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ABSTRACT 

This study examines the effect that a partial substitution of nickel with nitrogen has on the 

deformation behaviour of a metastable austenitic stainless steel, AISI 301. The effect on the 

tensile deformation behaviour is studied in detail at various temperatures, and the effect on 

impact behaviour at room temperature is given brief attention. 

The uniform straining ability of a metast'!.ble austenitic stainless steel, such as AISI 301, which is 

used for stretch forming applications, is promoted by transformation-induced plasticity (1RIP), 

which depends on the manner in which deformation-induced martensite forms during straining. 

This includes both the rate of martensite formation, and the stage at which the martensite is 

formed. In particular, incipient necking is resisted when martensite forms gradually and 

selectively, preventing the formation and propagation of micronecks and microcracks. 

· The microstructures of ten alloys, each having a type 301 base composition, but systematically 

varying nickel-nitrogen ratios, were characterized before and after tensile. deformation~ using 

optical and electron microscopy as well as X-ray diffraction techniques. Tensile tests were 

performed on solution treated specimens at temperatures of 0, 20, 60 and 120°C. The 

martensite volume fraction present after a true tensile strain of 0.3 was measured, and the work

hardening behaviour of the alloys was characterized up to the point of maximum uniform 

elongation. 

All the alloys considered, showed fully austenitic microstructures at the solution treatment 

temperature (1050°C), and the indications are~ that nitrogen is fully dissolved. The austenite 
stability of the alloys however, varies at room temperature.· Alloys containing approximatelyS 

wt% nickel, with a maximum nitrogen content of 0.28 wt%, contain up to 97% retained 
austenite, whereas alloys with 3.4 wt% nickel and the same maximum nitrogen content, contain 

only up to 63% retained austenite. 

The austenite stability is shown to affect the extent to which the 1RIP behaviour occurs in the 
experimental alloys. In particular, the greatest ductility is provided by alloys containing 
approximately 5 wt% nickel and nitrogen contents in the range 0.14 - 0.16 wt%. This ductility is 

shown to be comparable to the AISI 301 alloy when deformed at 20, 60, and 120°C. 

The addition of nitrogen results in much increased strength compared to AISI 301, due to the 
interstitial solution hardening effect of nitrogen in austenite, and to a greater extent in 

martensite. Furthermore, pronounced serrated flow is identified in the experimental alloys 
when deformed at 60°C, whereas the behaviour is absent in AISI 301. Both these factors need to 
be considered when taking into account the formability of the experimental alloys. This study 
illustrates the potential for obtaining much cheaper 1RIP alloys relative to AISI 301, and at the 

same time indicates some of the limitations associated with alloying element substitution. 
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INTRODUCTION 

1.1 General 

The development of austenitic stainless steels which are easily shaped and formed, started with 

the development of controlled-transformation (CT) stainless steels about thirty years ago<1). 

These steels were developed to overcome fabrication difficulties encountered with previously 

used high strength steels. The alloy chemistry of the CT steels produced a fully austenitic 

structure, which was then easily deformed into the required shape. Thereafter, the finished 
* . 

product was either cooled to below the Ms temperature , producing martensite, or aged at 

700°C to precipitate carbides, and thus produce martensite by raising the Ms to above room 

temperature. At that time it was even more difficult to control the alloy composition 

accurately than it is nowadays, and the Ms temperature, which is especially sensitive to 

interstitial elements such as carbon and nitrogen, was consequently also difficult to control(2). 

Ensuing research in the late 1960's, saw the development of metastable austenitic stainless 

steels, as well as transformation-induced plasticity (TRIP) steels. In these steels, strengthening 

due to martensite transformation occurs during rather than after deformation, eliminating the 

need for post-deformation strengthening processes. Moreover, under favourable conditions, 

the formation of martensite during deformation can enhance ductility, and elongations in 

excess of 100% have been achieved with some TRIP alloys(3). In order to achieve elongations 

of such magnitude, the progression of martensite transformation must be carefully controlled 

(in as far as this is . possible). This requires accurate steel-making procedures and an 

understanding of the effect which variations in temperature and alloy composition have on the 

martensite formation. 

1.2 Aim of Research 

Considerable work was carried out on the reduction of the nickel content in austenitic stainless 
steels during the mid 1950's to mid 1960's(4-7). The primary reason for exploring alternative 

alloy compositions was, and remains, the relatively high cost of nickel as an alloying element, 

of which type AISI 304 and AISI 316 contain 8 - 12 wt%. In many instances, a combination of 

manganese and nitrogen as substitutes has been adopted, and much of this work has led to the 
development of the AISI 200 series alloys. A comprehensive study by Nijhawan et.al has 

shown that nickel-free Cr-Mn-N steels, containing up to 15 wt% Mn and 0.6 wt% N, have 

comparable properties to AISI 304 and are successful for applications such as household 
utensils, motor car and railway fittings, hospital ware and dairy equipment(7). Manganese, 

although classed as a very weak delta-ferrite former<6), stabilizes the austenite phase. Nitrogen 

* Ms : Temperature below which martensite forms spontaneously on cooling 
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acts both as a potent austenite former (approximately 20 to 30 times the potency of nickel) and 

as an austenite stabilizer. It can therefore be expected that the various combinations of these 

elements have an influence on the stability of the austenite and on the overall mechanical 

properties of the steel. 
\ 

The present study looks more closely at the consequences of modifying the nickel-to-nitrogen 

ratio of AISI 301, and of special interest is the effect on the transformation-induced plasticity 

(1RIP) phenomenon. A metastable austenitic stainless steel such as AISI 301 is used for 

products which require moderate strengthS, and are produced by stretch forming processes, 

which rely on the attainment of good uniform straining ability (ductility). Type 301 alloys 

nominally contain 6 to 8 wt% nickel, and the objective of this study is to investigate the effects 

of the substitution of a limited amount of nickel content with nitrogen, on the microstructure

property relationships. In particular, this study has involved the microstructural investigation 

of some twenty alloy compositions from which ten were selected for the purposes of 

mechanical testing. The work involved a detailed study of the tensile deformation behaviour at 

various temperatures, and a brief study of the impact properties at room temperature. 

The study contributes towards a better understanding of how a partial substitution of nickel 

with nitrogen affects the tensile deformation behaviour of a type 301 steel. The advantages as 

well as the limitations are discussed in the context of the development of metastable alloys 

which are more cost efficient than type 301 and achieve equivalent levels of ductility. 
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CHAPTER.2 

LITERATURE REVIEW 

2.1 DESCRIPTION OF AUSTENITIC STAINLESS STEELS 

2.1.1 General 

Austenitic stainless steels exhibit a good combination of mechanical properties as can be seen 

from the following table: 

MILD 220 430 18-25 

MARTENSITIC 400-900 900-2000 10-20 
e.g.431 

FERRITIC 280-450 450-580 20-35 
e.g430 

AUSTENITIC 300-500 800-1300 45-65 
e.g. 301 

Table 2.1 Comparison of mechanical tensile properties of mild, ferritic and austenitic Steels(8,9). 

