" surface analysed in the same way. It can be explained by the fact, 

that the surfaces of the powders produced technically are rough on the analysed scale (the information 

depth is less than 5,0 nm). Therefore, the model for a real 'fiat' surface should be considered as a group of 

close packed hemispheres, which in turn means, that the signals from a 'flat' surface and a powder particle 

surface do not deviate markedly (Olefjord, 1985).

4.2.1 Surface analysis of austenitic stainless steel powders

Austenitic stainless steel powders discussed in this paragraph are water atomized powders, since so far gas 

atomized austenitic stainless steel powders have not been widely used due to their high prices and poorer 

compactability as compared with water atomized powders (Nyborg et al., 1990A; Ferriss, 1983). Nyborg et 

al. (1990A) have studied the compositions and thickenesses of oxide layers on different water atomized 

austenitic stainless steel powders. Bracconi and Case (1994) have studied nitrogen atomized AISI 304L- 

powder. Nyborg et al. (1990A) also studied the effects of Si- and Ai- additions on the surface films, since 

Si and A1 are strong oxide formers. The chemical analyses and the specific surfaces of powder materials 

they studied are shown in Table 10.
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Table 10. Chemical compositions (wt-%) and BET specific surfaces (m-Zkg) of the powder materials 

studied (Nyborg et al., 1990A).

т-гзе C Cr Mi Mn Si P S 0 S Al------- ЗЕТ
3cZl------ 0.014 17.5 12.2 0.23 1.0 0.001 0.002 0.21 0.10 - Ю0

3C4L+SÍ 0 022 18.0 12.4 0.25 2.5 0.004 0.002 0.29 0.19 - 82
3C4L+A1 0.026 13.1 12.2 0.36 1.1 0.003 0.005 0.34 0.11 0.7 90

The powders were screened into five particle size ranges: < 43. 43-61, 61-104,104-175 and > 175 pm. The 

etch rate in the analysis was calibrated on oxidized Та-foil taking into account the difference in the etch 

rate between the surface oxides and Та-oxide (Nyborg, 1990A). The differences of powder particle surface 

compositions and thicknesses were measured on two particle size ranges: < 43 and > 175 pm. The surface 

films of AISI 304L- and AISI 304L+SÍ powders contained Fe-, Cr-, Mn- and Si-oxides, but no traces of Ni- 

oxide was observed as can be seen in Figure 52, where the cation concentrations in the surface oxides have 

been determined by ESCA analysis. The surface films of the smaller powder particles contained mainly Si- 

oxide while the bigger powder particles had mainly Fe- and Cr-oxides. This can also be seen in Figure 53, 

where the Auger spectra of AISI 304L+Si-powder for the particle size ranges of < 43 and > 175 pm are 

shown. In the case of the powder AISI 304L+A1, the oxide film consists mainly of Al-oxides and the Al- 

oxide content is highest on the smaller powder particles (< 43 pm), whereas the bigger powder particles 

contain Fe-oxides as much as the other powder materials. Both small and large powder particles contain 
much less Cr- and Si- oxides as compared with the powder materials containing no Al. This is said to be 

due to the fact, that Al is a stronger oxide forming element than Cr and Si and therefore the formation of 

Al-oxides is more favourable than the formation of Cr- and Si-oxides (Nyborg et al., 1990A). Mn-oxide 

concentration is low in all powder materials. In nitrogen atomized 304L-powder Mn was, however, 

strongly segregated into the surface of the powder particles (Bracconi and Case, 1994). Cr was also 

observed to segregate into the surface layers, whereas Si was not observed to segregate to the surface layers 

of the powder panicles, at least not in considerable amounts.

d»ГЛ *»•
304 L . VS Si 3041 -07AJ

Figure 52. Cation concentration in the surface oxides determined by ESCA analysis (Nyborg et al., 1990A).
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Figure 53. Auger spectras for 304L+1.5 wt-% Si-powders; a) < 43 pm and b) >175 pm (Nyborg et al., 

1990A).

The thickness of the oxide film depends on the particle size according to Nyborg et al. (1990A). The 

average oxide film thickness as a function of particle size is shown in Figure 54. As can be seen, the 

average thickness of the oxide film increases with particle size for all the powder materials. For instance, 

the average oxide film thickness of a powder particle with particle size of 25 pm is app. 4,0 nm and for a 

powder panicle size of 200 pm it is 30-40 nm. The oxide film thickness was determined from 

compositional depth profiles at the etch depth of half maximum oxygen intensity (see Figure 5) (Nyborg et 

al., 1990A). The powder materials 304L+SÍ and 304L+A1 have thicker oxide films as compared with the 

304L-powder and the thickest oxide films were detected on the 304L+SÍ powder panicles. Si is added in 

order to limit the formation of other oxides, since Si-oxides form at high temperatures. However, the Si- 

oxide content of the surface film of the 304L+SÍ powder particles can be smaller than that of the 304L 

powder. This is explained (Nyborg et al., 1990A) by the slower cooling of the 304L+SÍ powder than that of 

the 304L powder, which means, that a more rapid cooling at high temperatures results in a higher content 

of oxides formed at high temperatures over the whole particle size range. The particle size dependence of 

the oxide films is a result of the more rapid cooling of the finer powder particles as compared with that of 

the larger powder particles. Additionally, as a result of their high cooling rate, the finer particles spend less 

time at the high temperatures associated with the atomization process, which in turn means, that the 

amount of alloying elements transported to the surface of the powder particles decreases and the oxidation 

of the finer powder particles becomes limited.
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Figure 54. Average oxide film thickness as a function of powder particle size (Nyborg et al., 1990A).

According to Bracconi and Case (1994), the particle size of the nitrogen atomized AISI 304L-powder did 

not have an effect on the thickness of the oxide layer on the surfaces of the powder particles with the 
particle size range of 30 - 500 pm. However, for the particle size ranges of < 20 - 30 pm there is some 

deviation from this trend, i.e., the thickness of the oxide layer decreases with decreasing particle size. The 

composition of the oxide layer was not observed to be dependent on the particle size of the powder. 

Therefore, it was concluded, that cooling rate has no effect on the thickness of the oxide layer and the 

composition of the oxide layers on the powder particles.

Carbon has been detected on the surfaces of austenitic stainless steels in some cases. Ferriss (1983) studied 

AISI 316L powder and suggested that carbon forms hydrocarbons on the powder particles, since the
binding energies he analyzed were less than that of carbon as carbides. It was also possible, that most of the 

carbon was as contamination formed on the surfaces of the powder particles during handling of the powder 

and some of the carbon was condensed from the vacuum-pump vapor in the ESCA unit. The chemical

composition of the AISI 316L powder by bulk analysis and the ESCA analysis at the powder particle 

surfaces and after 200 Å of the material had been removed are shown in Table 11. The oxide films on the 

powder particles contained Si-, Cr- and Fe-oxides, but Mn-, Ni- and Mo-oxides could not be detected. The 

thickness of the oxide film is at least 200 Å, when traces of Fe- and Cr-oxides could be detected.
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Table 11. Compositions of AISI316L powder before and after ESCA analysis (Ferriss, 1983).

Type 316L Stainless Steel

c 0.024 50 Nil
Cr. as metal 17.5 0 0
Cr, as oxide 1.8 II
Ni 13 2.1 9
Mo 2.2 0 0
Fe, as metal 66 0 34
Fc. as oxide 6.7 21
Si 0.85 33* 14*
0 <0.08 11 II

•as oxide

4.2.2 Surface analysis of martensitic stainless steel powders

The gas atomized martensitic stainless steel powders have many alloying elements with varying chemical 

reactivities and, thus, the surface reactions taking place are very complex. The surface reactions depend 

also on partial oxygen pressure in the atomizer, on the temperature of the atomized melt and on the cooling 

rate (Nyborg and Olefjord, 1988A). The composition of the powder material and the experimental 

conditions for ion etching and surface analysis are shown in Table 12.

Table 12. Chemical analysis of the gas atomized martensitic stainless steel powder and the experimental 

conditions for ion etching and surface analysis (Nyborg and Olefjord, 1988A).

Fc c Si Mn P s Cr Ni Mo N Nb V о
84 9 02 0 3 06 0 02 0 01 12 0 0 S 1 0 006 0 1 0 3 0 0135

ESCA AES

Analysed area 
Argon pressure, mPa 
Emission current, mA 
Accelerating voltage, kV 
Etch rate, nm min"1 
Etçh direction (angle between 
direction and normal to 
surface)

1 x 5 mm single particle
5-3 40
30 30
2-0 20
7-5 60

51-5’ 51-5°
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The ESCA analysis of the surface film revealed, that Fe-, Mn- Cr-oxides are the most common oxides 

(Nyborg and Olefjord. 1988 A) as in Figure 55 is shown. Cr- and Mn-oxides are thicker than 10 nm and it is 

suggested, that they exist as particles on the surface. Most oí the Cr-oxides form at the solidification 

temperature. Fe-oxide (Fc2 O3 ) exists in a thin film (< 5,0 nm) in some places and it is removed alter ion

etching to 10 nm. The surfaces of the powder particles are mostly (85 %) covered by different oxides as 

can be seen from Figure 56, where the surface coverage versus the etch depth of the surfaces of the powder 

particles is shown. The oxide coverage is calculated from the measured intensities of the different elements 

from their oxide and metallic state (Nyborg and Olefjord, 1988 A). The surface of the powder panicles is 

suggested to be formed from different oxide particles with the thickness ranging from 5 to 50 nm and that 

the areas between these particles are oxide free. On top of the oxide particles, and on the areas between 

them, a thin continuous air formed oxide layer (Fe203) exists with a thickness of < 5,0 nm. The oxidation 

temperature of the alloying elements (Mn, Si, Cr) of the molten metal is limited to 1400 °C, since above it 

carbon forms carbon monoxides due to the lower equilibrium partial pressure of oxygen for oxidation of 

carbon. This means that the elements Mn, Si and Cr start to oxidize, when the partial pressure of carbon 

monoxide is appr. 0.1 atm and the temperature is appr. 1400 °C (Nyborg and Olefjord, 1988A). Si-oxides 

are formed at high temperatures as discrete particles, but the content of Si-oxides in the surface oxide film 

is much lower than that of the other oxides. Mo and small amounts of S have been detected after ion 

etching to 10 nm. but Ni, Nb, N and P were not detected. Some traces of carbon were found, but it was not 

thought to be as carbides in the surface of the powder particles, but as adsorbed carbon species. The 

formation of carbides and nitrides is not significant, since their solubilities in the austenite phase are high.

645 640 580 575 535 530
BINDING ENERGY (eVl

290 285

ION ETCHED lOnm

AS RECEIVED

Figure 55. ESCA spectra of gas atomized martensitic stainless steel powder before and after ion etching

to 10 nm: ads - adsorbed species: carbide; met - metallic state (Nyborg and Olefjord, 1988A).
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Figure 56. Oxide surface coverage versus etch depth of martensitic stainless steel powder panicles 

(Nyborg and Oiefjord, 1988A).

The average oxide thickness was found to be 7.0 nm by depth profile method and the depth denotes to the 

etch depth, where the concentration of oxygen is decreased 50 % (Nyborg and Olefjord, 1988A). The depth 

profiles of the elements in the surfaces of the powder particles is shown in Figure 57, from which can be 

noticed, that Fe-oxides dominate in the outer layers of the surface film. After etching to 10 nm, the amount 

of Fe-oxide is low, which means that Fe forms a thin oxide layer on the surface at low temperatures, but it 

forms also thicker oxide particles at high temperatures. The low oxygen potential of the gas atmosphere 

and the presence of stronger oxide formers limit the formation of Fe-oxides at high temperatures during 

cooling of the metal particles. Mn and Cr form a mixed oxide MnCr204 and the concentration of Mn-oxide 

decreases continuously, whereas the concentrations of Cr- and Fe-oxides increase after etching, which 

means, that part of the Mn-oxide exists as a layer of MnO on top of the other oxides. This is due to the fact, 

that Mn may be partly oxidised on the liquid phase before and during solidification. During solidification, 

the solidifying powder particles enter a cloud of Mn vapour and Mn is deposited on their surfaces and 

oxidised as MnO at lower temperatures than the formation of the mixed oxide MnCr204. This is explained 

to be due to the fact, that above 1400 °C oxidation of alloying elements is inhibited by the formation of 

carbon monoxide leaving metallic Mn availeable to evaporate, which in turn, is a result of the relatively 
high vapour pressure of Mn (at 1500 °C appr. 0,02 atm for pure Mn). The calculated fractional surface 

coverage at etch depth > 3,0 nm is shown in Table 13, from which can be observed, that the surface oxide 

film consists of 77 % Cr203/Fe203 and 23 % MnO.
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Figure 57. ESCA concentration-depth profile of powder particle surface of a martensitic 

stainless steel powder material (Nyborg and Olefjord. 1988A).

Table 13. Calculated fractional coverage of surface oxides of a martensitic stainless steel 

powder (Nyborg and Olefjord. 1988A).

Oxide
Coverage,
°/o

Density, 
kg m"1

Oxygen
fraction.
wl-%

24 5200 32
Ес,0, 53 5200 30
MnO 23 5400 22

AES analysis of the powder particle surfaces of the martensitic stainless steel powder material is used to 
detect better the light elements (S, Si,...), since they can be detected more easily with AES than with ESCA 

(Nyborg and Olefjord, 1988A). The depth profiles for S and Si, obtained from surfaces of powders with 

different particle size ranges, are shown in Figure 58. As can be seen, small amounts of Si can be observed 

at the initial steps of the ion etching, which suggests, that small particles of Si-oxides are formed on the 

powder particle surfaces. The sulphur content of the surfaces of the smaller powder particles (< 30 pm) 

reaches appr. 1 at-% and according to Auger mapping, MnS is formed on the powder particle surfaces of 

the smaller powder particles during atomisation. The surfaces of the S-enriched powder particles are 

rougher than those of the bigger powder particles, which is suggested to be as a result of a lowering of the 

surface energy of the liquid metal droplet by the formation of the S-rich layer prior to solidification, which 

additionally prevents the oxide formation on the powder particle surfaces (Nyborg and Olefjord, 1988A; 

Nyborg et al., 1990В).
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Figure 58. AES depth profiles for Si and S of the surfaces of the martensitic stainless steel powder 

particles (Nyborg abd Olefjord, 1988A).

According to Nyborg and Olefjord (1988A), the thickness of the surface oxide film is independent of the 

particle size of the martensitic stainless steel powder. Also, the relative amount of the various surface 

oxides and their distribution with depth do not depend on the particle size, which is probably a result of the 

partial formation of oxides in the liquid phase during solidification. This can be seen in Figure 59, where 

the ESCA composition-depth profiles of large (> 100 pm) and small (50-125 pm) powder particles are 

shown. The relative amount of the surface oxides from the total oxygen content of the powder particles is 

appr. 40 %, the rest being bound inside the powder particles as bulk oxygen.

10
ETCH DEPTH (nm)

Figure 59. ESCA composition-depth profiles of large (> 100 pm) and small (50-125 pm) martensitic

stainless steel powder particles (Nyborg and Olefjord, 1988A).
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4.2.3 Surface analysis of ferrule slamless sied powders

The surfaces of nitrogen gas atomized ferritic stainless steel powder panicles are covered by protuberances, 

which consist of reaction products formed during atomization. The lateral dimension of these surface 

products. i.e„ particles is in the range of 30-100 nm, as can be observed from Figure 60 (Olefjord and 

Nyborg, 1985). The protuberances, also retened as " islands', consist mainly of carbides and nitrides and 

they are formed at high temperatures during cooling ot the metal particles. The formation of the islands 

takes place by nucléation and growth mechanism. The tormation ot the island structure, i.e., the 

formation of the discrete particles of oxides, carbides, nitrides and carbonitrides, is due to the limited 

availability of the reactants and the surface energy properties of the metal and the reaction products. The 

surface zone of the powder particles is depleted in alloying elements under the surface layers.

Figure 60. SEM micrograph of the surface of a ferritic stainless steel powder particle; magnification 

46000 x (Olefjord and Nyborg, 1985).

Carbon and nitrogen have low solubilities in the ferrite phase, which also explains the strong tendency for 

the formation of carbides and nitrides on the powder particle surfaces. The carbides and nitrides are 

explained to contain mostly Cr. The open' areas between these islands are rather large, which is 

explained (Oleford, 1985) to be a result of low availability of carbon and nitrogen. Carbonitrides also exist 

in the surface layers of the powder particles, since both carbon and nitrogen are present at the same etch 

depths in ESCA and AES analysis. The average height of the carbonitride particles is appr. 50 nm and 

therefore, since their average height is much larger than that of oxides (15 nm), their lateral average
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dimension is suggested to be larger than that of the oxides. The carbonitride particles cover 15 % of the 

surfaces of the powder particles.

The results of the ESCA and AES analyses of the surfaces of the ferritic stainless steel powders after and 

before ion etching as well as the elemental distributions vs. etch depth with both analysis methods are 

shown in Figures 61, 62 and 63. According to them, Cr- and Mn- oxides exist as "islands", or in other 

words, as "particles" on the powder particle surfaces and they are formed at high temperatures during 

cooling of the metal particles. Also Si-oxides are formed at the powder particle surfaces and Si is much 

more enriched to the powder particle surface oxides than Cr. Mn enriches most in the surface oxide film 

when the Mn-concentration in the oxide layer is compared with the Mn concentration in the bulk alloy. Fe- 

oxides are formed at lower temperatures than other oxides and it forms a thin layer on the powder particle 

surfaces and to the open areas between the oxide "islands". The amount of these oxide particles depends 

on the chemical composition of the steel, which is shown in Table 14. Surface coverage of the oxide 

particles on the surfaces of the powder particles is 60-70 % and the oxide "particles" are thicker than 5,0 
nm and the average thickness of the oxide "particles" is 15 nm (Olefjord and Nyborg, 1985). The fraction 

of the surface bound oxygen from the total oxygen content of the powder particles is 60 %. The oxides 

present on the surfaces of the ferritic stainless steel powder particles as well as their average thicknesses, 

density and oxygen contents are shown in Table 15. As can be seen, the chemical compositions of the main 

surface oxides are: Cr203, MnO and Si02. Mixed oxides, such as Mn2Si04 and Mn2Si03, can also 

probably exist (Olefjord and Nyborg. 1985). However, ESCA and AES give no direct information about 

the structures of the surface oxides. The thicknesses of the oxide layers are said to be independent of the 

particle size (Olefjord and Nyborg, 1985). In the outer parts of the powder particle surfaces exist 

hydrocarbons.

Table 14. Chemical composition of the ferritic stainless steel powder (Olefjord and Nyborg, 1985).

Fc C Si Mn P s Cr Ni Mo N 0

wf-% 73 5 0-1 0-55 0-65 0-02 0-01 24-6 0-27 0-047 0-20 0-015
at.-% 712 0-45 1-0 0-64 0-03 002 25 6 0 25 0-027 0 77 0050
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Table 15. Surface oxides of ferritic stainless steel powder particles (Olefjord and Nyborg. 1985).