Mild steels contain typically less than 1 % total alloying additions. (the· balance being iron) and 

are relatively cheap. However, due to their low corrosion resistance they are increasingly being 

replaced by stainless steels which contain 12-26% chrornium{lO). Martensitic and ferritic 

(Fe-Cr) stainless steels contain much less nickel (0-1 %) than their austenitic counterparts and 

are therefore generally cheaper. However they generally have lower formability and toughness 

than the austenitics. For this reason, austenitic (Fe-Cr-Ni) stainless steels, are mostly used in 

applications which require good corrosion resistance and formability. Of the family of 

austenitic stainless steels, the AISI 300 series is perhaps the most widely used. The alloy 

compositions of some AISI 300 stainless steels are given in table 2.2. 

301 
302 
304 
310 
316 

16-18 
17-19 
18-20 
24-26 
16-18 

6-8 
8-10 
8-12 
19-22 
10-14 

.15 

.15 

.08 

.25 

.08 

2.00 
2.00 
2.00 
2.00 
2.00 

1.00 
1.00 
1.00 
1.50 
1.00 

Table 2.2 Specified analysis (wt%) of the AISI 300 series austenitic stainless steeis(11). 
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These are but a few examples of austenitic stainless steels which are utilized in petrochemical, 

food, medical and transport industries and owe their widespread application to their excellent 

combination of mechanical and physical properties. 

2.1.2 Chemistry of Anstenitic Stainless Steels 

The formation of austenite at solution heat treatment temperatures is controlled by alloying 

elements, which lower the chemical free energy of the face-centred cubic austenite (1) phase 

with respect to the body-centred cubic delta-ferrite ( &) phase. Alloying elements which 

promote this behaviour are referred to as austenite forming elements. The retention of 

austenite in the microstructure during cooling and during any degree of deformation is also 

controlled by alloying elements. Alloying elements which promote this behaviour are ref erred 

to as austenite stabilizing elements • 

(a) Anstenite formation 

Nitrogen and carbon are the two most powerful austenite formers followed by nickel, which is 

approximately 25 to 30 times weaker in its austenite forming ability<1•2>. Thus, since nitrogen 

and carbon have such a pronounced effect, it is essential that they are closely controlled in 

steel-making. The addition of nickel to 18%Cr steels increases the austenite forming ability 

considerably<10>. A 18%Cr-8%Ni-0.1 %C steel (type 304) has an M5 temperature (the 

temperature below which martensite starts to form) just below ambient and stable austenite is 

retained after cooling from the solution treatment temperature to room temperature. The 

composition of the steel is situated close to the austenite/ferrite boq.ndary as shown in figure 

2.1 and hence the steel may contain some &-ferrite. 

The relative effect of alloying additions is often expressed in terms of their nickel equivalent 

(Ni' ) and chromium equivalent (Cr') respectively: 

[Ni' J(lO,ll} = (Ni] + (Co] + 0.5(Mn] + 30(C] + 25[NJ +0.3[Cu] 

[Cr' J(l0,11) = [Cr] + 2.0[Si] + 1.5[Mo] + 5(V] + 5.5(Al] + 1.75[Nb] + 1.5[Ti] + 0.75[WJ 

where [ ] = weight percent 

The austenite forming elements contribute towards increasing the nickel equivalent and the 

ferrite forming elements towards increasing the chromium equivalent. The significant 

contribution of nitrogen and carbon towards increasing Ni', can be seen in the magnitude of 

their coefficients. Considerable care must be taken in applying such equations if there is any 

undissolved carbide, particularly in steels containing titanium or niobium. However, it is 

possible to make adjustments for the effect of such undissolved carbides<10>. 
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austenitic 
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Figure 2.1 Effect of nickel and chromium on the constitution of 0.1 %C steels at 900°C. At 18%Cr the amount of 
nickel required for an austenitic microstructure is a minimum and is approximately 8%<10). 

(b) Austenite stabilization 

The stability of the austenite phase depends on the combination of the alloy composition, 

temperature and deformation history of the material. 
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Figure 2.2 Schematic illustration showing chemical free energy of austenite. and martensite as a function of 
temperature<12). 
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The chemical free energies of austenite and martensite vary with temperature as shown in 

figure 2.2. At T 0 , the equilibrium temperature, the chemical free energies of the austenite and 

martensite phases are in equilibrium. For martensite to form, its free energy must be low 

enough so that the free energy change, of austenite on transforming to martensite, is large 

enough to enable the. reaction to overcome the activation energy barrier between the austenitic 

and martensitic states<13). It is due to this barrier that martensite does not form spontaneously 

at T0 , but only after a certain degree of undercooling, (usually about 200-300°C) at the Ms 

temperature. The difference of free energies between austenite and martensite AG(Ms)1--a' is 

the critical chemical driving force for the start of the martensitic transformation. When stress 

is applied to austenite at T 1 (between Ms and T 0 ), the mechanical driving force U' due to the 

stress, is added to the chemical driving force hG(T 1) 1--a'. Note that AG(Ms),.a' = U' + 
AG(T1) 1 .. a·. The applied stress can be .resolved into the shear stress and the normal stress 

components. Since the martensitic transformation proceeds by a shear mechanism<14), the 

applied resolved shear stress along a potential habit plane aids the transformation reaction. 

The reaction may however be aided or opposed by the resolved normal stress component, 

depending on wether it is tensile or compressive respectively<3•13): The temperature above 

which no austenite to martensite transformation appeared to occur was termed the Md 

temperature, corresponding to T 0 in figure 2.2(15). However, it was found that this only 

applied at low strains, since at high strains martensite can be obtained well above this 'plastic 

critical temperature'. Hence AngeI(13) suggested that the concept of a true 'plastic critical 

temperature' be replaced by that of a 'transition temperature' i.e. the temperature of transition 

from martensite formation, to slip in austenite as the primary mechanism of deformation. 

/ 

It has long been recognized that slip in austenite competes as a deformation mode. with 
transformation to martensite<16). Angel thus introduced the Md30 temperature, which 'he 

defined arbitrarily as the characteristic temperature, at which 50% martensite is formed in 
tension after a true strain of 0.30. This temperature will vary with the method of deformation 

i.e. different values will be obtained for deformation by tension and by compression. Angel 

also derived a multiple regression equation by statistical methods, making two assumptions: 

(1) The effect of alloying elements on the Md30 is additive i.e. there is no interaction between 
elements; 

(2) The effect varies linearly with the weight per cent of the elements. 

The Md temperature-composition relationship derived by Angel is given by: 

~30(°C) = 413 - 9.5[Ni] - 462[C + N] - 9.2[Si] -8.l[Mn] - 13.7[Cr] - 18.S[Mo] 

where [ ] = weight per cent 

Angel points out that the equation was found to be statistically accurate for all alloying 
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elements except Mo, Si and Ni. He suggests that the equation can be further improved upon 

by talcing into account possible interactions between elements and using a wider range for Mo, 

Si and Ni. One other formula for the Mc130 temperature, which differs from Angel's equation 
in only two terms i.e. the constant term and the. nickel term is given by(10): · 

Md30(°C) = 497 • 20[Ni] • 462[C + N] - 9.2[Si] • 8.l[Mn] - 13.7[Cr] - 185[Mo] 
.__ ________________________ -· . -·- ·--- -·--·--

The reported Ms temperature-composition relationships differ widely and in general are only 
valid for the composition range for which they were derived(l7). Two equations which have 

been used most often in the literature are: 

+1305 -61.1 -41.7 -33.3 -27.8 -1667 -1667 

+502 -30 -12 -13 -810 -1230 -46 -54 

where [ ] = wt per cent 

Table 2.3 Equations for calculating Ms temperatures most often used in current literature. 

Nitrogen and carbon reduce the Ms significantly as can be seen by the magnitude of their 
coefficients in table 2.3 and are 30 to 40 times more effective in doing so than nickel. Nickel is 

the only element which is capable of reducing the ferrite-forming tendency sufficiently without 
depressing the Ms too far(l). Cr, Si and Mo stabilize austenite in the same way as Ni, Mn, C 
and N<13). If the potency of nickel in reducing deformation-induced transformation is _ 

arbitrarily assigned the value 1.0 then the relative potencies of the other elements in solid 
solution are<18>: 

c 21.6 
N 17.1 
Ni 1.0 
Mn 0.683 
Cr 0.515 

Table 2.4 Relative austenite stabilizing potencies of alloying elements in solid solution. 

At low carbon and nitrogen levels, the austenite stabilizing effect is outweighed by the 
strengthening of the martensite phase, so that an increase in either carbon and/or nitrogen 
increases the tensile strength. At high levels, the stabilizing effect is predominant and an 
increase in one and/or the other element results in a decrease in tensile strength. The yield 
strengthening effect of the alloying elements C, N, Ni, Mn,, and Cr is more pronounced in 
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martensite than in austenite as can be seen from table 2.5: 

c +2450 +6700 
N +1670 +2660 
Ni -11 -10 

Mn +4 +150 
Cr +42 +260 

Table 2.5 Yield strengthening ability of alloying elements(lS). 

2.2 DEFORMATION BEHAVIOUR OF AUSTENITIC STAINLESS STEELS 

In a stable austenitic steel, martensite does not form during deformation and the ability of the 

austenite phase to deform uniformly determines the maximum uniform elongation. In 

contrast, the elongation of a metastable steel is determined by the formation of deformation

induced martensite, which can either enhance or impair the uniform straining ability. 

2.2.1 Deformation of Stable Austenite 

Stable austenite has a higher stacking fault energy (SFE) than metastable austenite. The Fe

Cr-Ni austenitic steels have stacking fault energies in the range 5 - 60 mJm-2(19). Nickel raises 

the SFE, while nitrogen, carbon and manganese tend to lower the SFE of austeniteC20). The 

work-hardening rate depends on the stacking fault energy, and raising the SFE lowers the 

work-hardening rateC21). During deformation of a stable steel. the work-hardening rate 

decreases continuously, giving rise to the parabolic stress-strain curve typical of polycrystalline 
face-centred cubic metals<22). In general, a decrease in the work-hardening rate will lower the 

maximum uniform elongation and be detrimental to stretch-forming characteristics unless 
there is a corresponding decrease in the level of the flow stress(10). The latter can be achieved 

by lowerillg the initial proof stress value, by coarsening of the grain size and the addition of 

alloying elements which increase the SFE but have as small a solid-solution strengthening as 

possible. 
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2.2.2 Deformation of Metastable Austenite 

The SFE of metastable austenite is lower than that of stable austenite and hence the work

hardening rates are higher in the former due to the formation of martensite during 

deformation. The amount of deformation-induced martensite with increasing strain tends 

asymptotically towards a particular value, which varies according to deformation temperature 
as shown in figure 2.3. 

100 

- 80 1--+----'¥-~~-:;::::>"'4--:;::;~--r-:=t:==i--r--~ 
~ 

~ 601----+----1--1-1---,.<'---+----<1:>-L----+-"7""---1i-----t---;----r--~1 
....... 
(j') 

z 
~ 40 1-----V--+-+-l---7'1--~~--+---t---t---t---r----:----; 
0:: 
<! 

2 20 l----l--A-+--rl-~4--+---r---v-----t-~~---r---r---1 

Figure 2.3 Formation of martensite by plastic tensile strain at various deformation temperaturesC13). 

From this figure it can be seen that the maximum amount of deformation-induced martensite 

decreases as the deformation temperature increases. In the beginning stages martensite 

formation is stimulated but as deformation progresses, this stimulating effect becomes a 

stabilizing one instead. Generally transformation does not start until a certain stress threshold 
is reached and this threshold value is generally higher, the higher the temperature and the 
higher the austenite stability(13). 

Barclay studied the deformation mechanisms and associated microstructures with increasing 

strain in type 301 <23
). Table 2.7 summarizes his observations at particular strain intervals: 



.08-.10 

.20 

.30 

.60 

>.60 

Dislocation tangles form into dense cells 

Appearance of stacking faults 

Increase in stacking fault density 

Heavy dislocation density in austcnite 

Deformation ~ns of lenticular shape form 

Martensite plates form 

Martensite volume fraction increases 

Twinned austenite volume fraction increases 

Austenite dislocation density is veIY heavy 

Twin-like martensite structure forms 
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Table 2. 7 Course of martensite formation as a function of true strain in a type 301 stainless steel(23) 

At low strains (0.08-0.10) the work-hardening rate of the steel is low. As the stacking fault 

density increases, martensite starts to form and the work-hardening rate increases . As more 

and more martensite is formed during continued straining and because this martensite is 

strong, the flow stress rapidly increases as the martensite itself starts to participate in the 

deformation<10). During straining a transformation strain is produced, which augments the 

applied strain. This results in high uniform elongations and thus type 301 steel is very suitable 

for stretch-forming operations. This plastic deformation behaviour is dealt with in more detail 

in the next section. 