1 11.liv A, i,, nm #>,. g cm •V,. wt "„

Mul) 0 5o 15 5 d 13 8
Cr,О, 0 16 15 5 2 31 6
Fc,О, 0 20 ) 5 2 30 0
SiO. 008 3 2 i 532

4 coverage; t, = average thickness. p, = density. X® = oivgcn
contení

AS-RECEIVED

ION-ETCHED 5nm

705 64.5 640 395 290 285580 575 535 530
BINDING ENERGY ( eV )

Figure 61. ESC A spectraobtained from the surface of the ferritic stainless steel powder before and after 

ion etching (Olefjord and Nyborg, 1985).
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Figure 62. AES spectra obtained from the surface of the ferritic stainless steel powder before and after ion 

etching (Olefjord and Nyborg, 1985).
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■ OH"

□ Mn "S
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ETCH DEPTH (nm)

Figure 63. Elemental distribution vs. etch depth obtained from the surface of ferritic stainless steel powder; 

a) ESC A analysis and b) AES analysis (Olefjord and Nyborg, 1985).

Sulphur is also detected in the surfaces of the ferritic stainless steel powder particles as can be observed in 

Figure 62. Sulphur can not be detected with ESCA, since ESCA has a lower sensitivity for lighter 

elements, such as S and Si, than AES. Sulphur forms a thin layer on the powder particle surface instead of 

thick particles and it is suggested (Olefjord, 1985), that the thin layer consists mainly of MnS.
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5. Conclusions

Alloying austenitic stainless steels with nitrogen is an effective way to obtain good mechanical properties 

combined with good corrosion resistance when nitrogen is in the solid solution or as nitrides. Nitrogen also 

makes it possible to save expensive alloying elements and. thus, manufacturing costs.

At present it is possible to calculate the nitrogen solubility into austenitic stainless steels both in the solid 

and liquid states with a satisfactory accuracy by an interaction parameter method. In this method the effects 

of different alloying elements, temperature and pressure on the nitrogen solubility are considered. It is 

remarkable that the nitrogen solubility in the austenite phase is greater than in the ferrite phase and in the 

liquid phase and that the solubility of nitrogen increases with decreasing temperature in the austenite phase. 

However, in practice, when kinetic considerations are taken into account, the solubility of nitrogen does not 

follow these calculations at lower temperatures due to the slow diffusion of nitrogen.

Nitrogen alloying can be done in two ways: in the molten state or by the powder metallurgy route. The 

solubility of nitrogen in the molten state is restricted by the nitrogen solubility at the atmospheric pressure 

and it depends on the alloy composition. Nitrogen solubility increases with pressure, but the high capital 

investment cost of the facilities and the safety risks of handling molten metals at high pressures restricts the 

wide utilization of these manufacturing methods. Therefore, the powder metallurgy route has become 

attractive, since the mechanical properties of powder metallurgy products are good, uniform and isotropic as 

compared with those of the products made by the molten route and mechanical working. Also, the 

homogeneity of nitrogen distribution in the powder metallurgy products is better. The possibility to avoid 

the typical problems of cast materials, such as pore formation and segregation of alloying elements, makes 

the powder metallurgy route even more attractive. The manufacturing costs of the powder metallurgy route 

for steels of high nitrogen content are lower than in the molten route, since the temperature is lower, 

nitrogen alloying can be done at atmospheric pressure and the machining costs and amounts of wasted 

material are smaller due to the near-net-shape technique. The major problem in the consolidated powder 

metallurgy products is the sometimes occurring poor ductility and fracture toughness caused by the 

impurities of the powder particles such as high residual oxygen content. If this problem can be overcome, it 

is possible to manufacture products with excellent property combinations in a cost-efficient way.
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6. Experimental procedure

6.1 Powder materials

The chemical compositions of the powder materials studied are shown in Table 1. All powders were gas 

atomized powders and the atomizing gas was nitrogen. Powders were supplied by Rauma Materials 

Technology, Tampere.

Table 1. Studied gas atomized powder materials.

Material C Si Mn P s Cu Cr Mo Ni V Ti Nb Al N О Fe

A1 0,03 4,0 8.5 0,025 0.014 0,33 16,9 285 112 - - - 0.017 020 - bal

A2 0.05 5.8 17,0 0,026 0,002 0.09 18,1 29 024 0.04 0,01 0,01 0,03 0,46 * bal

A3 0.06 3.0 18,0 0,016 0,002 0,07 18,0 3.0 025 0,04 - - 0,02 050 - bal

A4 0.05 55 15,7 0.02 0,001 0.05 182 1.1 1.47 0.03 0,01 0.01 0.096 0,47 - bal

B1 0.025 0.77 5,12 0,03 0.002 0.15 2234 272 1283 0,09 0,003 0.07 0.012 0,37 - bal

B2 0.07 052 21,0 0,015 0,002 0.05 19,6 0,09 022 0,05 0,01 0,01 0,08 0,96 - bal

Cl 0,023 0,4 1,77 0.012 0,002 0.49 24.9 6,97 223 0,01 - - 0.007 0,40 0,044 bal

C2 0.01 0,16 0,29 0.009 0,003 0,97 26,79 7,75 19,08 0,02 0,01 0,01 - 0,36 * bal

C3 0.019 0.22 3.62 0.016 0.005 0,43 24,3 7,32 212 - - - - 0.46 0,017 bal

D1 0.024 0.52 0,84 0.004 0,004 232 25,82 3,19 6.82 0,017 0,004 0,014 0,028 029 bal

6.2 Optical microscopy and SEM

Optical microscopy of the powders and consolidated materials was performed with a Nikon Epiphot optical 

microscope. SEM analysis was performed with a Zeiss DSM 962 digital scanning electron microscope at the 

Laboratory of Engineering Materials, Helsinki University of Technology. The samples for the optical and 

SEM analysis were polished with SiC water grinding papers and diamond pastes. After polishing the 

specimens were etched with a solution of HCl, HNO3 and PLO or by electrolytic etching in a 12 vol-% 

HN03-solution.

6.3 Thermogravimetric analysis of the powders

Thermogravimetric analysis of the studied powders were performed at VTT/RTE with a Netsch 

Simultaneous Thermal Analyzer STA 429. The powder samples weighing - 75 mg were placed in a 

platinum crucible so, that they formed a thin layer at the bottom of the crucible. The powder samples had 

the following particle size ranges: 74 - 88 and 210 - 250 pm for A1 and A4, whereas for the rest of the 

materials the particle size ranges were 45 - 53, 74 - 88 and 210 - 250 pm. A1203 was used as reference 

material. The heating rate to the hold temperature was 10 °C/min. The hold temperatures were 700 and 800
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°C for A1 and 700, 750 and 800 °C for the rest of the materials. The atmosphere in the furnace of the 

thermogravimetric analysis equipment consisted of 88 vol-% N2 and 12 vol-% H2 which according to Aga 
Oy contains as impurities 02 (< 5000 ppm) and H20 (< 40 ppm). The flow rate of the atmosphere was - 6,0 

cm3/min. For the thermogravimetric analysis the following curves were determined: TG (- 

thermogravimetry), DTG (= derivative TG-curve) and DTA (« differential thermogravimetric analysis).

6.4 Fluidized bed nitriding of the powders

Fluidized bed nitriding was performed with a Sarlin LP 25 furnace and with a Sarlin 1100 JP-10-3 furnace. 

The powder charges in the tests were - 25 kg for the Sarlin LP 25 furnace and - 4 - 9 kg for the Sarlin 1100 

JP-10-3 furnace. Powder batches were poured into the fluidized bed chamber with the fluidizing gas flowing 

so that the powder particles formed a fluidized bed in the chamber. Thereafter the hood was placed on top of 

the chamber and heating of the powder bed was started. Nitriding temperatures in the fluidized bed 
nitriding tests were typically between 700 - 800 °C. Gas flow rates in the tests were 1,5 - 3,0 m3/h. The gas 

flow rate was in the beginning of each test higher ( - 2,5 - 3,0 m3/h ) at lower temperatures (i.e., up to - 

200 - 300 °C) after which they were slowly decreased ( down to - 1,5 - 2,0 m3/h ). Fluidizing and nitriding 

gases used were N2, a gas mixture consisting of 88 vol-% N2 + 12 vol-% a gas mixture consisting of 50 

vol-% Ar + 50 vol-% Щ and argon. In Table 2 the impurity (02 and H2O) levels of the gases according to 

Aga Oy are shown. The gases with the higher impurity levels were used in the fluidized bed treatment of 

Cl, B2 and Al. The gases with the lower impurity levels were used in the fluidized bed treatment of A4, B1 

and C3. The gas mixture consisting of 50 vol-% Ar + 50 vol-% H2 was used for reduction treatment at - 

400 °C for A4, Bl, D1 and C3. Argon was used during cooling of the powder bed from the hold 

temperatures in the LP 25 furnace, i.e., for Cl. B2 and Al. In tests performed with the Sarlin 1100 JP-10-3 

furnace, i.e., for A4, Bl, D1 and C3, cooling of the powder bed was performed with the gas mixture 

consisting of 88 vol-% N2 + 12 vol-% Щ down to 350 - 370 °C and N2 from 350 - 370 °C down to room 

temperature.
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Table 2. Impurity levels of the gases used in the fluidized bed treatments.

Gases Impurity 
level (ppm)

0, H70
n7 <5000 <40

<3 <3
Ar *1 <20 <30

88% N7 + 
12 % H7

<5000 <40

<2-3 <3
50 % Ar + 

50% H-,
<3 <4

*) contains also N2 as impurity at a level of < 80 ppm

6.5 Prediction of the microstructures

Microstructures of the HIPed materials were predicted with Schaeffler-DeLong- diagram by using the Gr

and Ni-equivalents determined by Guiraldeng (1967) and Hull (1973) as well as with the modified 

Schaeffler-DeLong diagram (Zheng, 1993) for the prediction of highly alloyed (high amounts of Cr, Ni, 

Mn, Mo and N) corrosion resistant steels. According to Zheng (1993), the modified diagram is suitable for 

contents of Mn, Cr and Ni up to 30 wt-% and Mo up to 7 wt-%. The Cr-equivalent used with the 

Guiraldeng (1967) and Hull (1973) has values up to 30 and Ni-equivalent up to 40. The Cr-equivalent used 

with the modified diagram by Zheng can have values up to 40 and Ni-equivalents up to 35.

6.6 Surface analysis of the powders with XPS.

The materials analyzed were Al, Cl, B2, A2 and A3. Analyses were also performed for fluidized bed 

nitrided Al, Cl and B2. First, general spectra of different elements were measured in order to determine 

what elements were present on the surface of the powder particles. After that, more accurate spectra of the 

elements observed on the surface of the powder panicles were determined. In these accurate spectra 

reciprocal contents of the different elements in wt-% were also determined. The metal/oxide relationship of 

the different elements on the surface of the powders were also analyzed in the accurate spectra. After the 

accurate spectra were determined, the powder samples were sputtered up to 35 or 95 min so that the relative 

portions of metallic and oxide states of different elements present on the surface of the powders were 

stabilized. The sputtering steps in minutes were 5,10,15,25 and 35 for Al, B2, A2 and A3, and 5,10,15, 

25, 35, 45, 70 and 95 for Cl and fluidized bed nitrided Al, Cl and B2. 1 min of sputtering time in the
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analysis was equal to 10 ± 2,5 nm, i.e., the sputtering depths were - 350 and 950 nm, respectively. Between 

each sputtering interval general and accurate spectra of the different elements were determined. In the 

analyses, the nitrogen distribution on the surface of the powders was also determined.

6.7 Powder consolidation and heat treatment

Powders were consolidated by Hot Isostatic Pressing (HIP) at ABB Powdermet Ab, Surahammar, Sweden. 

The parameters in HIPing were temperature 1200 °C. time 4 h and pressure 100 MPa. The HIPed materials 

were solution heat treated at 1175 - 1250 °C depending on the nitrogen content of the material. After 

solution heat treatment the materials were quenched in water.

6.8 Analysis of the consolidated powders with EPMA

The contents of Si, Ni, Mn. Mo, Cr and N in the different phases of the hot isostatically pressed materials 

were analyzed with an Applied Research Laboratories SEMQ microsond analyzer (EPMA, Electron Probe 

Micro Analysis) at IM (Institutet för Metalforskning) in Stockholm, Sweden. The analyzed materials were 

C2, fluidized bed nitrided B2, A2 and A2+. The diameter of the analyzed area was - 2,0 pm and depth - 

4,0 - 5,0 pm. The analyzing time was 40 s and the voltage was 10 kV and current 100 nA for light 

elements, such as nitrogen, and 20 kV and 10 nA for heavier elements, respectively. The detection limit for 
nitrogen was 0,03 ± 0,03 wt-% N. Pure elements were used as standard specimens when determining 

heavier elements. In the analysis a series of Fe - (C) - N alloys with nitrogen contents of 0,03 wt-% N, 

0,163 wt-% N. 0,233 wt-% N and 0,435 wt-% N were used for calibration when determining nitrogen 

contents. Each phase in the materials was analyzed for different times depending on the size of the phase. 

Phases that were large enough were analyzed 4 - 9 times and smaller phases 1-2 times. The results of the 

analysis were corrected with a ZAF- correction ( Z - atomic number, A - absorption, F - fluorescence).

6.9 Nitrogen and oxygen analysis

Nitrogen and oxygen contents of the powders and consolidated materials were analysed with a LECO TC - 

136 residual gas analyser at VTT/MVT, Otaniemi, Finland and with a LECO TC - 136 residual gas 

analyzer at Rautaruukki Research Center, Raahe, Finland. Powder materials were analyzed in their as- 

received condition and consolidated materials were analyzed by using ground chips from the materials.
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6.10. X-ray-analysis

X-ray-analysis was performed with a Siemens Kristalloflex 710 X-ray generator at the Laboratory of 

Engineering Materials. X-ray measurements were performed in order to determine the austenite and ferrite 

contents of the HIPed materials. The samples for the analysis were ground with 1200 mesh SiC paper. The

measuring current in the analysis was 40 mA and the voltage was 25 kV. The analyses were made with a 
FK60-04X 12 Co-tube with a wave length of KaCo= 1,79026. A quartz monochromator was used in order

to improve the accuracy of the analysis. The samples were rotated during the analysis resulting in increased 

analysis area of the sample. The last slit before the sample had a width and height of 0,3 and 5,0 mm, 

respectively. The diffracted X-ray beams were recorded with an Inel CPS 120 curved position sensitive 

detector and Afora PHA LPD 7014 pulse heigth analyser controlled by an Olivetti M28 personal computer. 

The amounts of austenite and ferrite phases were calculated using (211) a, (220) y and (311) 7 reflections 

and Miller's method (Miller, 1964). The intensity of the peaks were calculated with a Lorentzian-type 

function for fitting of results of the measurement.

7. Results

7.1 Optical microscopy and SEM

The microstructure of the powder particles before and after fluidized bed nitriding was in general equiaxed, 

but dendritic structures were also found. An exception of the general structure was observed for Al- 

powders, both as-atomized and after fluidized bed nitriding. The microstructure of typical equiaxed and 

dendritic microstructure for B2 powder particles as-atomized and after fluidized bed nitriding are shown in 

Figures 1 and 2. As can be seen, there are no marked differences between the powder particles in the as- 

atomized condition and after fluidized bed nitriding, except, that the grain boundaries in the fluidized bed 

nitrided powder particles are more irregular. In Figure 3 the microstructure of as-atomized Cl powder 

particle is shown and its microstructure consists of dendritic regions together with more or less equiaxed 

regions. However, the microstructures of the Cl and B2 powder particles are not completely similar. In 

Figures 4 and 5 the microstructures of as-atomized and fluidized bed nitrided A1 powder particles are 

shown. As can be noticed, the as-atomized microstructure consists of a dendritic matrix with traces of other 

phase dispersed within the dendrites. The microstructure of fluidized bed nitrided powder particles consists 

of a more equiaxed grains and traces of some other phase can also be seen. The as-atomized powder 

particles have also equiaxed grains, as can be seen in Figure 6.
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Figure 2. Microstructure of fluidized bed nitrided (740 °C/30 min) B2-powder panicles. Magnification

550 x.

Figure 1. Microstructure of as-atomized B2-powder particles. Magnification 1100 x.



99

Figure 3. Mcrostmcmre of as-atomized Cl-powder particles. Magnification 1100 x.

Figure 4. Microstrucmre of as-atomized A1-powder particles. Magnification 550 x,
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Figure 5. Microstructure of fluidized bed nitrided (800 °C/25 min) A1 -powder particles. Magnification 

550 x.

Figure 6. Microstructure of as-atomized A 1-powder particles. Magnification 550 x.
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The microstmcture of HIPed A1 is shown in Figure 7. As can be seen, the microstructure consists of a 

matrix phase and of a minor phase at the grain boundaries of the matrix phase. The minor phase disappears 

from the microstructure of HIPed fluidized bed nitrided A1 as can be seen from Figure 8. The grain 

boundaries in the HIPed fluidized bed nitrided A1 are irregular. The microstructure of HIPed A2 is shown 

in Figure 9. As can be noticed, the microstructure consists of two main phases out of which the other 

contains precipitates and the other is free of them. The precipitates in the grains are either equiaxed or 

needle-like. The grain boundaries are decorated with a phase different from the two main phases. The 

microstructure of A3 is shown in Figure 10. As can be seen, the material consists of two phases. The 

microstructure of A4 is shown in Figure 11. As can be observed, the microstructure consists of two phases, 

out which the other contains precipitates and the other not. The microstructure of fluidized bed nitrided A4 

is shown in Figure 12. As can be seen, the amount of the precipitate containing phase in Figure 11 is clearly 

decreased and it seems, that it does not contain precipitates, at least they cannot be detected. A4 as well as 

fluidized bed nitrided A4 contain large amounts of inclusions. Figure 13, shows an inclusion in the 

microstructure of HIPed fluidized bed nitrided A4. The microstructure of C2 consists of a matrix phase and 

a minor phase at the grain boundaries of the matrix phase, Figure 14.

Figure 7. Microstructure of HIPed Al. Solution heat treatment at 1175 °C/1 h. Magnification 550 x.
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Figure 8. Microstructure of HlPed fluidized bed nitrided Al. Solution heat treatment at 1200 °G 1 h. 

Magnification 220 x.

Figure 9. Microstructure of HIPed A2. Solution heat treatment at 1200 °G'l h. Magnification 1100 x,
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Figure 10. Microstructure of fflPed A3. Solution heat ireaunent at 1175 °C/1 h. Magnification 550 x.

Figure 11. Microstmcture of HIPed A4. Solution heat treatment at 1200 °С/1 h. Magnification 220 x.
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Figure 12. Microstructure of HIPed fluidized bed nitridcd A4. Solmion heat treatment at 1200 °C/1 h. 

Magnification 220 x.

Figure 13. Inclusions in HIPed fluidized bed nitrided A4. Solution heat treatment at 1200 °Ol h.