2.2.3 Transformation-Induced Plasticity (TRIP) 

The enhancement of the ductility of an alloy due to the onset of deformation-induced 

martensite transformation· is known as 'transformation-induced plasticity' (TRIP)<14). This 

acronym refers to the phenomenon as well as the alloys themselves which were first developed 

by Zackay and co-workers (a typical composition being Fe-9.4%Cr-7.7%Ni-3.0%Mn-2.8%Si-

3.9%Mo-0.28%C/3). The elongation was found to increase significantly when the 

transformation was gradual and occurred primarily at regions of incipient necking. High 

strength TRIP steels have been examined for some time, so as to understand the influence of 
transformation on various mechanical properties. 

Huang et.al. (24) found that for type 304 steel the work-hardening rate goes through a minimum 

at low strains and then increases to a maximum at intermediate strains. At strains just prior to 
the minimum in work-hardening, it has been shown that the deformation-induced martensite 

transformation begins<25•26). Hence at strains beyond those which produce a minimum in 

work-hardening rate, the transformation rate and correspondingly the volume fraction of 
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martensite increases, resulting in an increase in strength by the continual refinement of the 

martensite and austenite mixture. As a result, measured work-hardening rate values increase 

significantly with strain. As the martensite volume fraction increases to near saturation for a 

particular test temperature, the composite microstructure deforms and dynamic recovery 

results in a decrease in work-hardening rate with strain. At higher temperatures, the extent of 

the transformation at a given strain is lower and the magnitude of the peak in work-hardening 

rate decreases. At temperatures where martensite formation is insignificant, the work

hardening rate decreases continuously with an increase in strain (i.e. above the Md). 

Huang et.al. propose that maximum uniform elongations are produced when the increase in 

flow stress due to martensite formation becomes less pronounced together with a more gradual 

decrease in work-hardening rate at high strains(24). They found that above the Md the induced 
' 

martensite transformation did not occur and hence the resultant work-hardening rate was low 

at high strains, producing low uniform elongations. Also the uniform elongation decreased as 

test temperature increased above the Md. Rosen et.al. (27) found that type 301 has a distinct 

strain peak on the elongation vs. test temperature curve as can be seen in figure 2.4. Type 304 

also exhibits a peak but it is less pronounced. 
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Figure 2.4 Elongation to failure versus testing temperature for type 301 and 304 steels for different heat
treatments. (27) 

The test temperature at which the uniform elongation (or elongation to failure) of an alloy is at 

its maximum, is known as the maximum elongation temperature (MET). It has been shown 

that the MET for metastable steels lies between the Ms and Mi16•24•27•28•29.30) • At the MET 
the (optimum) rate of martensite formation leads to an optimum work-hardening rate and thus 

to maximum elongationC16). Martensite is formed little by little during deformation up to 
fracture. Tamura et.al. (Jl) propose two mechanisms by which transformation-induced plasticity 

is achieved: 
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(1) Suppression of necki.ng: At regions of micronecking more martensite is induced than in the 

unnecked adjacent regions. ,Hence the necked regions are hardened more than the 

adjacent ones, so that the micronecks cease to grow. Deformation then occurs 

preferentially in the regions adjacent to the micronecks. 

(2) Suppression of initiation and propagation of microcracks: Stress localizations in austenite 

may be relaxed by the formation of martensite at the regions, where the stress is 

concentrated during deformation. In this way the initiation of microcracks is suppressed. 

In the case of microcracks already having been initiated, their propagation will be 

suppressed as the stress is concentrated at the crack tip, so that martensite is induced 

ahead of the crack. This relaxes the crack tip stress concentration and counteracts crack 

propagation. 

Above the Md, where no deformation-induced martensite is formed, work-hardening of the 

austenite is too low to prevent failure at the site of incipient necking. Regions developing 

micronecks are not strengthened because no martensite is formed, so that the micronecks grow 

unchecked. Microcrack initiation and propagation occurs easily. Close to the Ms, ductility is 

also low since martensite, the inherent ductility of which is low, forms rapidly and the 

martensite saturation level is reached at low strains. Plasticity is impaired rather than 

enhanced by transformation and the resultant elongation is low, as is characteristic of 

martensitic stainless steels. 

Type 301 has been reported to have the following maximum elongation temperatures in 

uniaxial tension: 

Bressanelli & Moskowitz(32) 
Fukase et.al. (33) 
Rosen et.al. (27) 

50 
52 
55 

Table 2.8 Maximum elongation temperatures of type 301 steel as quoted by various authors. 

Type 301 decarburized steel has an MET of 85°C, whereas type 304 has an MET between 40-
450C. The elongation vs temperature peak of type 304 is broader; hence the larger MET 

range. It has been reported that no martensite is formed before a certain strain is reached in 
type 304 and 301 (27). This effect was more pronounced in type 304 than type 301 and was 

attributed to the presence of finely dispersed inclusions, which were not present in type 301. 

These second phase particles were thought to set up stress concentrations, which in tum trigger 

the formation of martensite plates uniformly throughout the specimen. 

A common feature of the elongation to failure vs test temperature curve is its asymmetry i.e. a 
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sharp drop in fracture strain values occurs above the MET, compared with a more moderate 

decline below this temperature(12,27). (Type 301 curve in figure 2.4 ). At test temperatures 

close to the MET, the difference in the amount of martensite in the neck and adjacent zone 

(undergoing uniform elongation) is large, suggesting a large increase in the rate of formation of 

martensite late in the deformation process(28). The necked region in type 304 was1ound to 

contain up to 70% martensite, whereas the adjacent zone contained typically 30-40%(24). At 

temperatures further removed from the MET, the difference is less and most of the martensite 

is formed too generally and at too small a strain to increase stability at an incipient neck (at 

temperatures below MET), or insufficient martensite is formed (at temperatures above the 

MET). It is important to note that the occurrence of a large amount of martensite in the 

uniformly elongated zone has not necessarily coincided with what was previously found to be 

the MET. What is required is a large amount of martensite late in the deformation processC28, 

at strategic co-ordinates of potential neckingC27). 

The effect of a change in alloy composition on the austenite stability is shown in figure 2.5, 

which shows the effect of increasing the nickel content from 8 to 16% in a 9%Cr-2%Mn steel. 

Austenite in the steel containing 8% nickel transforms to martensite at a rate faster than the 

optimum (which is equivalent to deformation below the MET), while the one containing 16% 

nickel undergoes no transformation (which is equivalent to deformation above the Md). The 

steel containing 12% nickel undergoes transformation at the optimum rate (which is equivalent 

to deformation at the MET) and consequently has a high uniform elongation. 
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Figure 2.5 Engineering stress-strain curves for three steels containing 9%Cr, 2%Mn and different nickel contents 
(i.e 8%Ni, 12%Ni and 16%Ni) deformed 70% at 45D°C and tested at -78°C.(34) 

From the above it is evident that it is not so much the total amount of martensite formed that 

determines the ductility but rather the stage at which it is formed. It has been found that 

mechanical instability is promoted when transformation occurs mainly during the early stages 
of deformationC35), but if transformation is delayed in the straining sequence, concomitant 
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work-hardening will result in enhanced ductility. The martensite formation is autocatalytic, 

which means that the formation of a certain amount of martensite is able to act as a catalyst in 

accelerating the formation of additional martensite<18), The autocatalytic nature of the 

martensite formation arises due to the dilational and coherency strains produced in the 

surrounding structure and it follows that the sooner the first martensite is formed, the more 

pronounced will be the autocatalytic effect. Furthermore, bursts of martensite have been 

observed to occur at early stages of deformation which resulted in low elongations<31). Thus 

the conditions for obtaining the optimum uniform elongation are: 

( 1) The first martensite which forms, must not form too early or too late during the 

deformation process; 

(2) The martensite formation must be gradual; 

(3) The martensite must form selectively i.e. at points of potential instability. 

2.2.4 Stress-Assisted and Strain-Induced Ma11ensite 

A variety of terms have been used to describe the martensite transformation as it occurs during 

mechanical straining. Commonly 'strain-induced martensite' is used to distinguish between 

martensite formed spontaneously during cooling and martensite formed during deformation 

with no specific implication about the role of stress or strain in its formation(lS,24,25.36). Some 

authors use more precise definitions of 'stress-induced' and 'strain-induced' martensite to 

distinguish between that martensite that forms either before or after plastic yielding 

respectiveiy(16.34). However, such operational definition of these terms ignores any difference 

in the martensite morphology or between mechanisms for martensite formation. Strictly 

speaking, one should differentiate between the two, because strain-induced martensite has a 

morphology, distribution and temperature dependence which are quite different from that 

martensite which is stress-induced. In many cases the two types of martensite do not form 

simultaneously and one type of martensite may form to the exclusion of the other. 

The terms 'strain-induced' and 'stress-assisted' have been used to avoid confusion and are 

defined as follows: 

Stress-assisted: Platelike martensite that forms in the presence of an applied stress by essentially 

the same nucleation and growth process that results in the spontaneous 

formation of the martensite which forms during the cooling of unstressed and 

unstrained austenite. Stress-assisted martensite can form above as well as 

below the spontaneous, unstressed M5 temperature; it can also form in 

plastically deformed austenite even after considerable plastic strain<37). The 

formation of stress-assisted martensite precedes slip in austenite and hence the 
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condition for its formation is that U-,...a· < aYIELo 
7 

(16). 

Strain-induced: Lath-like martensite which is that transformation product which forms as direct 

consequence of plastic deformation and which apparently occurs by a . 

mechanism distinctly different from that of stress-assisted martensite, and its 

morphology, distribution and temperature dependence and . other 
characteristics are quite different<37). The formation of strain-induced 

martensite occurs as a consequence of slip in austenite and hence the condition 

necessary for its formation is that a,,...a· > aYIELD ,{16>. 

Seethar~man<14) defines the temperature Ms0 as the temperature below which stress-assisted 

nucleation of martensite occurs and above which strain-induced nucleation occurs (Figure 2.6). 

Hence stress-assisted martensite forms close to the Ms while strain-induced martensite forms 

close to the Mi34>. 
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Figure 2.6 Variation of critical stress required for the onset of the transformation at different temperatures.<14) 

The critical applied stress for martensite formation shows a linear dependence only between 

Ms and Msa· Beyond Msa the stress required would exceed the flow stress of the parent phase 
and thus cause plastic deformation of this phase. 

The role of plastic deformation has been a subject of controversy. Olson and Cohen(38,39) 

firmly believe that the intersection of slip bands produced as result of plastic deformation acts 
as a nucleation site for martensite. In contrast Tamura<12) has expressed the opinion that local 
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stress concentration near the grain boundaries due to the pile-up of dislocations would raise 

the applied stress to values obtained by the extrapolation of the straight line in figure 2.6 well 

beyond that corresponding to M5a. In addition he suggested that the transformation kinetics 

should be based on stress rather than strain since the martensitic transformation is promoted 

essentially by the shearing stress. AngeI(13) in tum suggested that the conclusion that the 

formation of martensite is a Junction of stress alone is true only to a limited extent. He argues 

that in a polycrystalline material, the applied external stress is only a measure of the average 

stress in the material over the cross-section of the test specimen. Owing to the plastic straining 

of the material, local stress peaks which exceed the average stress level are set up in the lattice. 

Some of these peaks may be high enough to nucleate some martensite before the average 

stress level has reached the level necessary for martensite formation. Through the work

hardening action of the strain, the stress may thus be brought up to the critical stress level in 

some places. It may then be said that strain bas as important a role as has stress. However 

Angel also points out that strain is only a consequence of the martensitic mode of deformation, 

taking place simultaneously and independently. There is indeed a complex interplay between 

cause and effect but the applications of energy considerations does clarify the picture 

somewhat. 

It has been suggested that the maximum elongation cannot be obtained whenever the austenite 

stability is such that initial plastic deformation is due to the formation of stress-assisted 

martensiteC16>. Work hardening rates will always be higher than the optimum in such a case. 

Thus the condition set forth for strain-induced martensite formation must be met for the 

optimum work-hardening rateC37). 

2.2.5 Serrations In The Stress-Strain Curve 

Serrations or jerky flow resulting from either discontinuous yielding or discontinuous stress 

drops during straining have been attributed to at least four different phenomena<3>: 

(1) adiabatic heating; 

(2) dislocation-impurity interaction; 

(3) twinning; 

(4) transformations. 

Serrations have been observed to occur in a number of metastable stainless steel 

alloysC3,iz,29,34). Most of the authors attributed their occurrence to the effect of 

transformations during straining. Fahr<16) attributed serrations occurring in TRIP type steels 

to the competition of martensite formation and slip in the austenite as opposing modes of 

deformation. Particularly large serrations were observed by Goldberg et.al (3) in a TRIP steel. 
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It was proposed that these were caused by the phase transition volume change. (The 

volumetric expansion of austenite undergoing martensite transformation is about 4% and this 

gives a linear increase of 1.3% for isotropic expansion). They also considered the effect of 

adiabatic heating and calculated a temperature rise of 92°C for complete transformation to 

martensite. This is not unreasonable since similar temperature rises have been observed, 

especially near the centre of the gauge length(2S,40). 