Magnification 220 x.
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Figure 14. Microstructure of HIPed C2. Solution heat treatment at 1200 °С/1 h. Magnification 

550 x.

The microstructures of HIPed Cl, B2, B1 and their HIPed fluidized bed counterparts are fully austenitic as 

can be seen from Figures 15, 16, 17, 18, 19 and 20, respectively. The grain boundaries of HIPed fluidized 

bed nitrided B2 and Cl are irregular, Figures 18 and 19. From Figures 18 and 19 it can also be noticed, that 

the prior powder particle boundaries are visible, since they seem to contain inclusions. The grain boundaries 

of HIPed fluidized bed nitrided Bl, Figure 20, are, however, not irregular and any prior powder particle 

boundaries containing inclusions can not be observed. HIPed B2, as well as HIPed fluidized bed nitrided B2, 

contain quite large amounts of inclusions as can be seen from Figure 21, where an inclusion in HIPed 

fluidized bed nitrided B2 is shown.
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Figure 15. Micro structure of HIPed Cl. Solution heat treatment at 1175 °C/1 h. Magnification 

220 x.

Figure 16. Microstructure of HTPed fluidized bed nitrided Cl. Solution heat treatment at

1200 “C'l h. Magnification 220 x.
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Figure 17. Microstructure of HIPed В2. Solution heat treatment at 1200 °Q 1 h. Magnification

220 x.

Figure 18. Microstructure of HIPed fluidized bed nitrided B2. Solution heat treatment at 1200 °C

/1 h. Magnification 220 x.
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Figure 19. Microstructure of HIPed Bl. Solution annealed. Magnification 550 x.

Figure 20. Microstructure of HIPed fluidized bed nitrided В1. Solution heat treatment at 1175 °C/1 h.

Magnification 220 x.
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Figure 21. Inclusion in HIPed fluidized bed nitrided B2. Solution heat treatment at 1200 °C/1 h. 

Magnification 220 x.

SEM Figures of Al- and Cl powder particles are shown in Figures 22 and 23. As can be noticed, Al- 

powder particles have a typical equiaxed microstructure. Generally the microstructure of all the powder 

materials was either equiaxed or a mixture of equiaxed and dendritic structure, as in Figure 24 for A2- 

powder. However, the microstructure of the powder particles was occasionally observed to be more or less 

dendritic as can be noticed for a Cl-powder particle in Figure 23. Generally the shape of the powder was 

spherical, however, different shaped particles were observed. Some elongated powder particles were 

observed, such as in Figure 25 for Al. As from Figure 25 can also be observed, the powder particles have 

smaller powder particles on their surface, i.e., "satellite" formation was frequently observed. The amount of 

smaller powder particles attached on the surface of the bigger powder particles was increased after fluidized 

bed nitriding, as can be noticed from Figure 26, where powder particles of fluidized bed nitrided Al (800 

°C/25 min) are shown.



Figure 22. Microstructure of A1 -powder particles. Magnification 4300 x.

Figure 23. Microstructure of Cl-powder particles. Magnification 550 x.
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Figure 26. Microstructure of fluidized bed nitrided A1-powder. Magnification 500 x.

7.2. Thermodynamic calculations

Thermodynamic calculations were performed for all the materials in order to determine the total nitrogen 

solubility into the materials and to determine the suitable solution annealing temperature for each material 

in order to be able to prevent the formation of chromium nitrides (Cr2N) in the steels. Total nitrogen 

solubility and suitable annealing temperature are important to know, when determining the target nitrogen

content for the powders to be nitrided in fluidized bed. Thermodynamic calculations were performed using 
the interaction parameter method described earlier (Zheng, 1991). In this method the effects of composition 

of the steel, temperature and pressure are taken into account.

Thermodynamic calculations of total nitrogen solubility into austenite at 1 atm pressure for Al, A2, A3, A4, 

Bl, B2, Cl, C2 and C3 are shown in Appendices 2 -10. In Figure 27 total nitrogen solubility into austenite 

as a function of temperature at 1 atm pressure for the above mentioned materials is shown. As can be seen 

from Figure 27 and from Appendices 2-10, there are big differences between the materials in the total 

nitrogen solubility at different temperatures. Also, it can be noticed, that total nitrogen solubility in 

austenite increases as temperature decreases. Total nitrogen solubility into austenite decreases according to

A
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Figure 27 and Appendices 2 - 10 in the order of A3, A2, B2, A4, Bl, Al, C2, C3 and Cl. A3 and A2 have a 

much higher total nitrogen solubility as compared with the other materials at all temperatures. B2 and A4 

form a separate group having a high total nitrogen solubility into austenite. Bl and Al also form a separate 

group having substantially smaller total nitrogen solubility into the austenite than for A3, A2, B2 and A4. 

Cl, C2 and C3 have the smallest total nitrogen solubility into the austenite. As from Figure 27 can be seen, 

the differences in total nitrogen solubility into austenite become small at the temperature range of 973 

1573K. This is, however, due to the scale of wt-% N-axis and therefore, in order to show the differences in 

total nitrogen solubility into austenite at the above mentioned temperature range, Figure 28 is needed. In 

Figure 28 total nitrogen solubility into austenite for the above mentioned materials at 973 - 1573 К is 

shown. As can be noticed, the total nitrogen solubility for A3, A2, B2, A4, Bl and Al decreases more

rapidly than that for C2, C3 and Cl. Total nitrogen solubility into the austenite for A3, A2, B2, A4, Bl and 

Al becomes smaller than that for C2, C3 and Cl beginning from - 1027 K. At 1573 К the total nitrogen 

solubility into the austenite for Cl, C2 and C3 are higher than that for the rest of the materials; C2 having 

the highest value.
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200 --

100 --

Figure 27. Total nitrogen solubility into austenite as a function of temperature at 1 atm pressure for Al, B2. 

C1.C3, A4andBl.
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Figure 28. Total nitrogen solubility into austenite as a function of temperature at l atm pressure at the 

temperature range of 973 - 1573 К for Al, B2. Cl, C3, A4 and Bl.

Nitrogen solubility into molten steels depends also on composition of the steel, temperature and pressure. 

The materials tested were gas atomized at atmospheric pressure. Thermodynamic calculations of nitrogen 

solubility into the melt at 1 atm pressure for Al, A2, A3, A4, Bl. B2, Cl, C2 and C3 are shown in 

Appendices 11-19. In Figure 29 nitrogen solubility into the melt as a function of temperature at 1 atm 

pressure for the above mentioned materials is shown. As can be seen, nitrogen solubility decreases as the 

temperature of the melt increases. Nitrogen solubility into the melt throughout the entire temperature range 

decreases in the following order: B2, C2, A3, Bl. C3, Cl. A2. A4 and A1. As from Figure 29 can be 

noticed, nitrogen solubility into molten B2 is clearly the highest. C2, A3, Bl, C3, Cl form a separate group 

having smaller nitrogen solubility in the melt than for B2 and the differences in the nitrogen solubility in 

the melt within this group become small at the temperature range of 2023 - 2273 К. A2 and A4 form the 

next separate group having lower nitrogen solubility in the melt as compared with the above mentioned 

materials. The differences in nitrogen solubility in the melt are small between these two materials 

throughout the temperature range shown. Al has clearly the lowest nitrogen solubility in the melt 

throughout the entire temperature range. From Figure 29 it can also be seen, that the differences in nitrogen 

solubility in the melts for the different materials are greatest at the lowest temperatures and that they 

decrease as the temperature of the melt increases.
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Figure 29. Nitrogen solubility into the melt as a function of temperature at 1 atm pressure for Al, A2, A3, 

A4, Bl, B2, Cl, C2 and C3

The solution annealing temperature for the steels has to be high enough in order to prevent the formation of 

chromium nitrides (Cr^N) into the steels. Therefore, thermodynamic calculations are needed in order to 

determine the amount of interstitially dissolved nitrogen content in austenite at different temperatures. This 

has also been performed in Appendices 2 - 10. In Figure 30 the curves for determining the maximum 

interstitially dissolved nitrogen content in austenite as a function of temperature for Al, В2, Cl, C3, A4 and 

Bl are shown. Nitrogen is interstitially dissolved into austenite when the nitrogen content at the specific 

temperature is below the curve. When the nitrogen content is above the curve at the specific temperature, 

nitrogen is partly interstitially dissolved into austenite but it also forms chromium nitrides (Cr2N). 

Therefore, the curve in Figure 30 can be called as maximum nitrogen solubility or beginning of Cr2N- 

formation at different temperatures. In general, from Figure 30 it can be noticed, that the amount of 

interstitially dissolved nitrogen increases with increasing temperature. The rate of the increase in the 

amount of interstitially dissolved nitrogen increases less rapidly for Al and A4 as compared with the other 

materials. The maximum content of interstitially dissolved nitrogen increases most sharply at the 

temperature range of 1273 - 1573 К for Cl and C3 as compared with the other materials. The maximum 
nitrogen solubility, i.e., beginning of Cr2N-formation for C3 is higher than those of A4 and Bl at 
temperatures > 1373 К and higher than that of A1 at > 1253 K. The maximum nitrogen solubility and 

beginning of Cr2N-formation for Cl is higher than those of A4 and В1 at temperatures >- 1456- 1473 К 

and higher than that for A1 at > 1398 K. However, at temperatures < 1273 К there are not any marked

differences in the rate of the increase of the amount of interstitally dissolved nitrogen for all the materials, 

except for C3, for which the rate becomes the highest already at 1173 K. There are not any sharp changes in 

the rate of the increase in the amount of interstitially dissolved nitrogen for B2, Bl, Al and A4 throughout
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the temperature range shown. The maximum nitrogen solubility and beginning ot Cr2N-tormation is the 

highest at all temperatures for B2. It can also be noticed, that at temperatures < - 1373 - 1403 К the 

maximum solubility of nitrogen and beginning of Cr2N-formation for A4 is higher than those of the other 

materials except B2. whereas at higher temperatures all materials except A1 have higher maximum 

nitrogen solubilities and beginning of Cr2N-formation. Similarly, A1 has higher maximum nitrogen 

solubility than those of C3 and Cl up to - 1253 - 1398 K. after which the maximum nitrogen solubility is

lower than those of all the other materials

U T
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Figure 30. Maximum nitrogen solubility and beginning of Cr2N-formation for Al. A4. Bl. B2 and Cl, C3.

The suitable solution annealing temperatures for the studied HIPed materials according to the 

thermodynamic calculations are shown in Table 3. The solution annealing temperatures for the different 

materials were determined in order to ensure, that nitrogen is in solid solution as a result of the solution 

annealing heat treatment and not as chromium nitrides. The utilized solution annealing temperatures for 

the materials are also shown in Table 3. As can be seen, the utilized solution annealing temperatures are 

generally higher than those thermodynamically calculated. The main reason for this was to ensure that 

nitrogen is interstitially dissolved in a solid solution for all the materials. Other factors influencing the 

selection of the suitable solution annealing temperature in practice were, for example, the resulting 

microstructural features, the resulting mechanical and corrosion properties of the materials, etc.
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Table 3. Solution annealing temperatures according to thermodynamic calculations and utilized solution 

annealing temperatures for the studied materials.

Material Solution annealing temperature 
according to thermodynamic 

analysis (°C)

Utilized solution annealing 
temperature (°C)

A1 1025 1100- 1175
Al, fluidized bed nitrided 1200 1200

A2 1025 1200
A4 1100 1200- 1250

A4, fluidized bed nitrided 1225 1225
BI 1050 -

В1, fluidized bed nitrided 1125 1175
B2 1125 1200 - 1250

B2. fluidized bed nitrided 1200 1200
Cl 1125 1175

Cl. fluidized bed nitrided 1200 1200
C2 1075 1175- 1200
C3 1100 -

C3, fluidized bed nitrided 1250 1250

7.3 Thermogravimetric analysis

The results of the thermogravimetric analysis for the studied gas atomized austenitic stainless steel powders 

with different panicle size ranges are summarized in Table 4, where the increase in weight (wt-%) is 

obtained from the TG-curves at different nitriding temperatures. In Figures 31a and 31b the two stages of 

thermogravimetric analysis, i.e., the heating stage to the end temperature (a), and the holding stage at the 

end temperature (b), for Cl with the particle size range of 45 - 53 pm at 750 °C are shown.

From Table 4 it can be observed, that the weight of most of the powder samples increases while the 

temperature is increased to the end temperature. It can also be noticed, that in general, the increase in 

weight is the bigger the smaller the particle size range of the powder is during the holding time at the end 

temperature. This can also be seen in Figure 32, where the effect of particle size on increase in weight in 

thermogravimetric analysis for B1-powder at 750 °C is shown. The increase in weight is, in general, the 

bigger the higher the holding temperature is for all the tested particle size ranges. This can be noticed from 

Figure 33, where the effect of test temperature on the increase in weight for C2-powder with the particle size 

range of 45 - 53 pm is shown. As it can also be noticed from Figure 33, the increase in weight when 

temperature has increased to the hold temperature is higher for the sample with the particle size range of 

210 - 250 pm than for the samples with smaller particle size ranges. Similar behaviour can also be observed 

in the tests for B1-, A1-, Cl- and B2-powders. From Figure 34 it can be noticed that the increase in weight 

for A4-powder is the highest at 750 °C instead of that at 800 °C for the particle size range of 210 - 250 pm. 

The increase in weight is higher up to - 125 min even at 700 °C as compared with that at 800 °C. Similar

behaviour can be observed to have also taken place for the powder samples of A4 with the particle size range
of 74 - 88 pm. From Table 4 it can also be noticed, that the weight of some samples of the above mentioned
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materials with the particle size range of 74 - 88 pm has also increased more than that ol the samples with 

the particle size range of 45 - 53 pm.

Table 4. Increase in weight (in wt-%) for the studied gas atomized austenitic stainless steel powders with 

different particle size ranges as a function of nitriding time at difterent end temperatures in 

thermogravimetric analysis.

Time Imin)

Material Temperature (°Q Panicle size range 0 35 75 115 155 173

700 °C ---------------------------- 0.11 0,10 0,08 0.07 0.07 0.07

At 210-250 0.18 0.15 0.10 0,06 0,02 0

800 °C 74-88 OJO 0.28 0.29 0.32 0.33 0.35

210-250 0,22 0,17 0,11 0.07 0,07 0.07

45-53 0,65 1.00 1.25 1.43 Л 1.64

700 $ 0J9 0,84 1.01 UI 121 126

210-250 0.47 0J9 0.64 0.67 O.X) 051

45-53 0,82 127 154 1.75 1.91 1.97

A3 750 74-88 0,73 1.01 1.18 из 1.46 152

210-250 058 0,68 0,76 0,81 0.85 0.88

45-53 0.81 1.14 1.42 1,68 1.92 103

800 74-88 0.77 1.14 1.44 1,68 1.88 1.9»

210-250 OJO 0.64 0.72 0,79 0.86 0.89

IDO 74-88 0.64 0.91 0.97 1.05 1.12 1.15

210-250 0,62 0.69 0,72 0.77 0.81 0.84

A4 750 74-88 0,67 0.89 1.08 1.23 1.35 1.40

210-250 0.60 0.74 0.83 0,89 0,95 0.98

800 74-88 0,67 0,86 1,01 1.12 122 U7

210-250 0.43 055 0,66 °-7î 0.84 0.89

45-53 051 057 0,60 0.63 о-1* 0.65

TO 74-88 0,48 0.47 0.48 0.49 050 051

210-MO 052 027 о.» 052 ■ ft» o* -

45-53 058 0.65 0.72 0,76 2tZ2— 0.78

Bl TO 74-88 054 0.62 0,69 0,74 —M— 0,75

210-250 052 055 058 059 0.60 0.61

45-53 0.63 0.71 0,78 0,83 0.88 0,90

800 74-88 0J9 0.65 0.68 0.70 0.74 0.75

210-250 0.63 0.69 0.74 azz 0.80 0,81

ft w 0.67 0.91 1.09 1.22 1.34 158

700 74-88 0.67 0.83 0.98 1.08 1.14 1.18

210-250 023 0.34 055 0,35 0.35 055

45-53 0,45 0,66 0,88 1.07 1.25 153

B2 750 74-88 051 0.61 0.80 0,95 1.07 1.12

210-250 055 0.69 0,78 0.82 0.87 0,90

45-53 0,7) Ui 1.61 1.92 Ul 226

800 74-88 058 1.07 1.42 1.67 ____ 1,81

210-250 0.63 0,81 0,94 L« 1,10 1.15

45-53 053 0,67 0,65 0.66 0,67 0.68

"Ю0 74-88 0,47 0J2 0,55 056 056 056

210-250 0,42 059 0,38 0.38 OJ8 059

45-53 0.46 0.67 0,82 0,92 0,99 1.01

Cl 750 74-88 0.45 0,47 0.49 052 055 056

210-250 0.48 051 053 053 °53 053

45-53 057 0,80 0,94 1.01 1.05 1,06

800 74-88 054 0,63 0.69 0.72 0,73 0,73

210-250 053 051 051 S¿! _____________052

45-53 058 0.82 0,95 1.04 '.10 1.13

7D0 74-88 0.61 0,79 0.90 о* 1,01 1,05

210-250 0.61 0.61 055 057 058 059

45-53 0.68 0.96 1.13 121 127 U»

C2 750 74-88 0.42 0.69 0.78 0,85 0.90 0,92

210-250 054 0.48 0.49 051 0,60 0,60

45-53 0,62 ui 150 ■59 1.47 151
74-88 0.62 0.83 1.00 1.11 1.19 ■5'

210-250 0.69 0.65 0,63 0,63 0,63 0.62

45-53 0,64 0.78 0.89 0.95 0,97 0.99

•roo 74-88 0.28 OJO OJO OJO 0.29 028

210-250 053 052 0,49 № 0.49 0.48

45-53 0,69 0.85 0.97 1,06 1.11 U4 .

Dl 750 74-88 052 059 0.66 о,*ю 0.72 0J4

210-250 0.61 0.63 0.63 0.64 0.65 0.65

45-53 0.72 0.97 1.14 ■53 ■53 156

800 74-88 0J3 0,61 О.-*} 0,78 0.82 0,83

210-250 0J6 0.62 0.65 0,66 0.71 0.71
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Figure 31. Thermogravimetric analysis of Cl -powder at 750 °C. Particle size range of the powder sample

45 - 53 pm; a) step 20 - 750 °C and b) hold at 750 °C.
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32. Thermogravimetric analysis; effect of panicle size range. Powder material: Bl, test temperature 

750 °C and atmosphere 88 voI-% N2 + 12 vol-% H2.

Test »mpersi/e

700*0 

750*0 

800 *C

Figure 33. Effect of test temperature on the increase in weight for C2-powder with particle size range of 

45 - 53 pm, atmosphere 88 vol-% N2 + 12 vol-% H2.



Test temperature

Figure 34. Effect of test temperature on the increase in weight for A4-powder with particle size range of 

210 - 250 pm, atmosphere 88 vol-% N2 + 12 vol-% H2.