One of the most common causes of serrations, which authors have proposed, is the formation 

of stress-assisted and strain-induced martensite. Some report the presence of both types of 

martensite concomitant with serrations<3), while others have observed that the two types of 

martensite affect the serration phenomenon in different ways(12,l6). Fabr<16) proposed that 

stress-assisted martensite does not cause serrations whereas Tamura<12) associated it with the 

presence of large serrations. The picture is further complicated by the results of Goldberg 

et.al <29). 1bey discovered that tensile tests from 0 to -30°C gave rise to extensive serrations 

(which were associated with stress-assisted martensite). However tests at -40 and -50°C did not 

show serrations in spite of the formation of stress-assisted martensite. The authors proposed 

that the presence of large amounts of stress-assisted martensite in the specimen at the onset of 

plastic flow prevents serrations during subsequent deformation even though a considerable 

amount of stress-assisted martensite forms. 

Thus it appears, that serrations cannot simply be attributed to either the formation of stress

assisted or strain-induced martensite. Rather the presence of serrations is an indication that 

one or the other is likely to have formed depending on tensile test temperature. If the test 

temperature is close to the M5 they will more likely than. not be due to stress-assisted 

martensite, since this is intrinsically the temperature regime of its formation. If the tensile test 

temperature is closer towards the Md, serrations will most likely be caused by strain-induced 

martensite formation as has been demonstrated in TRIP steels<34). 

2.2.6 Effect of Strain Rate 

A number of authors have investigated the effect of strain rate on the austenite to martensite 
transformation(3,lz,z4,27,23,32,33,40,4i). The tendency for the work-hardening rate to increase 

more slowly at high strain rates is undoubtedly related to the adiabatic heating from the 

deformation<3). It appears that the adiabatic heating phenomenon is the main topic of 

discussion but there may be other factors of importance as yet not properly investigated<12). 

Adiabatic heating increases with an increase in strain rate; the temperature increase in turn 

reduces the amount of martensite formed during testing. When specimens are deformed in air, 

adiabatic heat is not readily dissipated and the transformation decreases. When they are 
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submerged in a liquid, adiabatic heating is reduced considerably(12,32,33>. Generally adiabatic 

heating has been reported to decrease the elongation and hence ductility<27•28). However, 

adiabatic heating can also result in increased ductility in the case of low austenite stability, so 

that the rate of martensite formation is lowered toward the optimum rate. Decreased ductility 

is observed, when adiabatic heating occurs close to the Md, since the specimen temperature is 

increased above the Ma. It has been observed that a fifty fold increase in strain rate of type 
301 results in a 78°C increase in specimen temperature<32). At very low test temperature, 

transformation is reported to be relatively independent of strain rate. However, the amount of 

transformation close to the Ma decreases markedly with an increase in strain rate. 

Kumar et.al (40) measured the increase in specimen temperature along the gauge length tested 

at low (10-3 s·1) and high (103 s-1) strain rates. Figure 2.7 and 2.8 show the pronounced 

increase in specimen temperature at high strain rate and also that the centre becomes hotter 

than the ends of the gauge length. 
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Figure 2. 7 Effect of high strain rate on axial 
temperature distribution(40). 
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Figure 2.8 Effect of low strain rate on axial 
tern perature distribution ( 40). 
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Table 2.9 Effect of strain rate on adiabatic heating in type 304 steel<40). 

The reason for the differences in the centre and ends of the gauge length temperature 
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increases, is that non-homog·eneous deformation takes place in the specimen. The true plastic 

strain is maximum at the centre of the specimen and it decreases from the gauge length centre 

to its ends as well as from the centre to the surface. As the elongation increases, the contour of 

maximum strain tends to be confined near the specimen centre. The non-homogeneous 

distribution ·of plastic strai~ effective strain and variation in temperature along the gauge 

length is accompanied by a corresponding variation in the martensite volume fraction along the 

gauge length. Due to its intrinsic nature, the non-homogeneous deformation effect cannot 

easily be minimized but when precautions are taken in order to do so, the strain effect was 
found to be minima1<32). Moreover, in metastable austenitic structures, the martensite volume 

fraction formed under isothennal conditions (i.e. adiabatic heat is removed at an equal rate to 

its formation) increases with increasing strain rate as shown in figure 2.9. This increase in 

martensite volume fraction due to increase in strain rate may increase overall strength by two 

mechanisms: 

(1) A higher dislocation density may be introduced into the austenite to accommodate the 

martensite volume expansion; 
(2) Load in the austenite-martensite composite is re-distributed due to the increase in volume· 

fraction of higher strength martensite. 
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Figure 2.9 Increasing the strain rate under isothermal conditions increases the amount of deformation-induced 
martensite. (24) 
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2.3. NITROGEN IN AUSTENITIC (Fe-Cr-Ni) STEEL 

Nitrogen is an essential, important and inexpensive alloying addition and a full appreciation of 

its many effects leads to the ability to optimize its use and capitalize on its undoubted 

beneficial effects<42). The argon-oxygen decarburization (AOD) process makes it possible to 

control nitrogen concentration with greater precision without extra cost. A process model for 

nitrogen pick-up or removal in AOD when N2-02 or Ar-02 gas mixtures are used has been 

developed, and can be used to predict accurately the switch point from N2 to Ar for the 

optimum processes<43). Thus the use of itltrogen alloyed austenitic stainless· steels is steadily 

increasing< 44). 

In the formable mild steels, nitrogen is well known for its ability to segregate to dislocations 

and dislocation sources, thereby introducing discontinuous yielding and more specifically strain 

ageing. Strain ageing is detrimental to formability as it leads to stretcher strains. Other 

detrimental effects of nitrogen are often associated with embrittlement. For austenitic 

stainless steels in particular it is generally agreed that nitrogen must be in solution in order to 

avoid the deleterious effects that arise due to the precipitation of nitrides<45,46,47). For 

example, nitride precipitation in solution treated stainless steel wire containing up to 0.7 wt% 
nitrogen before drawing, greatly reduces ductility and only a minor improvement in strength is 

obtained(45). Also the precipitation of nitrides or carbo-nitrides reduces the resistance to 

stress-corrosion cracking< 48). 

Nitrogen in solid solution, increases the yield and tensile strength(46,47•48•49,5o,5i), corrosion and 

pitting resistance<44•45,46), and even the stress-corrosion cracking resistance<46) of austenitic 

stainless steels. The main part of the section below examines the strengthening effect in more 

detail. The other properties will be briefly discussed. 