The weight of the powder samples generally increased during the holding at the end temperatures as can be 

noticed from Table 4. However, for B2-powder the weight of the sample with the particle size range of 210 - 

250 pm first slowly increases up to 75 min, after which the weight of the sample remains unchanged. 

Similar behaviour can be observed to take place for Cl-powder. The weight of the powder sample with the 

particle size range of 210 - 250 pm first decreases up to 35 min, after which there is practically no change in 

the weight during the holding time at 700 °C. The increase in weight for the samples of Cl-powder with the 

particle size ranges of 45 - 53 and 74 - 88 pm is slow at 700 °C. At 750 °C the weight of the Cl- powder 

sample with the particle size range of 210 - 250 pm slowly increases up to 75 min of holding, after which 

the weight of the sample remains the same up to 175 min. At 800 °C the weight of the Cl-powder sample 

with the particle size range of 210 - 250 pm is practically unchanged during the entire hold time. From 

Table 4 it can also be observed, that for A1-powder the weight of the samples with particle size ranges of 

both 74 - 88 and 210 - 250 pm decreases at 700 °C, and that for the sample with the particle size range of 

210 - 250 pm the increase in weight is 0 wt-% after 175 min. At 800 °C the weight of the sample of A1 

powder with the particle size range of 210 - 250 pm also decreases during the entire hold time, whereas the 

weight of the sample with the particle size range of 74 - 88 pm first decreases up to 35 min of holding at 

800 °C, after which the weight begins to slowly increase. The weight of the C2-powder sample with the 

particle size range of 210 - 250 pm at 750 °C does not change during the hold time, whereas at 800 °C it 

decreases slowly during the hold time. The weight of Bl-powder sample with the particle size range of 210 - 

250 pm at 700 °C first decreases up to 35 min, after which it begins to increase slowly.
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The increase in weight between the tested materials is different from each other. The differences can be 

noticed from Table 4 and from Figures 35, 36 and 37. where increase in weight for all the materials at 700, 

750 and 800 °C for the panicle size range of 74 - 88 pm after 175 min is shown. At 700 °C the biggest 

increase in weight took place for A3-powder after 175 min and for the other materials in the tollowing 

diminishing order: B2, A4, C2. Cl, Bl. D1 and A1 having the smallest increase in weight. It can also be 

noticed from Figure 35, that as temperature has reached 700 °C, the biggest increase in weight is for B2- 

powder and that the increase in weight for the other materials follows the following diminishing order: A4, 

C2. A3, Вl. Cl, D1 and A1. It can also be noticed that up to - 60 min of holding time at 700 °C the biggest 

increase in weight takes place for A4-powder, after which the biggest increase in weight up to 175 min takes 

place for A3-powder. The increase in weight for АЗ-powder is in the beginning of the holding time at 700 
°C smaller than those of B2- and C2- powders, but becomes bigger than that of C2-powder after - 10 min of 

holding at 700 °C and bigger than that of B2-powder after 30 min of holding at 700 °C. The increase in 

weight for the different materials up to 175 min of holding at 700 °C, stabilizes alter - 75 min of holding. 

According to Figure 29, the increase in weight throughout the hold time at 700 °C is clearly bigger for A3-, 

B2-, A4- and C2-powder as compared with the rest of the materials. Bl- and Cl-powders also form a 

separate group having relatively small differences in the increase in weight between each other throughout 

the holding time at 700 °C. D1-powder, as well as A1-powder, have clearly the lowest increase in weight 

throughout the hold time at 700 °C; the weight of the powder samples actually decreases slowly.

As can be observed from Figure 36, at 750 °C the biggest increase in weight took place for АЗ-powder after 

175 min and for the other materials in the following diminishing order A4, B2, C2, Bl, D1 and Cl. From 

Figure 36 it can also be noticed, that after 750 °C has been reached, the biggest increase in weight is for АЗ- 

powder and that the increase in weight for the other materials follows the diminishing order A4, Bl, Dl, 

Cl, C2 and B2. The increase in weight for C2-powder becomes bigger than that of Cl-powder quite quickly 

and bigger than that of Bl- and Dl-powder after - 20 - 25 min of holding at 800 °C. After - 70 min of

holding at 750 °C the increase in weight for C2 becomes smaller than that of B2-powder. The increase in 

weight for B2-powder becomes bigger than that of Cl-powder after - 15 min and bigger than that of Bl

and Dl-powder after - 35 min of holding time at 750 °C. A3- and A4-powders have clearly bigger increases 

in weight throughout the holding time at 750 °C as compared with the rest of the materials.

As from Figure 37 can be noticed, at 800 °C the increase in weight after 175 min is highest for A2+-powder 

and for the other materials in diminishing order B2, A4, C2, Dl, Bl, Cl and Al. From Figure 37 it can 

also be noticed, that after 800 °C has been reached, the biggest increase in weight is for АЗ-powder and that 

the increase in weight for the other materials follows the following diminishing order A3, A4, Cl II, Bl, 

B2, Cl, Dl and Al. The increase in weight for B2-powder becomes bigger than that of В1-powder in the
beginning of the hold time at 800 °C. Also, the increase in weight for B2-powder becomes bigger than that

of Cl О-powder after - 5 min of holding at 800 °C and bigger than that of A4-powder after 10 min of

holding at 800 °C. As from Figure 37 can also be noticed, there are four separate groups of materials. The
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first group is formed by A3- and B2-powders, which have the biggest increase in weight nearly throughout 

the entire hold time at 800 °C. The second group is formed by A4- and C2-powders, which have the second 

biggest increase in weight. There are only small differences in the increase in weight between these two 

materials throughout the hold time at 800 °C. The third group is formed by B1-, Cl - and D 1-powders and 

these materials have the third biggest increase in weight. Bl- and Cl-powders also have only small 

differences in the increase in weight during the holding time at 800 °C, the differences being smaller than 

those for A4- and C2-powders. Finally, the fourth group is formed by A 1-powder alone and as from Figure 

37 can be seen, the increase in weight is the smallest of all the materials.

Figure 35. Increase in weight for the tested powder materials at 700 °C, particle size range of the powder 
sample 74 - 88 pm.
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36. Increase in weight for the tested powder materials at 750 °C, particle size range of the powder 
sample 74 - 88 pm.

Figure 37. Increase in weight for the tested materials at 800 °C. particle size range of the powder 
sample 74 - 88 pm.
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7.4 Fluidized bed nitriding

Results of the fluidized bed nitriding tests of powders are summarized in Table 5, where nitrogen contents 

of the powders before and after the fluidized bed nitriding treatment are shown. In Table 5 the parameters of 

the tests, i.e., nitriding temperature and nitriding time at the nitriding temperature are also shown.

Table 5. Results of the fluidized bed nitriding tests for powders.

Material Test parameters Nitrogen content before 
fluidized bed nitridinz (wt-% N)

Nitrogen content after 
fluidized bed nitridinz (wt-% N)

Al 800 °C/25 min 020 0,45
A4 750 °C/40 min 0,47 0.73
B1 770 °C/40 min 0,37 OJO
B2 740 °C/30 min 0.96 1,23
Cl 760 °C/40 min 0.40 0,70
C3 800 =01h 30min 0.36 1.02
D1 770 °C/40 min 0Д9 1,02

The increase in nitrogen content during fluidized bed nitriding for all the materials took place gradually as 

can be seen from Figures 38, 39 and 40, where the nitrogen content as a function of nitriding time at the 

nitriding temperatures for Al, Cl and B2 are shown. In Figure 38 the results of fluidized bed nitriding tests 

at three different temperatures for Al are shown and as can be seen, the higher the nitriding temperature, 

the higher the nitrogen content is. Also, the higher the nitriding temperature the faster the increase in 

nitrogen content. Powders batches fluidized bed nitrided at 750 and 900 °C were not HIPed for different 

reasons. The powder nitrided at 750 °C did not reach a high enough nitrogen content, which was calculated 

to be 0,4 - 0,5 wt-% N. The nitrogen content of the powder nitrided at 750 °C was 0,35 wt-% N. The 

powder nitrided at 900 °C had a high enough nitrogen content, i.e., 0,40 wt-% N after 15 min of nitriding at 

900 °C, but the amount of powder that was free flowing was too small due to sintering of the powder on the 

walls of the fluidized bed furnace chamber and hence, it was not HIPed. The target nitrogen content for Cl 

powder was 0,70 - 0,75 wt-% N according to thermodynamic calculations and as can be noticed from Figure 

33 and Table 5, it was reached. From Figure 39 it can also be observed, that Cl powder had a nitrogen 

content of 0,72 wt-% N after 30 min of nitriding at 760 °C. The variation in nitrogen content during the 

nitriding was found to take place during the fluidized bed nitriding of B2, as can be noticed from Figure 40. 

The target nitrogen content for B2-powder according to thermogravimetric calculations was 1,20 - 1,30 wt- 

% N and as can be noticed it was reached after 30 min of nitriding at 740 °C.
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Figure 38. Nitrogen content as a function of nitriding time for A1-powder at nitriding temperatures 750, 

800 and 900 °C.
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Figure 39. Nitrogen content as a function of nitriding time for Cl-powder. Nitriding temperature 760 °C.
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Figure 40. Nitrogen content as a function of nitriding time for B2-powder. Nitriding temperature 740 °C.

Nitrogen content of fluidized bed nitrided powders having the particle size ranges of 45 -53, 74 - 88 and 

210 - 250 pm for Al.Cl and B2 were also analyzed. The results are shown in Table 6 and in Figures 41, 42 

and 43. As can be seen, the smaller the particle size, the higher the nitrogen content for all the materials.

Table 6. Nitrogen content of different particle size ranges of fluidized bed nitrided A1-, Cl - and B2- 

powders.

Material Particle size range (um) Nitrogen content (wt-% N)
A1 74-88 0,43

210 - 250 0,30

B2 45-53 1,49
74-88 1.19

210-250 1,04
Cl 45-53 0,85

74-88 0,63
210-250 0.48
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Figure 41. Nitrogen content as a function of particle size range for A1-powder fluidized bed nitrided at 

800 °C for 25 min.
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Figure 42. Nitrogen content as a function of particle size range for Cl-powder fluidized bed nitrided at

760 °C for 40 min.
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Figure 43. Nitrogen content as a function of particle size range for B2-powder fluidized bed nitrided at 

740 °C for 30 min.

Of the fluidized bed nitrided powders A1-, Cl - and B2-powders were nitrided with the Sarlin LP 25 furnace 

and A4-, D1-, C3- and PT127-powders were nitrided with the 1100 JP-10-3 furnace. The charge in the LP 

25 furnace was - 20 - 25 kg and in Sarlin 1100 JP-10-3 furnace - 3 - 9 kg. In the nitriding tests the 

temperatures had to be kept < 800 °C, since in higher temperatures the amount of powder sintered in the 

walls and bottom of the fluidized bed furnace chamber was too high, i.e., up to > 50 % of the powder batch. 

In tests performed with LP 25 at 800 °C (Al) the amount of powder loosely sintered on the walls of the 

fluidized bed furnace chamber was - 35 % of the total weight of nitrided powder. At lower temperatures 

the amount of loosely sintered powders at the walls and bottom of the fluidized bed furnace chamber was 

smaller and it depended on the powder material. For instance, A1-powder seems to sinter more easily than 

the other materials. The amount of powder sintered at the walls of the 1100 JP -10 - 3 furnace was smaller 

than that of the LP 25 furnace. At 800 °C (C3) small amounts of powder ( - 10 %) was loosely sintered at 

the bottom of the furnace chamber. At temperatures < 770 °C powders did not sinter at all on the walls or 

bottom of the furnace chamber. The gas flow rate during the treatments was not observed to have any effect 

on the amount of powder sintered on the walls of the furnace chamber.

Oxygen content of the fluidized bed nitrided powder was also of interest. Generally, the oxygen content 

increased during/after the fluidized bed nitriding as can be noticed from Table 7, where the oxygen contents 

of the powders before and after the fluidized bed nitriding treatment are shown. As can be seen, there is a 

quite large scatter in the increase in the oxygen content as a result of the fluidized bed treatment, i.e., from 

- 130 ppm for Cl-powder up to - 680 ppm for A1-powder. From Table 7 it can also be noticed that the 

oxygen content is relatively high for B2- and A4-powders, at least, when compared with the rest of the



materials. Also, the increase in oxygen content after fluidized bed nitriding for the powders nitrided in the 

Sarlin LP-25 furnace is in general higher than those for the powders nitrided in the 1100 JP-10-3 furnace.

Table 7. Oxygen contents of the powders before and after fluidized bed nitriding.

Material Oxygen content before 
fluidized bed nitriding (ppm)

Oxygen content after 
fluidized bed nitriding (ppm)

Increase in oxygen content
lEEinl-------------------------------------

At 220 903 683
A4 650 830 180

B1 360 587 227

B2 680 1155 475

Cl 247 380 133

C3 340 537 197

D1 183 437 254

There are also differences in the oxygen contents of the powders before fluidized bed nitriding and of the 

respective HIPed samples. These differences can be noticed from Table 8. As can be seen, there can be quite 

a large difference as for B2. The oxygen content of the HIPed sample can be higher than that of the 

respective powder sample, or the situation can be the opposite. The oxygen content of HIPed C3, B1 and A4 

could not be analysed since these materials were not HIPed before fluidized bed nitriding.

Table 8. Oxygen contents of the powders before fluidized bed nitriding and of the respective HIPed 

samples.

Material Oxygen content of the powders 
before fluidized bed nitriding 

(ppm)

Oxygen content of
HIPed samples 

(ppm)

Difference in 
oxygen content

ÍEEEÍ
A1 220 290 -70

B2 680 210 470
Cl 247 183 64

The differences in nitrogen and oxygen content analysed from fluidized bed nitrided powder samples and 

from the respective HIPed samples are shown in Table 9. As can be observed, there are generally differences 

in the nitrogen and oxygen contents between powder samples and HIPed sample. The nitrogen content of 

the HIPed samples are generally somewhat higher than that of the powder sample of the same material 

except for B2 and A4, for which the nitrogen content of the HIPed sample is lower than that of the 

respective powder sample. The oxygen contents of the HIPed samples are conversely, in general, smaller 

than those of the powder samples of the same material with the exception of B2, for which the oxygen 

content of the powder sample is smaller than that of the HIPed sample.
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Table 9 Differences in nitrogen and oxygen content analysed from powder samples and from HIPed 

samples.

Material Nitrogen content 
after fluidized 
bed nitriding, 

powder analysis 
(wt-% N)

Nitrogen 
content of 

HIPed sample 
(wt-% bô

Difference in 
nitrogen 
content 

(wt-% N)

Oxygen content 
after fluidized 
bed nitriding, 

powder analysis 
(ppm)

Oxygen 
content of 

HIPed sample 
(ppm)

Difference in 
oxygen
content
(ppm)

At 0,45 0.54 -0.09 903 820 83
A4 0,73 0.69 0.04 830 552 278
B1 0.50 0.51 -0.01 587 303 284
B2 1.23 123 0 1155 1300 - 145
Cl 0,70 0.75 -0,05 380 343 37
C3 1,02 1,13 -0.11 537 390 147

The difference in oxygen content of the materials before and after fluidized bed nitriding of HIPed samples 

is also of interest. These differences are shown in Table 10. When these differences are compared with those 

of the respective powders presented in Table 7, it can be concluded, that the differences in oxygen contents 

before and after fluidized bed nitriding are smaller for the HIPed samples as compared with those of the 

powder samples. However, the difference of the oxygen content analyzed from HIPed sample of B2 is bigger 

than that of the B2 powder sample.

Table 10. Oxygen contents of the HIPed samples before and after fluidized bed nitriding.

Material Oxygen content of HIPed 
samples before fluidized 

bed nitriding 
(ppm)

Oxygen content of HIPed 
samples after fluidized 

bed nitriding 
(ppm)

Difference in 
oxygen content 

(ppm)

AI 290 820 530
B2 210 1300 1090
Cl 183 343 60

The effect of sieving on the oxygen content of D1-powder is shown in Table 11. As can be seen, oxygen 

content of D1-powder decreases 100 ppm, when particle size ranges < 45pm are sieved from a powder 

batch. As from Table 11 also can be noticed, by mixing fluidized bed nitrided (sieved before nitriding) and 

sieved Dl-powder were mixed with a ratio of 14 wt-% fluidized bed nitrided Dl-powder (1,0 wt-% N)/86 

wt-% of sieved Dl-powder (0,29 wt-% N) in order to achieve the target nitrogen content of 0,4 wt-% N for 

the HIPed material, the oxygen content of the sample HIPed from the powder mixture has a low oxygen 

content of 105 ppm. In fact, the oxygen content of the sample HIPed from the powder mixture has a slightly 

lower (5 ppm) oxygen content as compared with the sample HIPed from sieved Dl-powder.
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Table 11. Effect of sieving (particle size range > 45 pm after sieving) on the oxygen content ot D1 -powder 

and effect of mixing the fluidized bed nitrided Dl- powder with the sieved unnitrided Dl-powder 

on the oxygen content of HIPed Dl.

Material Oxygen content 
of unsieved 

powder 
(ppm)

Oxygen content 
of sieved 
powder 
(ppm)

Oxygen content 
of fluidized bed 
nitrided powder 

(sieved )
(ppm)

Oxygen content of 
HIPed sample made 
by mixing fluidized 

bed nitrided and 
sieved powder 

(ppm)

Oxygen content of 
HIPed sample 
(HIPed from 

sieved powder) 
(ppm)

Dl 193 183 437 105 110

7.5. Surface analyses of the powders with XPS

XPS-analyses were performed for as-atomized Al-, A2-, A3-, B2- and Cl-powders. Analyses were also 

performed for fluidized bed nitrided A1-, B2- and Cl-powders. The main interest in these analyses was to 

study the structure of the oxide layers and how nitrogen is distributed on the surface of the powder panicles. 

The oxide layers on the surfaces of the powder particles have the following compositions: Fe203, Mn304, 

Si02, Cr-,03.NiO and Mo03. Ni exists in the metallic state on the surface of the Al-powder particles. The 

results of the analyses ж shown in Tables 11 and 12. The sputtering time equals to the depth according to 

the following relationship: 1 min of sputtering equals to 10 ± 2,5 nm in depth. As from Table 11 can be 

seen, Mn and Si are in general strongly segregated on *е surfaces of the as-atomized powder particles and 

they are mostly as oxides. The concentration of Cr and Fe increases towards the center of the powder 

particles. Mo and Ni show in general the same trend as Cr and Fe in the materials where they were 

detected. Nitrogen distribution on the surfaces of the powder particles of diferent materials differ from each 

other. In A1-, A3- and C1-powders nitrogen is segregated to the surface layer of the powder particles. In the 

case of B2-powder nitrogen is not segregated to the surface of the powder particles. Instead, the nitrogen 

concentration is not very high on the outer layers of the powder panicles and it increases slowly towards the 

inner parts of the powder particles. Nitrogen was not detected on the surface of A2 -powder particles.