2.3.1 Strengthening Effects 

The total yield strength contribution from nitrogen is composed of two separate parts<46•49): 

(1) Solid solution hardening (thermal) 

(2) Grain boundary strengthening (athermal) 

A third component, the matrix strengthening (athermal) is small compared to (1) and (2). The 

yield strength (YS) for Fe-Cr-Ni alloys containing nitrogen can be written as the sum of the 

matrix strengthening (t:. YSma), solid solution hardening (t:. YS5h) and grain boundary 

strengthening (t:.YSgh)C46): 



YS = [ (AYSma)2 + (AYSsh>2 ]1/2 + AYSgh) 

where: AYSma = 68 + 230 {1- (T/823)2/3} 3/2 [MPa] 

AYSgh = {8 + 75[1 - (T /823)2/3]3/2(%N)} n-1/2 [MPa] 

AYSsh(T=OK) = 1.77GXN1/2f0 3/2 [MPa] 

T = temperature in Kelvin (4< T <293) 
%N = nitrogen content in weight per cent 
D = grain size in mm 
G = shear modulus 
XN = concentration of nitrogen atoms in solution 
~ = interaction parameter between dislocations and solute atoms. 

LITERATURE REVIEW - 21 

Below a certain transition temperature (TT), the solution hardening effect dominates and 

above TT the grain boundary strengthening effect becomes the dominant one. TT is 

dependent on composition and has been observed to occur in the following temperature range: 

130(46)< TT(OC) <230(50) 

There are a number of theories of solid solution hardening which can be divided into two 

categories. The first category is concerned with dislocation locking, where the dislocation is at 

rest, and the other category with the frictional resistance of solute atoms to the movement of 

dislocations. Cottren<52) and Suzuki's<53) locking theories can be criticized on the grounds that 

dissociated dislocations to which segregation takes place in the stacking fault, will not break 

free when stress is applied; rather new dislocations will be generated, and the stress to move 

these dislocations is the solution hardening stress<54>. Mott and Nabarro<55) developed a 

theory which assumed that solid solution strengthening arose from the interaction of randomly 

distributed solute atoms with moving dislocations. To date it appears that the biggest 

contribution to the flow stress of solid solutions arises not from the locking of dislocations, but 

from resistance to their movement, a frictional force, the magnitude of which is sensitive to 

both atomic size differences and differences in elastic properties between solute and 

solvent<54). Valency differences are also likely to be significant. 

The grain boundary strengthening effect at temperatures just above TT is due to dislocations 

moving in planar arrays. Planar dislocation arrays are further promoted when nitrogen is 

increased since wavy slip changes to planar slip on raising the nitrogen content. This 

suppresses dislocation climb and cross-slip and thus increases the work-hardening rate<50>. 
Dislocation dissociation does not occur since the stacking fault energy is too high for partial 

dislocations to be separated by stacking faults. At temperatures far above the TT, the grain 

boundary· strengthening effect is thought to be due to lowering of the stacking fault energy, 

since planar arrays are unlikely to occur at elevated temperatures<49). This lowering of the 
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stacking fault energy enhances twin formation on annealing and increases the efficiency of the 

grain boundaries to act as dislocation obstacles<48). The most plausible explanation of both 

planar slip and nitrogen strengthening in austenitic alloys is the existence of some· form of 

short-range atomic ordering but the exact nature of the ordering is unclear. A model of 

nitrogen strengthening is proposed, based on the effective ordering due to a strong chemical 

interaction between nitrogen and chromium. The essential feature of this model is disordering 

by the passage of a dislocation through a chemically ordered structure<50). 

2.3.2 Impact Toughness And Corrosion Resistance 

The significant strengthening effect is not accompanied by a loss of fracture toughness, at least 

up to 0.7 wt% nitrogen in austenitic steels with up to 20 wt% Cr, 20 wt% Mn and 10 wt% 

Ni<47). Impact toughness of type 304 and 316 steels with 0.2 wt% nitrogen is still excellent at -

196°C with no ductile to brittle transition occurring<51). These two types of steel are already 

being used for applications requiring a good combination of strength, toughness and corrosion 

resistance. Despite the involvement of nitrogen in the precipitation of M13(CN)6 and Cr2N,

the presence of 0.2 wt% nitrogen in type 304 and 316 produces no adverse effect on 

sensitization<51). Nevertheless, the general corrosion resistance of nitrogen-containing 

austenitics can be lowered in certain unfavourable environments<42). 

From the preceding discussion it becomes evident, that nitrogen has been predominantly used 

for strengthening purposes in stable austenitics. Yield strengths as high as 2000 MPa have 

been obtained in cold-worked low carbon Fe-18Cr-18Mn-0.58N steels<47). In contrast the use 

of nitrogen in metastable austenitics appears to be far less common. This could well be 

attributed to the careful chemistry control required to achieve a M5 and Md temperature just 

below and just above ambient respectively. 

2.4. NITROGEN SOLUBILI1Y AND NITRIDE PRECIPITATION 

The nitrogen solubility in austenitic stainless steels has not been extensively investigated, in 

Spite of its importance(44). Figure 2.10 shows that Mo, Mn, Si, Cr and V increase the nitrogen 

solubility in liquid iron at 1600°C, whereas Ni, P and C decrease it. 
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Figure 2.10 Effect of alloying elements on solubility of nitrogen in liquid iron at 1600°C.(42) 

Nitrogen solubility is also a function of the solution treatment temperature. The equilibrium 

diagram for the Fe-18Cr-Ni-N system at 900°C is shown in figure 2.11. If the steel contains no 

nickel, the nitrogen solubility of Fe-18Cr steels is only about 0.07% but increases to above 

0.25% on raising the nickel content to 3%. As nickel increase above 3%, the nitrogen 

solubility decreases. 
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Figure 2.11 Equilibrium diagram for Fe-18Cr-Ni-N system at 900°C.(11) 
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If the solution treatment temperature is raised to 1050°C, the nitrogen solubility in Fe-18Cr 

steels is well in excess of 0.3%, since Fe-12Cr steels already have a nitrogen solubility in excess 

of 0.3%<17). Hence by increasing the solution temperature the nitrogen solubility is markedly 

improved. It has for example been reported that type 304 (8-12% Ni) and 316 (10-14% Ni) 

solution treated at 1050°C can comfortably retain more than 0.2% nitrogen<51
). 
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The solubility of nitrides (Cr2N) in 18Cr-8Ni and 25Cr-20Ni steels, is greater than that of 

carbides ( C123C6) as shown in figure 2.12. 
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Figure 2.12 Solubility of nitrides compared to that of carbides in 18Cr-8Ni and 25Cr-20Ni alloys.(44) 

This may lead not only to a larger. concentration of solid solution nitrogen but also to a slower 

precipitation rateC44). The latter is beneficial in reducing the. sensitivity to intergranular 

corrosion of nitrogen alloyed austenitic stainless steels. This is one of the main reasons for 

using nitrogen in preference to carbon, for strengthening and austenite stabilization. 