As from Table 12 can be seen, nitrogen is concentrated on the surface of the powder particles of each 

fluidized bed nitrided material. This can also be seen from Figure 44. where the nitrogen concentrations on 
the surfaces of A1-, B2- and Cl-powders before and after fluidized bed nitriding are shown. As can be 

noticed, nitrogen concentration on the surface of the powder particles after fluidized bed nitriding is clearly 

higher for Al- and B2-powders. whereas for Cl-powder there is practically no difference in the nitrogen 

concentration, at least up to 70 min of sputtering, i.e.. up to 700 nm below the surface of the powder 

particles. In other words, nitrogen is not concentrated in the surface layers of the Cl-powder particles after 

fluidized bed nitriding, whereas for Al and B2 the situation is the opposite. However, it can be seen from
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Tables 11 and 12, that nitrogen is more or less concentrated on the surtacc layers ot all the materials, since 

the bulk nitrogen contents of the powders are lower as can be seen from Table 5 in Section 6.4.

Table 11. XPS-analysis of as-atomized A1 -, A2-, A3-, B2- and C1-powder panicles. Figures in () refer to 

the amount of element as oxide in wt-%.

Element
(wt-%)

Material Sputtc- c о Fc Mo № Cr Mn Si N
ring time 

(min)
Is Is 2p 3d 2p 2p 2P 2p Is

0 225 315 8,0(90) 2.1 (55) 0 5.6(100) 21.5(1001 4.6 (100) 0.4

5 18.2 23.6 11,9(65) 25 (30) 1.2(0) 105 (80) 24.6(100) 5.2(100) 0,0

10 15.3 25,0 12.0 (65) 1.9(30) 1.0(0) 10,6(75) 25.0(100) 6.0(100) 0.0

A1 15 14,4 24.1 13.9 (65) 2,5 (20) 1.2(0) 10.2 (70) 24.6(100) 55(100) 0,0

25 13,4 22,0 16.7 (55) 2,7 (20) 1.9(0) 10.9 (65) 23.8(100) 55(100) 0.0

35 13.6 23.1 15.9 (50) 2.6(20) 1.7(0) 10,9 (65) 24,0(100) 5.9(100) 0,0

45 135 22,7 16.9(45) 4.9(20) 2.4 (0) 13,7 (65) 22.6(100) 4,9 (100) 0.0

0 23,0 30.5 6.4(100) 1.7 (50) 0.0 13.1(100) 235(100) 0.0 0,0

5 15.7 28.0 8.6(100) 1.1 (35) 0.0 175(100) 27.8(100) 0.0 0.0

10 15,5 26,3 8.4 (90) 0.8 (35) 0.0 175(100) 30.2(100) 2,7 ( 100) 0.0
A2 15 18.7 23.7 9.1 (90) 15(25) 0.0 17.3 (100) 25.1 (100) 2.7(100) 0,0

25 18.8 23,7 9.1 (90) 1.3(251 0,0 17.3(100) 25,0(100) 2J (100) 0,0

35 17.2 24,4 8.1 (90) 1.2(25) 0.0 18.6(100) 25.8(100) 2.7(100) 0.0

45 16.2 22.4 9,4 (90) 15(25) 0.0 20.4(100) 26.0(100) 25(100) 0,0

0 18,2 33.9 9.6 (95) 0.0 0.0 2.6(100) 33.7(1001 2.1 (100) 05

5 14,4 302 1121 (95) 0.0 0.0 5.9(100) 34,5(100) 2.0(100) 05

10 15.9 28.6 10.9 (95) 0.0 0.0 55(100) 36,8(100) 2.4(100) 0.3

A3 15 11.7 26.9 13.2 (95) 0.0 0,0 6.7 (100) 33.3(100) 3.0(100) 0.3

25 115 25.5 14.2 (95) 0,0 0,0 6.9(100) 35.4(100) 2.6 (100) 0.4

35 10,4 25.9 135 (90) 0.0 0.0 9,2(100) 32.8(100) 2.4(100) 0.4

45 10,4 235 15.4 (90) 0.0 0.0 10.7(100) 31.1 (100) 15(100) 0,4

0 19.9 325 9.1 (95) 0.0 0.0 2.6 (100) 33.7(100) 2,1 (100) 0.2

5 15.9 30.8 10,6 (90) 0.0 0.0 5.9 (100) 345 (1001 2.0(100) 05

10 15.2 28.7 11,1(90) 0.0 0,0 55 (1001 36.8(100) 2.4 (100) 0.3

B2 15 16.8 28.6 11.4(85) 0.0 0.0 6.7 (100) 335(100) 3,0 (100) 0.3

25 17,3 27.8 9.6(85) 0.0 0.0 6.9(100) 35.4(100) Z6Í100) 0.4

35 15,9 26,4 12,9 (75) 0.0 0.0 95(100) 32.8 (100) 2.4(100) 0.4

45 15,1 26.7 14,6(75) 0.0 0.0 10.7(100) 31,1 (100) 15(100) 0.4

0 28.9 27.1 11.4(90) 4.2(50) 1,7(50) 11,4(80) 135(100) 1.0(100) 1.0

5 14.8 263 13.4(85) 6.4(30) 2,9(309 22.4(80) 12.2(100) 0.7 (100) 0.9

10 16.9 25.8 1Z8 (85) 5.9 (20) 35(25) 23.1 (80) 105 (100) 1.0(100) 1.0

15 17,4 25 5 14,1 (85) 4.8 (20) 3,2(10) 24.1 (80) 8.6(100) 2.0(100) 0,7

Cl 25 14,8 24.8 115 (80) 6.7(15) 2.6(5) 24.8 (80) 12,9 (100) 1,7(100) 0.8

35 15,4 24,6 12.0 (75) 5.8(15) 25(5) 295 (80) 8.9(100) 1.1 (100) 05
45 15.0 23.1 125 (50) 7,1 (0) 4,6 (0) 30,6 (80) 6,5 (100) OJ (100) 0,3

70 14.0 22.4 17,0 (45) 85(01 5.9 (0) 28.9 (80) 3.2(100) 0,4 (100) 0.0

95 13.0 205 19.7 (40) 7,7 (0) 7.0 (01 305 (80) 15 (100) 05(100) 0.0
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Table 12. XPS-analysis of fluidized bed nitrided A1-, B2- and Cl - powder panicles. Figures in ( ) refer to 

the amount of element as oxide in wt-%.

Element
(wt-%)

Maten ai Spulte- C о Fe Mo Ni O Mn Si N
ring time 

(min)
li 1« 2р 3d 2p 2p * 2p ls

0 11.8 30.8 45 (901 1.0(20) U (30) 65 (60) 29.1 (100) 8.9(100) 6.3

5 7.8 27.3 5.9 (85) U (10) 1.7 (25) 95(50) 32.1 (100) 11.0(100) 3.5

10 95 26.4 62 (80) U (10) 1.2(25) 9.8 (50) 30.4(100) 11.6(100) 3.5

15 6.1 26.9 5.7(60) 22 (10) 2.3(15) 129 (50) 30.1 (100) 10.6(100) 3.3
Al 25 7.1 24.3 7.7 (50) 1.8(10) 2.4(15) 13.6(50) 28.8(100) 11,9(100) 23

35 7.1 23.8 9.0 (50) 22(0) 3.2(10) 14.1 (50) 29.1 (100) 9.4(100) 21
45 7.6 22.8 9.6 (40) 28(0) 3.1(5) 125(50) 26.9(100) 12.1 (100) 25
70 7.6 22.5 10.8 (40) 27(0) 26(5) 15.2 (50) 27 J (100) 93 (100) 20
95 9.3 13.0 14.6(40) 3.6(0) 3.1 (0) 13.8(50) 221 (100) 8.7(100) 1.8

0 19.9 27.7 1.1 (100) 0.0 0.0 6.9 (70) 36.5(100) 6.1 (100) 1.8
5 155 26.5 3.8(100) 0.0 0.0 6.9 (70) 40.1 (100) 5.7(100) 15
10 12.8 26.4 1.8(100) 0.0 0.0 7.1 (70) 45.1 (100) 4.8(100) 1.8

15 11.6 25.6 3.4(100) 0.0 0.0 7.6(70) 45.1 (100) 5.6(100) 12

В2 25 9.8 25.1 3.1 (100) 0.0 0.0 10.1 П0) 45.6(100) 4.8(100) 15
35 9.2 25.1 2,9(100) 0.0 0,0 105 (70) 45.7(100) 6.0(100) 0.9
45 9.1 24.2 3.4(100) 0.0 0.0 10.9 (65) 465(100) 5.0(100) 0.9
70 9.0 23.2 3.9 (100) 0.0 0.0 11.7(65) 465 (1007 45(100) 1.3
95 9.0 23.4 3.1 (100) 0.0 0.0 12.1 (65) 47.4(100) 42(100) 0.8

0 22.7 27.1 1.9(90) 2.2(50) 0.4(30) 20.6 (90) 19.1 (100) 4.7(100) 1.3

5 10.6 25.2 2.9 (75) 32(10) 1.4(25) 30.9 (90) 22.4(100) 3.8(100) 0.6

10 92 24.7 3.8 (50) 2.9(5) 0.8(10) 35.1 (90) 19.9(100) 35(100) 0.4

15 8.2 23,7 5.1 (45) 45 (0) 23(0) 329 (90) 205(100) 27(100) 0,7

а 25 9.2 23.5 45 (45) 3.8(0) 1.7 (0) 33,7 (90) 205(100) 25(100) 05

35 8.1 23.4 5.4(45) 3.8(0) 1.9(0) 332(90) 20.5(100) 32(100) 0.6

45 8.6 23.9 4.7(45) 4.1 (0) 23(0) 35.4(90) 17.7(100) 2.9(100) 0.7

70 8.3 23.2 6.6 (40) 4.6(0) 23(0) 345 (90) 185(100) 21 (100) 0.2
95 8.7 224 8.2 (40) 5.9 (0) 0.0 (0) 36.2 (90) 15.4(100) 0.4(100) 0.6

Figure 44. Nitrogen concentrations on the surfaces of Al-, B2- and Cl- powders before and after fluidized 

bed nitriding according to XPS-analysis. Letter F in the material names refers to fluidized bed 

nitrided powders.

I
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As from Table 12 can also be noticed, the relative percentages of different oxides on the surface of the 

powder particles change as a result of fluidized bed nitriding treatment. The relative percentages of Mn- and 

Si-oxides on the surface of the powder particles seem to increase during/after fluidized bed nitriding of all 

the materials. On the other hand, it seems, that the relative percentage of Cr- and Fe-oxides decreases as a 

result of the fluidized bed nitriding for all the materials except for Cl, where the relative percentage ot Cr- 

oxide increases after/during fluidized bed nitriding. Mo- and Ni-oxides were detected trom the surface of 

Al-and Cl-powder particles but not from B2-powder particles. The relative percentage of Mo-oxides seems 

to increase during/after fluidized bed nitriding. The relative percentage of Ni-oxides increases on the 

surface of A1-powder particles and decreases on the surface of Cl-powder particles as a result of the 

fluidized bed nitriding. These changes in the relative percentage of different oxides on the surface of Bl

and Cl-powders before and after fluidized bed nitriding can be seen in Figures 45 and 46.

50 -T-

30 --

25 --

aputtemg time (min)

Figure 45. Changes in the relative percentage of different oxides on the surface of B2-powder particles 

before and after fluidized bed nitriding.
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Figure 46. Changes in the relative percentage of different oxides on the surface of Cl-powder particles 

before and after fluidized bed nitriding.

7.6 EPMA-analysis of the consolidated materials

Electron Probe Micro Analysis (EPMA) was performed for the following HIPed matenals: Al, A2, A3, C2 

and fluidized bed nitrided B2. The aim of the analysis was to find out the compositions of the different 

phases present in the materials and to identify them. The analyzed elements were Si, Ni. Mo, Mn, Cr and N. 

The results of the EPMA-analysis are shown in Table 13 and the phases can be seen in the optical

micrographs, Figures 1 • 20 in Section 7.1.

As can be noticed from Table 13. the results of the analysis of A1 and A3 show, that both matenals consist 
of two phases. The differences in the compositions of the two different phases show that the Si-, Cr-, Mo- 

contents are higher in the minor phase as compared with the matrix phase in both matenals. Also, the Ni-, 

Mn- and N-contents are smaller in the minor phase as compared with the matrix phase.

The phases in C2 consist of a matrix phase and a minor phase. Ni-, Mn- and N-contents of the main phase 

are higher than those of the minor phase. The nitrogen content of the minor phase was according to the 

analysis 0,04 - 0,28 wt-%. The Cr- and Mo-contents of the minor phase are clearly higher than those of the

matrix phase.

The microstructure of the fluidized bed nitrided B2 (- B2 F) consists of a matrix phase and of grain 
boundary phases. The grain boundary phases were analyzed to have two different compositions. According
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to the analysis I the phase has high Si-content with some chromium. According to the analysis II the phase 

has high Cr- and N-content with small amount of Si and a negligible amount of Mo.

A2 consists of many different phases. There are two main phases (main phase I and II) where different 

smaller phases have precipitated in addition to grain boundary phases. As from Table 13 can be seen, the 

other of the main phases (main phase I) has a relatively high Si-content. The other main phase (main phase 

II), on the other hand, has a slightly higher Ni-content than the other main phase. The Mn-content of the 

main phase having high Si-content is higher than that of the other main phase. The nitrogen content of the 

phase with the high Si-content is 0,35 wt-% N and of the other main phase 0 wt-% N, respectively. Both the 

grain boundary phases have high Cr- and N-contents and substantial amounts of Si and Mo. The particles in 

the phase with high Si-content have high Cr- and N-contents and relatively high amounts of Si and Mo. 

The small particles in other main phase have high amounts of chromium and nitrogen together with 

somewhat high amounts of Si and Mo.

Table 13. Compositions (wt-%) of different phases in HIPed Al, A2, A3, fluidized bed nitrided B2 

(= B2F) and C2 according to EPMA-analysis.

Material Phase Si Ni Mo Mn Cr N

Al Matrix phase 624 11224 2,99 8,59 17,66 0,14

Minor phase 6.95 9,30 4215 824 19,45 0

A2 Main phase I (hiah Si-content) 15.78 0.56 122 17,54 15.05 0.35

Main phase П 10.23 0.89 Z72 13.51 19,03 0

Grain boundary 8,86 0.55 10,97 14,08 33,24 1.49

Grain boundary phase (in main phase I) 9.16 0,89 10,3 * 31,4 155

Particles in main phase 1 10,1 0.7 3,36 - 375 3,46

Small particles (in main phase II) 5,67 0.58 2.78 - 46,78 5,06

A3 Matrix phase 3,67 1.04 0,03 19.86 22,04 0,41

Minor phase 4,21 1,09 0.08 1757 24,47 0

B2F Matrix phase 0.72 0,27 0,03 - 19.64 0,82

Grain boundary phase, analysis I 29.79 0 0 - 3.08 0

Grain boundary phase, analysis П Z95 0 0,01 * 16.49 0,38

C2 Matrix phase 0,19 30.02 7.14 * 2826 0.32

Minor phase 0.24 1Z32 1820 32,19 0,04-028

7.7 Microstucture prediction and X-ray analysis

In Table 13 the predicted microstructures of the tested materials are shown along with the results of the X- 

ray analysis of the materials. The materials analyzed were Al, Cl, C2, C3, B2, A2, A3, A4, B1 as well as 

the fluidized bed nitrided Al, A4, Bl. B2, Cl and C3. X-ray analysis was not performed for C3 and A3. In 

Table 13 the results of the optical analysis of ferrite content of Al, A2 and C2 are also shown. In the 

determination of the microstructures the Schaeffler-DeLong diagrams (Smith, 1993, Zheng, 1993) were 

used. The Cr- and Ni- equivalents of Guiraldeng (1967) and Hull (1973), as well as of Zheng (1993), were 

used in the prediction of the microstructure as follows:
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G ui ral deng : Cr-equivalent: % Cr + 2 % Mo + 1.5 % Si + % Nb + 4 % Ti

Ni-equivalent: % Ni +30 % C + 30 % N

Hull: Cr-equivalent: 9b Cr + 1,21 % Mo + 0,48 % Si + 0,14 % Nb + 2,2 9b Ti + 2,27 9b V + 2,48

% Al + 0,72 % W + 0.21 Ta

Ni-equivalent: % Ni+ 0,11 % Mn - 0,0086(7c Mn)2 + 24,5 % C + 18,4% N + 0,44 % Cu 

+ 0,41 % Со

Zheng: Cr-equivalent: 9b Cr + 1,5 % Mo + 0,5 % Si + 2,3 % V + 2,5 % Al

Ni-equivalent: % Ni + 0,12 % Mn - 0,0086(% Mn)2 +30 % C + 18 % N

Table 13. Prediction of the microstructures of tested materials by Schaeffler - DeLong-diagram using Gr

and Ni-equivalents of Guiraldeng, Hull and Zheng as compared with the result of X-ray analysis 

and optical phase analysis. The fluidized bed nitrided materials are marked with the letter N after 

the material name.

Material Cfeq /
Cutral-

NW
Cutral-

Ferme (%) CiW
Hull

NW
HuÖ (%)

GW
Zheng

NW
Zheng

Fame
(%y
X-ray

<%y

AI 28.60 18.10 7.5 2131 16,07 20 16.10 no 8.2 6.7

AI N 28.60 25.60 0 2131 20.67 0 »42 20,60 no 0

Al 3165 15-54 35.0 2458 925 40.0 2522 ’47 2£2 765

A3 25,68 17.05 7.0 2164 9,18 280 g.” УЗ 255 * 20

A4 28.70 17,07 15,0 2150 10.97 17,0 2191 11,19 и» 43

A4 N 28, X) 23.67 20 2150 15,02 40 2191 15.15 no 9,0

Bl 29.02 24,77 0 2627 20.75 20 27.04 20.68 no 0

Bl N 29.02 2838 0 2627 23.09 0 27.04 22.97 no 0

B2 20.61 31.12 0 2029 1814 0 20J1 1833 no 0

B2N 20.61 3922 0 2029 23.11 0 20 Л 23.19 no 0

Cl 39.44 34,99 0 3327 30.61 0 33.60 30.38 no 0

Cl N 39.44 43.99 0 3357 36,13 0 35.ee 35.78 no 0

C2 42,54 30.18 13.0 36.29 26.41 10,0 3854 25.89 255------------- 0 9.1

C3 39.27 35.57 0 33.26 30.60 0 3556 ЭО J 7 no *

C3N 39.27 5137 О 3376 40.91 0 35.39 40.45 ____ -— 0

As in section 5.5 was presented, the Cr-equivalents of Guiraldeng and Hull have values up to 30 and Ni- 

equivalents up to 40. The Cr-equivalents of Zheng used with the modified diagram can have values up to 40 

and Ni-equivalents up to to 35. As from Table 13 can be noticed, some Cr- and Ni-equivalents have values 

higher than these upper limits. In these cases the lines representing the austenite/ferrite border line and 

varying contents of ferrite have been extrapolated in order to be able to make an estimation of the

microstructure.

When comparing the results of the ferrite content analysis by optical analysis with those of the X-ray 
analysis and the predicted ferrite contents, it can be seen, that in general, they agree fairly well. However, 
C2 makes an exception. According to X-ray analysis, it contains no ferrite, whereas according to optical 

analysis the ferrite content is 9,1 % and the predicted ferrite contents 10 -13 9b.
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From Table 13 it can also be seen, that an increased nitrogen content of the material as a result of the 

fluidized bed nitridng treatment reduces the amount of ferrite in the microstructure of the materials 

consisting of mixtures of austenite and ferrite. This can be seen to take place for Al, A4 and Bl. For A1 the 

predicted ferrite content is 2,0 - 7,5 % and after fluidized bed treatment the ferrite content is 0 %. 

According to X-ray analysis the ferrite content of Al is 8,2 and after fluidized bed treatment 0 %. The 

predicted ferrite content for A4 is 15 - 17 % and for the fluidized bed nitrided A4 2,0 - 4,0. According to X- 

ray analysis the ferrite content of A4 is 43 % and after fluidized bed nitriding 9,0 %. The predicted f erite 
content for В l is 0 - 2,0 % and after fluidized bed nitriding 0 %. According to X-ray-analysis the ferrite 

content of В1 as well as that of the fluidized bed nitrided Bl is 0 % . The X-ray spectra for A4 and fluidized 

bed nitrided A4 are shown in Figures 47 and 48 and as can be seen the area of the ferrite peaks has 

decreased and the area of the austenite peaks has increased markedly as a result of the increased nitrogen 

content due to fluidized bed nitriding.
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Figure 47. X-ray spectrum of A4 showing austenite and ferrite peaks.
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Figure 48. X-ray spectrum of fluidized bed nitrided A4 showing austenite and ferrite peaks.

8. Discussion

8.1 Optical microscopy and SEM

The irregular grain boundaries in the microstructures of fluidized bed nitrided B2- and Cl-powder particles 

might be due to nitride precipitation at the grain boundaries. These nitrides are most likely chromium 

nitrides (Cr2N). The differences in the microstructures of as-atomized and fluidized bed nitrided A1-powder 

particles is most likely due to solid state transformation of ferrite into austenite, since the nitrogen content 

of the powder panicles has increased and nitrogen is known to be an austenite stabilizing element.

The microstructure of HIPed A1 consists most likely of austenite as the matrix phase and ferrite as the 

minor phase. The microstructure of HIPed fluidized bed nitrided A1 is fully austenitic and the 

dissappearence of the ferrite phase can be explained by the increase in the nitrogen content as a result of 

fluidized bed nitriding treatment of A1-powder. Nitrogen is a strong austenite stabilizing element and the 

nitrogen content (0,54 wt-% N) of HIPed fluidized bed nitrided A1 is so high, that ferrite is no longer 

stabile. The irregularities at the grain boundaries of HIPed fluidized bed nitrided A1 are probably chromium
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nitrides, which have not been dissolved during the solution heat treatment. The solution heat treatment 

temperature of 1200 °C is not high enough, since the theoretical solution heat treatment temperature should 

be higher, for example 1225 °C. The reason for the higher solution heat treatment temperature is that the 

theoretical analysis always has certain error limits and the analysis is limited to equilibrium situations. 

Therefore, it is possible, that the solution heat treatment temperature is too low.

The two main phases in HIPed A2 are most likely austenite and ferrite. The precipitates in the other main 

phase and at the grain boundaries cannot be evaluated by optical microscopy. The two main phases in the 

microstructure of HIPed A4 are also most likely austenite and ferrite. The precipitates in the other main 

phase can not be evaluated by optical microscopy either. The amount of the other main phase in HIPed 

fluidized bed nitrided A4 has decreased and the precipitates have disappeared. It is most likely, that the 

amount of austenite has increased and the amount of ferrite has decreased. This due to the increased 

nitrogen content as a result of the fluidized bed treatment, and since nitrogen is a strong austenite 

stabilizing element, the amount of ferrite should decrease. The disappearance of the precipitates may be 

possibly explained by the increased solubility of the precipitated elements into austenite due to the higher 

amount of austenite in the microstructure. The large inclusions in the fluidized bed nitrided HIPed B2 and 

A4, as well as in B2, are probably from lining material of the melt crucible of the atomizing equipment. The 

main phase in the C2 is most likely austenite and the minor grain boundary phase is ferrite.

The irregularities at the grain boundaries of the HIPed fluidized bed nitrided B2 and Cl are possibly 

chromium nitrides or impurities segregated to the grain boundaries. The possibility, that chromium nitrides 

would have been precipitated at the grain boundaries is not likely, since the solution heat treatment 

temperature was high enough according to thermodynamic calculations. The prior powder particle 

boundaries are visible, since all the fluidized bed nitrided powders were more or less oxidised and therefore, 
the oxide films on the surface of the powder particles are entrapped during HIPing forming inclusions 

which cannot be dissolved afterwards.

The equiaxed and/or dendritic microstructure of powder particles are typical for gas atomized stainless steel 

powder particles. The materials studied were highly alloyed and together with the rapid cooling rates 

associated with gas atomizing favor the resulting microstructure. The occasionally existing elongated 

powder particles are most probably formed as a result of coalescence of two melt droplets at the beginning 

of their solidification. The satellite formation is also typical for gas atomized powders. The increased 

satellite formation of the fluidized bed nitrided powders is most likely due to the partial sintering of the 

smaller powder particles with the bigger powder particles at the nitriding temperature (740 - 800 °C).
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8.2 Thermodynamic calculations

The thermodynamic calculations of total nitrogen solubilities performed for the materials in order to 

determine solubility of nitrogen into austenite phase and in the melt agree with the earlier reported results 

(Zheng, 1991). In other words, nitrogen solubility into austenite increases with decreasing temperature for 

all the materials. Total nitrogen solubility in the molten steels also increases with decreasing temperature. 

The effect of composition can be seen clearly, i.e., the higher the content of the elements (Cr, Mn, ...) 

increasing nitrogen solubility, the higher the total nitrogen solubility. Similarly, the higher the content of 

the elements decreasing nitrogen solubility (Ni, Si,...), the lower the total nitrogen solubility. The pressure 

was considered to be the atmospheric pressure in all the analyses, and thus the effect of pressure could not

be demonstrated.

The analyses performed in order to determine maximum nitrogen solubility both in the melt and in the 

austenite, as well as the maximum nitrogen solubility and beginning of Cr2N-formation, are all based upon 

equilibrium conditions. However, this is rarely the case in reality and therefore, these analyses must be 

considered as basic guidelines in determining the suitable nitrogen contents for the steels and tor the 

suitable solution annealing temperatures. This can be noticed from the solution annealing temperatures 

utilized in practice being sometimes clearly higher than those determined by the thermodynamic 

calculations.

8.3 Thermogravimetric analysis

The main conclusions that can be drawn from the results of the thermogravimetric analyses are that the 

increase in weight, i.e., increase in nitrogen content, is in general the higher the higher the hold 

temperature is and the smaller the particle size range of the powder sample is. The chemical composition of 

the powder samples also affects the increase in weight of the powder sample.

The effect of the hold temperature on the increase in weight of the powder samples can be most likely 

explained by diffusion characteristics of nitrogen. Nitrogen diffusion to the surface of the powder particles 
and into the interior of the powder particles becomes faster as temperature increases. In other words, as 

temperature increases, the amount of nitrogen diffused into the powder particles increases, when the holding 

time at the hold temperature is the same, as it was in the analysis performed. The influence of the end 

temperature to the increase in weight is related in addition to the kinetics of nitrogen absorption, to the 

reduction of the oxide layers due to the presence of hydrogen in the gas mixture. Reduction of the oxide 

layers depends on temperature and the dew point of the atmosphere (Lall, 1991). The dew point of the gas 

mixture used in the tests was - 60 °C and therefore, in the beginning of the tests when temperature begins to 

increase, iron and molybdenum oxides of the oxide layers on the surfaces of the powder particles are likely
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to be reduced to some extent. As the is further increased, the reduction of other oxides, such as chromium-, 

manganese- and even silicon oxides, are likely to take place. However, the dew point of the atmosphere in 

the furnace of the thermogravimetric equipment is not known exactly. This means, that the reduction 

processes may not take place as effectively as possible, since the temperature for the reduction of the above 

mentioned oxides increases as the dew point of the atmosphere increases (Lall, 1991).

The effect of the particle size range of the powder samples on the increase in weight can be explained by 

the specific surface area of the powder samples and by the thickness of the oxide layers on the surfaces of 

the powder particles. The specific surface area of the powder particles increases as the particle size of the 

powders decreases. Therefore, as the particle size of the powder particles decreases, there is more surface 

area for nitrogen atoms to diffuse into the surface of the powder particles and the amount of diffused 

nitrogen into the powder particles increases. Powder particles have oxide films on their surfaces, which 

decrease the diffusion rate of nitrogen atoms into the powder particles. The thicknesses of these oxide films 

have been reported according to ESCA- and Auger-analyses to decrease as the particle size of the powder 

particles decreases for water atomized austenitic stainless steel powders (Nyborg et al., 1990A). This is 

explained to be due to the more rapid cooling rate of the smaller powder particles as compared with that of 

the bigger powder particles. On the other hand, it has also been reported, that according to ESCA- and 

Auger-analyses for gas atomized martensitic powders, the oxide thickness on the surface of the powder 

particles is independent of the particle size (Nyborg and Oiefjord, 1988B). The lack of information on the 

thicknesses of the oxide layers on the surface of the powder particles of gas atomized austenitic stainless 

steel powders leaves the dicussion of the particle size dependence of the oxide layers on the surface of the 

powder particles open. If the oxide layer on the surfaces of gas atomized austenitic stainless steel powders 

decreases with decreasing particle size, it would partially explain the particle size effect on the increase in 

weight in the thermogravimetric analysis, i.e., the thinner the oxide layer on the surface of the powder 

particles, the easier it is for nitrogen atoms to diffuse into the powder particles.

The effect of chemical composition of the powders on the increase in weight can be explained by the effect 

of different alloying elements on nitrogen solubility. In other words the increase in weight, i.e., increase in 

nitrogen content, depends on the amount of elements that increase nitrogen solubility (Cr, Mn, Mo,...) and 

on elements that decrease nitrogen solubility (Ni, Si,...). As in section 7.2 in Figure 28 is shown, according 

to thermodynamic calculations nitrogen solubility at 700 °C into the materials tested in thermogravimetric 

analysis in decreasing order is A3, B2, A4, Bl, Al, C2 and Cl. At 750 °C the respective order of nitrogen 

solubility is A3, B2, A4, Bl, C2, A1 and Cl. At 800 °C the corresponding order is A3, B2, A4, Bl, C2, Cl 

and Al. Increase in weight, i.e., increase in nitrogen content at the above mentioned temperatures for the 

materials with the particle size range of 74 - 88 pm does not entirely follow the same order as according to 

the thermodynamic calculations. At 700 °C the increase in weight of the materials in decreasing order is 

A3, B2, A4, C2, Cl, B1 and Al. At 750 °C the respective order is A3, A4, B2, C2, B1 and Cl. At 800 °C 

the corresponding order is A3, B2, A4, C2, Bl, Cl and Al. However, in general, the higher nitrogen
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solubility the higher the increase in weight. The deviations from the general behaviour observed are likely 

to be related to differences in the compositions of the oxide layers and thickness of the oxide films on the 

surface of the powder particles. For example, A1 has the lowest nitrogen solubility and it also contains 4,0 

wt-% Si, which means, that the oxide layer is likely to contain more Si-oxide as the other materials, which 

is stable up to at least 1100 - 1200 °C when the dew point is - 60 °C and therefore reduction of the Si-oxides 

does not take place in these tests. This means, that the nitrogen absorption process is slowed down. The 

compositions of the oxide layers at the surface of the powder particles, when other alloying elements are 

considered, should also affect the nitrogen absorption process. For example, Cl contains Mo and also more 

Cr than B2 and should therefore have a more stable oxide layer on the surfaces of the powder panicles (Lall, 

1991).

All the deviations from the general behaviour of the thermogravimetric analysis both during the increase of 

the temperature to the hold temperature, as well as during the holding time at the holding temperature are 

related to the fact, that the atmosphere contains nitrogen, which diffuses into the powder particles, and 

hydrogen, which is supposed to react with the oxides on the surface of the powder particles, i.e., reduction of 
the oxide films are taking place at the same time. This would especially explain why the weight of some of 

the powder samples remain unchanged, or even decrease during the analysis. The assumption, that both 

nitrogen absorption and oxide film reduction processes are taking place at the same time during the 

thermogravimetric analysis is supported by the DTA-curve in Figure 31. The above mentioned behaviour 

during the holding time at the holding temperature, i.e., no change in the weight or even reduction in the 

weight takes place in most cases in samples with the highest particle size range of 210 - 250 pm. This is 

probably related to the thicker oxide layers of the powder particles as compared to the finer powders. The 

thicker the oxide layer is the more difficult the absorption of nitrogen is, and, additionally, the longer the 

reduction processes last. Therefore, the reduction of weight caused by the reduction of the oxide layers is 

greater than the increase in weight caused by the nitrogen absorption. The DTA-curves also reveal, that in 

the beginning of the tests, exothermic reactions (nitrogen absorption) take place to a greater extent as 

compared with the endothermic reactions (reduction of the oxide layers). The reduction processes of the 

oxide layers take place in the beginning of the analysis reaching a maximum at appr. 100 - 160 °C, after 

which the nitrogen absorption processes become more dominant reaching a maximum at appr. 380 - 420 °C 

for the materials tested. Thereafter, the reduction processes become stronger, in some cases even dominant 

over absorption processes, which in turn explains the weight reduction taking place during the holding time 

at the end temperatures in some experiments. In the beginning of the tests, Fe- and Mo-oxides are likely to 

be reduced up to temperatures of about 500 °C, after which Cr- and Mn-oxides are likely to start to reduce 

depending on the composition of the powder.
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8.4 Fluidized bed nitriding

Nitrogen contents of the fluidized bed nitrided powders depends on the nitriding temperature, mtnding 

time, particle size distribution of the powders and the powder material. Oxygen contents of the powders 

depends on the material and purity of the nitriding gases as well as on the furnace.

The effect of the nitriding temperature on the nitrogen content can be explained by the higher diffusion rate 

of nitrogen atoms in austenite as the nitriding temperature increases. As a result, the nitrogen content of 

the powders is the higher the higher the nitriding temperature is when the nitriding time is constant. Also, 

nitriding takes place the faster the higher the nitriding temperature is. In other words, nitriding time can be 

reduced by increasing the nitriding temperature. In general, it can be concluded, that there are not 

significant differences in the nitriding temperatures and nitriding times between the different matenals 

except for C3. for which the nitriding time was clearly longer than that for the other materials. The reason 
for the higher nitriding temperature and nitriding time C3 (800 °C/lh 30min) as compared with Cl (760 

OQ40 min) is difficult to determine. Their chemical compositions do not markedly differ from each other, 

except for the Mn-content. The Mn-content of Cl is 1,77 wt-% and 3,62 wt-% for C3, respectively. Since 

manganese has been reported to segregate to the surfaces of the powder particles during atomizing (Nyborg 

et al, 1988A) and since it is also stable at the nitriding temperatures at the dew point levels most likely to 

be achieved (> - 66 °C) (Lall, 1991), it can be assumed, that the oxide layer is more stable and thicker on 

the surface of C2-powder particles as compared with that of Cl-powder particles. Therefore, diffusion of 

nitrogen atoms into the C2-powder particles is slower than into Cl-powder particles. The dew point of the 

atmospheres in the furnaces during nitriding are not known. Cl-powder was nitrided in the Sarlin LP-25- 

fumace and C3 in the 1100 IP -10 - 3-fumace. The dew point of the atmospheres during nitriding can vary 

between these furnaces. The dew point of the gases used during nitriding are according to Aga Oy -60 ... - 

66 °C, but it is very likely, that the dew point in the furnaces is higher, which also increases the stability of

the Mn-oxide films on the surface of the powders.

The effect of panicle size distribution on the nitriding behaviour can be explained by the specific surface 

area of the powder panicles. The smaller the panicle size is the higher the specific surface area of the 

powder panicles and. therefore, the higher the nitrogen content. The thickness of the oxide film on the 

surface of the powder particles may also affect the panicle size effect on the nitrogen content of the powder 

particles, as already was discussed in Section 8.3.

The problem of sintered powder on the walls and the bottom of the fluidized bed furnace chamber depends 

on temperature and on the shape of the chamber. The upper limit for the suitable nitriding temperature 

seems to be in the order of 770 - 800 °C. At higher temperatures the amount of more or less loosely 

sintered powder on the walls and the bottom of the furnace chamber becomes unacceptably high. Even at 

800 °C the amount of sintered СЗ-powder (- 10 %) is perhaps too high. However, the effect of the mtnding
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temperature on the amount of sintered powder can be explained by the fact, that the higher the temperature 

is the higher the diffusion rates of different alloying elements are. Therefore, it is likely, that the velocity of 
the powder particles near the walls of the furnace chamber is not high enough to prevent the powder 

particles from sintering. The shape of the furnace chamber has also some effect on the amount of powder 

sintered on the walls of the furnace chamber. The bottom of the chamber of the 1100 JP - 10 - 3-fumace is 

conical, whereas that of the Sarlin LP 25-fumace is flat. In the tests it was observed that the amount of 

sintered powder was smaller in tests made with the 1100 JP - 10 - 3-fumace as compared with those made 

with Sarlin LP 25-fumace. This can be explained by a more favourable movement of the fluidized powder 

bed in the chamber as a result of the conical shape of the bottom of the 1100 JP - 10 - 3-fumace chamber. 

Sieving of some of the powders (C3, A4 and Bl) before fluidized bed nitriding has also a positive effect, 

since the less the powder bed contains powder particles with particle sizes of < 45 pm, the less easily the

powder is sintered.

The increase in the oxygen contents of the powders during/after fluidized bed nitriding is a result of the 

increase in the amount of surface oxides. The highest increase in the oxygen contents was observed for B2- 

and A1-powders. This can be assumed to be due to the fact, that these materials have high contents of Mn 

and Si, which form stable oxides during nitriding. Another factor affecting the increase in the oxygen 

content is the 02- and HjO-content of the atmosphere being higher (< 20 - 5000 ppm 02 and < 30 -40 ppm 

H20) for these materials than those during nitriding of the other materials (< 2 - 3 ppm 02 and <3-4 ppm 

HjO). In other words, the dew point of the atmosphere during the nitriding of B2- and Al-powders was 

most likely higher than during nitriding of the other materials. This could be explained to be most likely 

due to the higher 02- and HjO-contents of the gases used in the nitriding of B2- and Al-powders as 

compared with those used in the nitriding of A4, В land C3 . However, the increase in the oxygen content 

for Cl-powder during fluidized bed nitriding, which was also nitrided using gases with the higher 02- and 

t^O-content, is actually the lowest of all the materials. Therefore, the 02- and P^O-contents of the gases 

used in the nitriding treatments do not alone give an explanation to the increase in the dew point of the 

atmospheres and the increase in the oxygen content of the powders.

As from Table 9 can be noticed, there are differences in the nitrogen and oxygen contents of the materials 

analysed as powder and HIPed samples. The differences are markedly higher in the case of the oxygen 

contents, except for В2. The reason for the higher oxygen contents of the powder samples as compared with 

those of the HIPed samples can be assumed to be due to the difficulties in performing the analysis for a

powder sample containing a representative particle size distribution. In other words, the oxygen content of 

the powder samples depends on the particle size ranges encountered in the sample. The smaller the the 
powder panicle is the higher its specific surface area is and as a result the higher the oxygen content is. 

Therefore, it is possible, that the powder samples analyzed had high amounts of panicles with small panicle 

sizes. The difference in the nitrogen contents between powder and HIPed samples can also be explained by 

the particle size dependence of nitrogen absorption. In other words, the smaller the particle size, the higher
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the nitrogen content. Therefore, if the powder sample contains high amounts of particles with big particle 

sizes, the nitrogen contents can be smaller than those of the HIPed samples.

The effect of particle size on the oxygen content of the powder particles was also the reason why A4, В1 and 

C3 were sieved to remove powder particles with the particle size < 45 pm from the powder batches, which 

were subsequently fluidized bed nitrided. The powder particles with the particle sizes < 45 pm are likely to 

have high oxygen contents and they were therefore removed in order to minimize the increase in the oxygen 

content of the powders during fluidized bed nitriding. The effect of the sieving on the oxygen content of Dl- 

powder was that the oxygen content decreased (100 ppm) as compared with the unsieved powder. The effect 

of sieving of the smaller particle sizes is likely to depend on their relative amounts in the powder batch, i.e., 

on the particle size distribution of the powder batch. It was not possible to prove any differences in the 

oxygen contents of the different particle size ranges for the materials in the Leco-analysis. On the other 

hand, the powders were exposed to air during sieving, which possibly increased the oxygen contents of the 

powders at least to some extent. Another effect, which the removal of the powder particles with the particle 

size < 45 pm has, is that the increase in the nitrogen content during fluidized bed nitriding is slower. This is

due to the fact, as discussed earlier, that the smaller the powder particle size, the higher the nitrogen 

content. This effect could partly explain the differences between the nitriding kinetics of Cl- and C3- 
powders, since Cl-powder was not sieved in order to remove the powder panicles having panicle sizes < 45 

pm, whereas C3-powder was sieved. Another factor, which might explain the difference in the nitriding 

kinetics of the powders, is the initial oxygen content of the powders. The oxygen content of Cl-powder was 

lower (247 ppm) than that of C3-powder (340 ppm). Therefore it could be possible, that the oxide films are 

thicker on the surface of C3-powder panicles as compared with those of Cl-powder particles. However, it 

should be pointed out, that the oxygen contents of the powders, as well as the HIPed samples, are not alone 

a result of the surface oxide films of the powder particles. The powder particles contain also inclusions, 

which are usually Si- and Al-oxides or their combinations and containing some other impurity elements. 

These inclusions are most likely entrapped into the molten steels from the refractory linings of the melt 

crucible of the gas atomizing equipment.

The oxygen contents of A4- and B2-powders were high already before fluidized bed nitriding. This can be 

due to the poor conditions during atomizing of the powders and due to their high contents of Mn, Cr and/or 

Si. The effect of Mn- contents can be explained by the fact, that B2-powder was HIPed straight after 

atomizing and had an oxygen content of 210 ppm, whereas the powder sample analysed had a oxygen 

content of 680 ppm. This could probably partly be explained by the fact, that the powder sample was stored 

for a relatively long time (the powder was atomized in the U.S.A.) and was oxidized during this time as it 

was exposed to air at least during the handling of the powder. The differences in the oxygen contents of B2 

before and after fluidized bed nitring analysed from powder sample and from the respective HIPed sample 

(Tables 8 and 10) can also be assumed to derive from this origin, at least partially. Therefore, it is assumed, 

that the powder was oxidized and that the high Mn-content of B2-powder was responsible for this in
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accordance with the high Cr-content of the powder. However, the effect of the particle size of the powder on 

the oxygen content and on the result of the LECO-analysis as described above also has an effect on the 

differences between the oxygen contents analysed from powder and HI Fed samples. Similar trends are 

likely to take place for A4.

By mixing fluidized bed nitrided (sieved before nitriding) and sieved powder offers an attractive way to 

control both the nitrogen and oxygen contents of the HIPed materials. This was well demonstrated for Dl, 

which had a low oxygen content (105 ppm) and also the nitrogen content could be adjusted to the target

nitrogn content with reasonable accuracy. The reason for the low oxygen content was due to the sieved 

powder having a low oxygen content (183 ppm) and since its amount in the mixture was clearly higher (86 

wt-%) than that of the fluidized bed nitrided powder (14 wt-%) with the higher oxygen content (437 ppm).

8.5. Surface analysis of the powders with XPS

As from the results of the analysis of the powders before fluidized bed nitriding can be seen, Mn and Si 

segregate into the surface of the powder particles. In the case of Mn this is due to its high vapour pressure 

(Nyborg and Olefjord, 1988A). As a result. Mn exists in gaseous form in the atomizing chamber and Mn is 

condensed on the surfaces of the solidifying powder particles and is oxidized. Manganese is assumed to be 

oxidised already in the melt and during solidification. Mn and Si have high affinities for oxygen, which also 

explains why these elements are segregated on the surfaces of the powder particles. The concentrations of 

Cr and Fe are observed to increase towards the inner parts of the powder particles. Cr has a high affinity for 

oxygen, but its affinity is less than those for Mn and Si, which in turn would explain the concentration 

profile of Cr on the surface of the powder particles. In other words, since Mn and Si have higher affinities 

for oxygen and therefore, they likely segregate more strongly on the surface of the powder particles than Cr. 

The same assumptions are valid also for Mo and Ni. In general, it has been reported, that all the alloying 

elements segregate to the surface of the powder particles despite the high cooling rates (Nyborg, 1988). This 

seems to also be the case for the materials smdied according to the analyses performed. The alloying 

elements are in general oxidized and oxygen comes from the atmosphere of the atomization chamber. 

Despite the fact, that the atmosphere of the atomization chamber is supposed to be inert (N2 or Ar), there is 

always small amounts of oxygen as an impurity.

Nitrogen seems to be also segregated to the surface layers of the powder particles after atomizing, but 

opposite behaviour is observed (B2). too. It is likely, that nitrogen forms nitrides on the surface of A1-. A3- 

and Cl-powder particles. These nitrides are most likely chromium nitrides (Cr2N or CrN). In the case of 

B2-powder it might be possible, that nitrogen does not form chromium nitrides on the surface of the powder 

particles. Instead, it is possible that nitrogen remains in interstitial solid solution.
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As a result of fluidized bed nitriding, nitrogen concentration increases on the surface of Al - and B2-powder 

particles, whereas nitrogen concentration on the surface of Cl-powder particles remains practically 

unchanged. Therefore, it can be concluded, that in general nitrogen concentrates on the surface layers of the 

powder particles during fluidized bed nitriding.

The surface oxide films on the surfaces of the powder particles seem to change their relative compositions 

during/after fluidized bed nitriding. The relative percentages of Mn- and Si-oxides increase, whereas the 

relative percentages of Cr- and Fe-oxides decrease, in general. The relative percentages of Ni-oxides were 

observed to decrease in the case of Cl-powder and to increase for A1-powder. The explanation to these 

changes in the relative percentages of different oxides is most likely that the powders oxidise during 

fluidized bed nitriding and that the main oxides formed are Mn- and Si-oxides. Ni was present in metallic 

form on the surface of A1-powder particles before fluidized bed nitriding and it can be concluded, that Ni is 

oxidised during fluidized bed nitriding. Oxygen content of the powders increased as a result of the fluidized 

bed nitriding according to LECO-analyses, which supports the assumption of powders being oxidised 

during/after fluidized bed nitriding. Reduction of any oxides is not likely to take place, at least it cannot be

observed from the results.

8.6. EPMA-analysis of the consolidated materials

The phases in Al and A3 are most likely austenite and ferrite. The main phase is austenite and the minor 

phase is ferrite. This can be concluded from the different contents of alloying elements in the two phases. In 

other words, the amounts of ferrite favouring elements Si, Cr and Mo have higher contents in the minor 

phase as compared with those of the main phase in both materials. In addition, the contents of austenite 

favouring elements Ni, Mn and N are smaller in the minor phase as compared with those in the main phase. 
Especially, the nitrogen content (0 wt-% N) of the minor phase in both materials strongly supports the

assumption, that it is ferrite.

The phases in C2 are most likely austenite and ferrite. The main phase is austenite and the minor phase is 

ferrite. This can be concluded from the contents of different alloying elements as described above for Al 

and A3. However, the nitrogen content of the minor phase varied according to the analysis between 0,04 - 

0,28 wt-% N. This suggests, that the ferrite phase may contain nitrides, which most likely are chromium 

nitrides, since the Cr-content of the minor phase (ferrite) is relatively high. The Mo-content of the minor 

phase is also clearly higher than that of the main phase, which together with the high Cr-content suggest 

that it might be о-phase as well . It is possible, that ferrite, chromium nitrides and о-phase are exist 

together in the minor phase.
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Fluidized bed nitrided B2 ( = B2 F) consists most likely of austenite phase as the main phase and of grain 

boundary phases, which were analysed to have two different compositions. According to analysis I, the 

grain boundary phase has a high Si-content together with some chromium. This phase is most probably Si- 

oxide, with small amounts of dissolved Cr. According to analysis II, the grain boundary phase has high Gr

and N-contents with small amounts of Si and a negligible amount of Mo. It is likely, that this phase is 

chromium nitride. In other words. Si-oxides and chromium nitrides co-exist at the grain boundaries. 

Furthermore, it can be assumed, that Si-oxides at the grain boundaries have been acting as favourable 

nucléation sites for chromium nitrides.

The main phases in A2 are most propably austenite with a high amount of Si and ferrite. The ferrite phase 

has a higher Cr-content than the phase with high Si-content. Additionally, nitrogen content of the phase 

with high Si-content is clearly higher (0,35 wt-% N) than that of the other phase (0 wt-% N). Similar trend 

can be observed for Mn. From these variations it can be assumed, that the phase with high Si-content is 

austenite and the other phase is ferrite, allthough the ferrite phase has a slightly higher Ni-content as 

compared with that of the phase with high Si-content (austenite). The high Si-content of the austenite phase 

could be explained by the presence of different silicides, namely Mn- and Fe-silicides in the austenite phase, 

since the material has a high Si-content of 5,5 wt-%. However, from the optical micrograph of the material 

(Figure 9) such precipitation cannot be observed, as well as not in the EPMA-analyses. Both grain boundary 
phases have high Cr- and N-contents and substantial amounts of Si and Mo. Therefore, it can be assumed, 

that they are both chromium nitrides, where Si and Mo have been dissolved. The particles in the austenite 

phase have also relatively high Cr- and N-contents together with relatively high Si- and Mo-contents. They 

are most likely chromium nitrides, where Si and Mo have been dissolved. The small particles in the ferrite 

phase are most probably chromium nitrides containing dissolved Si and Mo.

8.7 Microstucture prediction and X-ray-analysis

The predicted microstructure by using the Schaeffler-DeLong-diagram seems to agree fairly well for some 

materials with the results of the X-ray analysis. However, significant differences can also be observed (A2 

and C2). Therefore, it can be concluded, that Schaeffler-DeLong-diagram can be used for the prediction of 

the microstructure of the materials with care. The great difference between the predicted and measured 

ferrite content of A2 could be due to the large amount of precipitates present in the microstructure making 

the X-ray measurements difficult. In the case of C2, the difference could be due to formation of o-phase 

instead of ferrite, as can be assumed from the results of EPMA-analysis (Table 13. Section 7.6.). The 

explanation for the the formation of о-phase instead of ferrite is not quite clear, but it could be due to more 

favourable nucléation of о-phase instead of ferrite at the austenite grain boundaries. In general, the 

effectiveness of the Schaeffler-DeLong-diagram in predicting the resulting microstructure is not vety good, 

since it does not take into account of the cooling rate of the material from the solution heat treatment
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temperature down to room temperature. Similarly, it does not take into account the effect of the solution 

heat treatment on the microstructure, especially, for the materials consisting of austenite and femte phases. 

The validity of the Schaeffler-DeLong-diagram modified by Zheng et al. (1993) was proved at least for the 

studied materials. However, it should be pointed out, that the amount of ferrite cannot be predicted by using 

this diagram. It is valid only for determining whether the material is predicted to contain ferrite or not.

9. Conclusions

Solid state nitriding is an effective way to increase the nitrogen content of austenitic stainless steels to 

higher levels than by molten route manufacturing. Fluidized bed nitriding of gas atomized austenitic 

stainless steel powders using nitrogen-hydrogen gas mixtures is a flexible and effective way to increase 
nitrogen content of the powders. Nitriding temperature and time can be determined from thermogravimetric 

analysis of the powders. The desired nitrogen contents of the powders can be determined by thermodynamic 

calculations using the interaction parameter method.

The oxygen content of the powders, and the HIPed materials is of great importance, since it affects the 

properties of the steels, especially ductility and toughness. Oxygen content of the powders increases during 

fluidized bed nitriding. According to the XPS-analyses the increase in oxygen content is due to the surface 

oxidation of the powders. The amount of Mn- and Si-oxides increases in the surface of the powder particles 

and the main oxidizing element is Mn. Similarly, the gas atomized powders contain large amounts of 

inclusions in their as-atomized condition. These inclusions are most likely originated from the melt crucible

of the atomizing equipment.

From the results of this work it can be concluded, that in order to manufacture solid state nitrided high- 

nitrogen austenitic stainless steels the main interest in the future should be focused on decreasing the 

oxygen content of the powders and their inclusion content. This can be achieved by paying attention to the 

fluidized bed nitriding process, as well as to the entire manufacturing process starting from atomization of 

the powders and finishing with their encapsulation for HIPing.
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APPENDIX 1

Thermodynamic models

The models used for the various phases have been discussed recently in detail especially for all relevant low 

order systems (Frisk, 1990; Jarl, 1978; Hertzman, 1985; Zheng, 1991; Satir-Kolorz, 1989). The models 

used earlier can now be combined to form the Gibbs energy expressions for the phases even in the quinary 
systems. The bcc, fee and £ phases are described with a two-sublattice model (Cr, Fe, Ni, Mo)a (N, Va)c ,

where a and c denote the number of sites on each sublattice. The combined Gibbs energy expression for 

these phases can be given by the expression (Frisk, 1990) :

Gm-Z Zyi>k°Gi:k+RT(aXy¡lnyi +с£уЛУк)+ЕСт + С^ 0)
Ik i к

where i is Cr, Fe, Ni or Mo and k is N or Va. y represents the site fraction. The various0 Gl;k parameters

represent the Gibbs energy of a hypothetical state where all interstitial sites are filled with N when к - N. 
The 0 Gi k parameters are referred to the enthalpy of the stable state of the element i at 298,15 К and 0,1 
MPa (Frisk, 1990). EGm represents the excess Gibbs energy and G¡^ the contribution due to magnetic 
ordering. G^ can be obtained from previous evaluations (Hilleri, 1978). EGm may be represented by the

following expression (Frisk, 1990):

EG=X £ £y¡yj(ykL¡.j:k) +yNyv. £ Li:N,V. + УоУ РеУмо X У kLQ. F=. Mo : к 
I j * i к X I ' *

+ УаУ^УмЕУкЬ»*™ + УоУмоУм^Ук^О.Мо.М:к + У*УмоУ*1Ук4,Мо.М:к 

к к к

+ Х (2)
i j * i

where i and j represent Cr, Fe, Ni or Mo and к again represents N or Va. The L parameters represent 

interactions, and the comma separates elements on the same sublattice whereas the colon separates elements 

on different sublattices. Evaluations of all the parameters in Equations 1 and 2 have been discussed in detail 

elsewhere (Frisk, 1990; Jarl, 1978; Hertzman, 1985; Zheng, 1991; Satir-Kolorz, 1989).
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The liquid phase can be described with a substitutional solution model, with the Gibbs energy expression 

(Frisk, 1990):

0„-1х,=0; + RT Xxilnxi ♦ EG.

and using the following expression for the excess Gibbs energy (Frisk, 1990):

'Gm = X E^jkj+E £ SLi-i.l +X G*Fe XNXMLCr,Fe,N.

¡ j 1
Ni

i J

(3)

(4)

where i, j and 1 represent Cr, Fe, Mo, Ni or N. In the summations we have j ^ i, 1 ^ i and 1 Ф j and i, j and 

1 should be given in alphabetical order. All the quaternary parameters except the one listed in the above 

expression (4) have been set to zero and are therefore not included in the summation.
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Appendix 2. Nitrogen solubility in austenite and maximum interstitially dissolved nitrogen as a function of 
temperature for A1 according to thermodynamic calculations using the interaction parameter method.

f»ipLePPUlP<U1
рЯИ^ЯОИ.*
и1И0Я®Яг10

•О ui Я O' «N i/> Я UI
О О Г- "Г И UI О

-в О О О О «И * w ,Л я я » ЯЯЯИЯЯЯР^РЯ 
«№lЛЛnHlЛ4^

H'NOOinvmo'O
иниООООР«
O' О Г- » о «л о о о
ОООООООО I
ООО о о о о

Я О <N ♦ Р Р ¡TiH'eHPJUlOuliJ' 
Я » р. *иО©Я^еООТиаэн>»гч© 
ri ази1и1Янри1еЯг1исо

~ птРР«еряои1»л
O и p U1 Я Я

p ui <e зs ® я

ui ui Oя ui p O Pi н
О О и * § in

ж O O O O O

O O O O O

P 9> В |Л O

U1 Я O O O O

h O

6 6

я Í ff> B P ©
»1 O Pi ^ P P4 O'
Г' O O e f Я

PN »H 00 Pi O' n
ui o e p e

O M PN
я ri in in 

и O

O H
|ЛМвЯ«|Л«ГН(1М1П 
ООи^ООЯННЯО 
i о и ээ и * я O «O

ии®ииМЯЯи100ии10»
оянояиотио*и«г o
asaouio^or^eo я я
ОНЯОМНОП • и •*
PN О и * и Я O О О ни
г-00033000 1 и O

ifl (4 H 1Л * ifl в
_ n « 00 * Pl CB «
. 1в Я H В В N » O
он * h o v <ч o

O O H O
я p» r»
O я Я

»яп^пивп 
f N Я » J> В
Я o Pi Я P* P

и О О я я я

иниирряря
ЯЯИЯИНГЧЯН

я^ввг'яОнФО
— -г Я Я О В O

o o

t ff t В О В

t (N о л в В

14 о О 14 » H

о о о о о

Я|Л«|ЛВОООО в « в в в в «
N я О О В Р 
OrtiPPB®*^Я U3 О О »* Я Р -г r-< .О rlВЯЯВОШЯЯВЯР/1

яряна>нр'ея i m О
тЯ-ГНг-1<->ПОИ f «
hOHBHhHHÿ ОТ и
ri r- • Ul G OT UI » О 50 IN

О PN fl О О О О но

НИМЯРЯРЧ^И Я
О 1 в В О

МВПВВРВВ 
нЯЯОиряПнО 

иЯРВОЯяино 
■еЯЯСОТЭнОТО 
ОП'еОООТИЯ 
X О — » О Р» о о оГ-ООООООО I

1Л 1Л В n П 1Л 9
о Р Я H U1 О

1 ОТ H 1 О » Я
O PN P» О 1 О Н

В«И|Л*|ЛВООО 
п «я % н ял
н и Я Я d » О

° о 

о

♦ (ЧЯ?№ВВОПЛНПОТОР«ЯРРи1ОТЯОТ-* —
»OlBHBJ'i/'PPi/'PN

rîlflpBtflOlBPiii я в о Р о

UlUIOTPpOTriLOOHd 

ЯРЯ»р1|Л*9>^

я*|ЛЯр|П*ВР В|ЛЯ(1П
о я от ^ я р

? § ui Я н О О

UI ОТ «Л PN В 1 в в о

я и н «е я Pi
О и

о о о о

UIHUIHSOPUlPNOTPen^PPNæe 
МЯ»'РВВГ(<»ПГ<ВНГ1Н9'ВО 
©П^РРЯИЯРИИНИ^ИОТ» 

* р - SDXpserivPNPNHHr-t^vO 
ООЯяЯРОРИЯОЯЯЯЯЯ HBirtíiOtfPiOB I П О

О Я*ВОВ»6ВОВ СО оо Р я
о ОиЯРЯНГ«яни * о

о* HOHHHOPiOOO I о

и и и я р ui и
P О Р Я ОТ ^ Pi
О* V Я Я Я PN О

Í Я (1 О î1 Î1 rtг« г** н О Н 1/1 я
Н О О О О н о

HP*>«U1HP<.PNPNU1®U1PÍHU1^lP1®0000
OTPNOOHUIHUIO * PN » CD » И Я Я
НЯН . Я PN * О « Я И Н Я Я PN * О

«г н ui н ui

_ _ О н
• о • Н

1 В В В Ф * 
В Я в в » в |П в в в о в

О H M N В P 1-

Н О Я PN • ОНО

*В911ЧНРВ-»Я
ияяряиняо
1/1Р«ЯОНи1ОТОТ
рОТРЯЯОТЯОТО
ОТг1ННОТ01ЯН

Н И Р ОТ UI и PN
н н Я О О Р> Pi

в в n о о в 
V « Н О н Я 
в О Pi »OH 
Н О О О О H

и 2 8 •
ООО*

о
PN О 

О Н

(XPIBBB NHBNB
H UI О «Pi «я » н я

» О » я н н я я м »
о «ОН «НО я PN

О ООН

HU1HU1H®P<iP«rOTPNHUiPP
я ui о se v

ОРЧЯРРОиНи1РР1/1Р1ОТО
» г». »ODOTPUIUIPNHOTUIOTHOT

UI UI я я
р PN H U) Я Я

PN О H О О О

PPPUISBOQP

ЯТНиВВ^ВГ)
pnppnotoohOH

HUiHHHOOOUlO
о ui Pi Я О О • Н я

ОЯЯОООТирО 
píuihO^®píp» « 
О О Pi • О н о о о
нООООнОО •

ООО О О О о

PN U1 ОТ Я Р1 И ui * ui я о о о VHi/1HU1HOTU1PU1
~ от от о от и

Я О PN Я Р Р»
Я • Г» » ОТ Я U1 Я Р
hOOot«totuiotoui

U1 Н о я H UI PN

Pi р от от от от
U1U1OTOTOTOHPN

•v от p р от /ч о v f-i 
РЯНРРЯЯЯОТ

р я р я е н
н ♦ я я я н
ui н я н Pi н
VOTHHPOTPNO

Ul о о я я я о

® S О
n П 01 Я U1 

Я Н 01 О « ti
ЯЯ01ЯООООНЯЯ

от н и от я pí

Ul Ul PN Я »

О 

О Р

oiHuiHoeuiH 
íi 
О

я я я я
Я Н Я Р О) я о
PI b 01 Н (1 «

Я Я Н 01
иОООТ^отяротсвя^

íi н 
н О
яяяняяяя
ЯОЯЯ01НЯР

я ui ui я н В 31 X 1

f S
î S

ОТ 0. M U H -H
v e и u z x

í i 
5 S 2

s 1 8 2 S
■ h h i «eux UUoieiû.û-tftfrU v I J IIIÖ s? I



161
Appendix 3. Nitrogen solubility in austenite and maximum interstitially dissolved nitrogen as a tunction of

temperature for A2 according to thermodynamic calculations using the interaction parameter method.
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Appendix 4. Nitrogen solubility in austenite and maximum interstitially dissolved nitrogen as a function of 
temperature for A3 according to thermodynamic calculations using the interaction parameter method.
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Appendix 5. Nitrogen solubility in austenite and maximum interstitially dissolved nitrogen as a function ot

temperature for A4 according to thermodynamic calculations using the interaction parameter method.
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Appendix 7. Nitrogen solubility in austenite and maximum interstitially dissolved nitrogen as a function of

temperature for B2 according to thermodynamic calculations using the interaction parameter method.
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Appendix 8. Nitrogen solubility in austenite and maximum interstidally dissolved nitrogen as a function of 
temperature for Cl according to thermodynamic calculations using the interaction parameter method
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Appendix 9. Nitrogen solubility in austenite and maximum interstitially dissolved nitrogen as a function of

temperature for C2 according to thermodynamic calculations using the interaction parameter method.
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Appendix 10. Nitrogen solubility in austenite and maximum interstitially dissolved nitrogen as a function of
temperature for C3 according to thermodynamic calculations using the interaction parameter method
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Appendix 11. Nitrogen solubility into the melt as a function of temperature for A1 according to thermodynamic 

calculations using the interaction parameter method.
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Appendix 12. Nitrogen solubility into the melt as a function of temperature for A2 according to thermodynamic
calculations using the interaction parameter method.
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Appendix 13. Nitrogen solubility into the melt as a function of temperature for A3 according to thermodynamic
calculations using the interaction parameter method.
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Appendix 14. Nitrogen solubility into the melt as a function of temperature for A4 according to thermodynamic

calculations using the interaction parameter method.
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Appendix 15. Nitrogen solubility into the melt as a function of temperature for B1 according to thermodynamic
calculations using the interaction parameter method.

173

CN ГЛ 05 4- T CO 05 CO p- vo p* œ sO CO 05 О ил CN
P' H со ГЛ O ил p* o H o ГЛ V o ил о гл ГЛ

(N O c lf) o (N гл ГЛ o Г" 05 05
o ил CN CN o H ил 05 o o CO Cd o CN Ы o Cd H H

O CN O ГЛ o O Г' o o o o H SO o (N œ ил
O o H o o o H

o o o o o 2 0

o o 1 o 1 1 o r- 1 o 1 o

гл н ил г» <n гл тCN M Г4 H CO Cl
CN • О 1Л (N П

o 'COsoTOocrsr^inocNOso© 
хоилглилилооол • о со • н

о гч ил ил т гл о о ыоошо 
о m о н > *■ о г*- о <N <о -
ОО ' Н ' О ' ' гЧ Г~- О

х 'О О ' О О 4 ' I
О О I О • I о г-

HHinf'CNHirøv^rcNN-sor'soHinsosocNsoinøvososo
[•х (N Г4 Н СО ГО О xinCNHCNODCDOOi-v^rOOO Н so
н о » х - - 'ООГ'Т'ОГ'Р'О^ i ocjii hi гл н
(N х О If) CN (N О riiílh^NOOMONblHti] (N05 

о гЧ (N О ГЛ O Н 'ОННОЧ1ЛОГО Г" СО
ОО *НО '005 ' ' ' ' ' ' Н
' 'О - I О ' ' с о о о ю о '

о О • О t О SO I II I о

(Ч (Ч fs H 0D ГО О »Nin^CDOHOOOt
r-, о ' ' ' - «ONHlOlflOíCDOI i tro
(N - О 1Л CN CN О гЧСОЮчОгЧОСЧЫЫОЭ

o Н CN OMOHOOHNNW
ОО 'H ' 'OOD ' H 
''О 'ОО ''N-' 

О О I О I I О из I о

40 v O' О СО
О CD О CN N-

U Н Ы из Ч*
со о 05 so н
(N ' ' ' СЧ

гл 05 N* р* со CN SO so so ил Г" ил so 05 о ГЛ Г'
H CD гл о о SO ил чг о о о SO о œ so

o о со so г> CN H OD г~ ЧГ 1 CN
Cd

рх 1Г

ил CN CN о н 05 so ØV SO о гл ы И н Cd H O CN
o H CN о гл о H CO о н (N ил ' н о ил so '

о о H о р- г» о о ' о
о o о о ЧГ о

о о c о SO н 1

ГЛ H tn Г' CN И
CN CN Г' Н СО

CN ' О 1Л CN
О Н

irØi^rsOr^CNHØvUDCNSOHCOinCNØvOr^Ø' 
ГЛ О 'СОНгЧСОиЛОЛГ'ООгЧОШО гЧ (N 
' xOODCNCNOOCOCN I CN UO I ГЛ i H SO

ГЧ О HHC'CNOlOinWOI Ы i—* Ы irr'
CN O N* О CN x©HH0U5C50CN 1Л CD

O O ' i—< О - O SO O i-i O ' 'CN
''О ' I О - ' ' ' ' О ил О '

О О i О I О SO О О гЧ I I I О

r5Hinr*'CNmrr05irCN4O03«T'r<OuOSO
рх (Ч [v н со го о ^p'sosoosomr'O
ОН о ' ' ' ' '0050Dr^mCN05aD
гЧ ' о If) CN CN О гЧ CN О (N Ш О so 

о гч CN о f ' н ал о н
ООО '''О '
' ' I О О О '40

<Т Ч1 Id го ¡л о
ГО ГО О ^ О

Cd о Г' Cd н 
ил о so œ о

ил Т 
Г' Г'
so о
Ч* чу
' ГЛ 

О '
I о

(N
05

IdNCNrOVfftVCNHNHOfftfOiflCNlOld^OlONCl
CN Г' гЧ CD ГЛ О ^чООР'иЛгНГ'ЧООГ'СООГЛО SOIT)
О ' ' ' ' 'OOSOHHO<J5U5l Ч- 40 i ил I 0ЭО5

x О иЛ (N CN О СЧЧСОХООСОЫОССИнЫ ГЛОО HCN O'TOCN'OrHOSOr'COOSO 'Н
ОО » H Н ' О ГЛ О H CN - ' 04-
''О '«О ' ' ' ' ' О sO I '

о О I О I О so О О гЧ I I О

CN
со о
н

о

ил Г*4 
Г'

О)ГЛ1,СТ5«ГГ-ОНС005Ч-Ч-иЭС0ОиЛО05ОГЛЧ'
Н СО ГЛ О 'U5CN05CNlf)CNCOOHHOfOO HP'
' ' ' 'ОН’Г^Ч'ГООО I SD H I SO I VOSO

U5 CN (N О (NSOODHlfiHCNCdOOCdHM 05 If)
HCN О'УОГЛОООГ^ООЛСООГЛ (NO

OO ' H ' ' ' CN O H (Л ' ' 4 иЛ
' 'О 'HOO ' ' - 'Op- о

o O I O I I SO О О Н I I «о

CN ГЛ 
H œ

trOV^ONOldflCN'í'ÚHVOldldff'O'úCD 
РЛО 'иЛиЛГЛСОГЧГ'тЧОГ'Г'ОЧ'О (NO

X «.OCNHCNCQCDOCNI P'HI Г*« I SOU- 
(NO CNC0054-OHCNMO(Nb3i-lb3 05SO
CN O'TOHr-lOCN'yOOCOOH НГЛ

OO ' H ' ' О г-I O (N T ' ' 'SO
x'O 'HO «.'''' О СО О

О О I О I I О so О О H I I I o

Г4' O' 
H ' о 

о

(NM^eV'f^'^'P'^VlOVSOfOininfflOVOVOH 
НСОГЛО 'SOOHHOCNffSOHHOinO ГЛ Г*4

X X X хОГЛГЛСОиЛиЛНН i 05 05 I OD * Ifllf)
U5 CN CN O CNOasCOSOr-liyMON-WHH со H

HCN Olf>©r5HO(NS0OHC5O05 O CN
O O ' H ' ' O O CN Id ' I ' 03
ххО'НО' ' x x O O'

0 0*0110 ООН* I o

CN
Z -H

h а и tn
C H 
2 Z

•n -ir t t t t T CL И
•ofl) fl) Q) fl) tr m i-i M МтлО’лта'О"' 

h fljHC-HLiflItyMCMMMO'OOdPU>ZUM2ZU>2U2U>U>htZ



Appendix 16. Nitrogen solubility into the melt as a function of temperature for B2 according to thermodynamic
calculations using the interaction parameter method.

Г- О IN (N » О 

(N O O O r-f О

mCNvr-CD^GDOr-iODOvr^
(N O CS 00 'S И Г- i NO ^ ' «
„ »пч^^ООЫО^ЫОЫ 
OOCSOnOOCSnOOOOCDOP4 
© » © »»OUI »Oft ' %

» 0»00**'0*ч0
O CS

О ff* n
cs m
О H
ui о
S H 

» CS
о » 
I о

cs
cs

N ts H N ^ (Л 
о ui cs cs » о

о о оно

03CDHHCSNSU1UÎ4rONNSNOO
csœvoHcsr-to^ovinoo'H
•r n r~ n a\ V m i v O i » •VfNíNrt^OlNUOlWOU
©OCSOnOOOONOON^OP»
o » » O » » ' S* »O »»» 
»oo » o o o -o » es о чу 

O I o • • UI i O • 1

O s1 Ui
o nO
O H
о h 
sfl UI 

» es
o » 
• o

mHp'-csi-icNvøui 
r» o ui es es » o
H » » » ON »
rs O O o 11 o

(IHNCSriNyOlfl
rs o ui rs es « o

ClHf^CSHCSNOUl
r» o ui es es » o
es o o o «i o

iNCDOJlflHIflNUIHfSvO'iOOfl'i
CNvirUIHHNOONO^O^H oes
vO <S H O' CC чг CS I CS ON • P* I UI r**
«rO'rHtOObUOO'UCU тн
o »eso »orsesooeso^ ui O'
oo »oo » о чу » » no »» »es

» О » i о » »oo »oui о 
o i о i О ui I (Sil 1 О

,,Vfl'C'fflln(1inNO"íO'00(NO<
m nO OOUimP'OO'TOC'r- U3 UN
аз p» o on æ »r o i о о I f4 ■ ^ ®
vUlvO^HOHbJOOMoUl Ч0Н
o<sesor»oo*v » и s © r»
OO »O » » »HO *03 * *■

» »o » O O O » • O » O O
o o • o » • ui rs i •

» H
o » 
I o

inP»U)«rP-P''SOOO'OUN.-' H O'
OP-P'-OUI^HiHnOI®* U1r-1
Ul'OP'CSUIOS'Cdi-ifObJOM COI
otsrsop'OHp'Oi-ii-'Or» riv
oo »O » » O CS О И H »» » »

» »o »oo » » * »»Of4- oo
o o • o • I o 1Л O O ro • I •

Hfir-esHCSNOUi.
es o ui es es » o

es о о оно

UlONHO'r-HUir^O'OHOOr'S- 
__ _ P»0'P'U'CDOO'rOHH CD 03
CS CO UI О чу ry <—• I чу CS I O' ■ ON'S

t^ON<soNOCDti3HHUoU3 eses
esrsor^orncDoesr^ocD »o
o »O » » o H o H H » » oui

. »o »OO » * * * * O CD • '
O* O* i O UI O O e*1 • 1 o

œ m

UI
o
o

и
f*
O'

Г'
œ

ra
03

H

r*

r< rs h es n» tn 
o ui es n £ o

p» es ri es no ui
o ui es rs » o

» » » O' '
О О оно

r» es h rs vo ui « 
o ui es rs » o

o O OHO

r* es h es v» ui 
o ui es rs » o
O O OHO

rs. (s h es 'S ui « 
o m es es * o

o O OHO

rsœoNvODes^uic^^NCuiC'oœui 
fSNfffHfiiiinHOHBOhO ves
ui O' H H И O <N I 'S H I 0> l ^ 0>
uiœHesoDOvUuiONUoM oui
o es н о » »OHoesulOH eses
OO » O O O » »OHS» »I 'NC
»»©»iiOU1»'»0 o »

TC40'P»H-«rr»U1CSrS'¿> 
р-гИНО'0'^OOS'irOr'iv 
p о m h CD 1Л r I O' Ul i О Iinr«1(1NNOU»UNNUfHUOOHOOOVHOHS-Oh
© » »o » » O O O H O' » '

» О О 'О 
О I О I

ШП N s 
о ui V UI 
Ув (IO CS 
о н ui es
о н H о

» О 'О -
о 'О » о

О I О I

ON ON О ON O'

O'

i г-, г» es m и
es ui O' н es
н se œ н p»
чс es es O'
© H H о »

O O ? O

œ es v no v
H H N5 r< O'
<5 o es n es
ns «p o es es
O PI 'P о O
O O 'O '

» » © » H
© O I O I

о о н о »
о U1 О о и 1 1 1 O

O' O' U1 O' es NC г- ON о m Ul
'S о H чр о о о ui es
UI œ о И Г-
О о и 'S ы н Ы
о UI о чр о и v

о O' О O
о о о

о О 1 1 о 14

SC U1 UI V s ON O' о O' P»
O' Л1 о Г' es о р» о 1—1 H
UI U1 O' 'S m s
о U1 ы es Ul Cl] и ы NO O
о U1 Ul Г' о 4P O

О œ о U1
о о

О s* о о V 1 1 О H

4P U1 Ul es O' NS 4P O' о œ P*
es 03 о о (S о U) о œ U)
'S г< 4P es 03 03

о о j- U1 UI ы н W 03 чу
о 'S H 'S н о U1 œ чу

о P*- о H O' es ON
о о

о о О O

Z H C H U 
HCUO0)ZZU>

т-i 4) 4) 4) 1) -n t—i -n U< 
U-HCHbUVbC
ucnxzu>zuz

Ц -h O’ *r"' O' O'
и u, и o’ 0 о
U > U > H H Z



175

Appendix 17. Nitrogen solubility into the melt as a function of temperature for C1 according to thermodynamic

calculations using the interaction parameter method.
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Appendix 18. Nitrogen solubility into the melt as a function of temperature for C2 according to thermodynamic
calculations using the interaction parameter method.
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Appendix 19. Nitrogen solubility into the melt as a function of temperature for C3 according to thermodynamic

calculations using the interaction parameter method.
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