In nitrogen alloyed Fe-18Cr-(4-10%)Ni-(1-9%)Mn steels with less than 0.05%C, precipitation 
of Cr2N takes place predominantly at grain boundaries and at the coherent and incoherent 

twin boundaries. For higher carbon steels (0.1 %) continuous precipitation of Cr2N occurs in 
the matrixC56). Cellular precipitation of Cr2N commonly occurs but with higher ageing time 

and temperature a type of 'nitrogen pearlite' can be obtained in high (0.7%) nitrogen steels. 
This nitrogen pearlite has a lamellar structure, comprising lamellae of austenite and Cr2N( 45). 
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CHAPTER3 

EXPERIMENTAL TECHNIQUES 

3.1 EXPERIMENTAL MATERIALS 

Twenty experimental alloy compositions were prepared by Middelburg Steel and Alloys 

research laboratory, based on the composition of AISI 301 (Cr ::;; 17 - 18 wt%; Mn(max) = 

2.00 wt%; Si(max) = 1.00 wt%; C(max) = 0.15 wt%) with nickel contents ranging from 3.2 -

5.2 wt% and nitrogen contents ranging from 0.087 - 0.276 wt%. Each experimental alloy was 

cast into a 5 kg ingot (50 mm thickness) and hot rolled to 10 mm plate gauge. A portion of this 

plate was further hot rolled to a sheet thickness of 4 mm. The twenty experimental alloys were 

examined using optical microscopy and X-ray diffraction (XRD). Ten of these alloys were 

selected for tensile and impact testing. The chemical compositions of the ten alloys selected 

for mechanical tests are given in table 3.1 - 3.3 and the rest are given in Appendix 1. In order 

to make it easier to associate an alloy designation with its nickel and nitrogen contents, alloys 

are given a four digit code. The first two digits represent the nickel content and the last two 

the nitrogen content. Thus alloy 5109 contains 5.1 wt% nickel and 0.09 wt% nitrogen, alloy 

4711 contains 4.7 wt% nickel and 0.11 wt% nitrogen etc. The original heat numbers supplied 

by the Middelburg Steels and Alloys research laboratory are given in brackets . 

c 
Mn 

Si 

v 
Cu 

Co 

Mo 

Cr 

Ni 

N 

.084 

1.62 

.65 

.08 

.08 

.02 

.03 

17.2 

5.12 

.087 

.087 

1.61 

.65 

.08 

.08 

.02 

.03 

17.5 

5.09 

.129 

.o75 .071 

1.55 1.48 

.48 .44 

.06 .06 

.08 .08 

.02 .02 

.05 .05 

17.9 17.9 

5.17 5.03 

.163 .276 

Table 3.1 Chemical composition of four of the selected experimental alloys containing 5.0 - 5.2 wt% nickel. 
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c .092 .090 .101 .087 

Mn 1.78 1.69 1.60 1.29 

Si .71 .66 .63 .63 

v .08 .08 .08 .08 

Cu .10 .10 .10 .10 

Co .03 .02 .02 .02 

Mo .03 .03 .03 .03 

Cr 18.1 18.2 18.4 18.5 

Ni 4.73 4.69 4.66 4.74 

N .114 .138 .157 .179 

Table 3.2 Chemical compositions of four of the selected experimental alloys containing 4.7 wt% nickel. 

c .078 .o70 .029 

Mn 1.51 1.53 1.52 

Si .43 .43 .44 

v .07 .06 .05 

Cu .06 .06 .10 

Co .02 .02 .03 

Mo .05 .05 .20 

Cr 18.0 18.0 17.7 

Ni 3.41 3.36 7.48 

N .185 .275 .074 

Table 3.3 Chemical compositions of two of the selected experimental alloys containing 3.4 wt% nickel and of AISI 

301. 

The alloys in tables 3.1 - 3.3 are grouped into sets according to their nickel content as shown in 

table 3.4. Thus the code of an alloy set corresponds to the first two digits of the alloys 

contained in that particular set, with the exception of alloys 5216 and 5028. 

· :S,1%Nickel. 

·•····(SETSl) 

5109 

5113 

5216 

5028 

4711 

4714 

4716 

4718 

3419 

3428 

Table 3.4 Grouping of selected alloys into three sets to facilitate easy identification. 
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3.2 HEAT TREATMENT 

Specimens were ceramic-coated and given a solution treatment in air at 1050°C for 30 minutes, 

followeci by an oil quench. This heat treatment was used for the tensile as well as the impact 

specimens. 

3.3 TENSILE TESTS 

Each tensile test (to fracture) was· repeated three times to ensure reasonable statistical 

accuracy of the result. The result of a tensile test which differed notably from that of the other 

two tests performed under the same test conditions, was not included in the analysis, and due 

to a limited amount of specimens being available, some results represent the average of only 

two tests. 

3.3.1 Specimen Geometry 

For the purposes of general tensile property evaluation, Hounsfield-type tensile specimens 

were machined from the 10 mm plate with the dimensions shown in figure 3.1. 

4ll ROLLING DIRECTION,.. 

G.L.::: 20 mm 

t=4mm ct~)1+ 
45· mm----...... t 

Figure 3.1 Hounsfield-type tensile specimen for general tensile property evaluation. 

3.3.2 Test Apparatus 

Tensile tests were performed using a computer-int~rfaced Zwick 1484 materials tester, which 

facilitated the capture of force (in Newtons) and gauge length elongation (in mm) on computer 

file (figure 3.2(a)). The test set-up incorporated a temperature bath (1), regulated by a 

Eurotherm temperature controller (2) to within 2°C. The temperature controller was 

connected to a chromel-alumel thermocouple (3),- the tip of which was positioned in close 
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proximity of the specimen gauge length. Tensile fracture tests were performed at 20, 60 and 

120°C, while tests terminating at 0.3 true strain were performed at the same temperatures, as 

well as 0°C. All experiments were carried out at an initial strain rate equivalent to 10-3 per 

second. 

Figure 3.2 (a) Computer-interfaced Zwick 1484 materials tester, with test rig mounted underneath cross-head 
(XH), showing 200 kN load cell (LC) and temperature controller (2). 

(b) Close-up view of rig, showing the temperature bath (1) (which has been lowered to show the coil and 
specimen), chromel-alumel thermocouple (3), heating coil (4) and specimen (5). The specimen is 
put into tension by the downward force exerted on the bottom end of the specimen by the downward 
movement of the cross-head and rig, while the top end of the specimen is kept stationary by the 
restraining rod (R), which is attached to the load cell. 

The tests performed at 0°C were performed in an ice and water mixture, while those at 20°C 

were performed in air. Those at 60 and 120°C were performed in an oil bath, heated by a 

helical coil (4) which was coupled to the Eurotberm temperature controller. The coil was 

positioned over the gauge length of the specimen (5). 

3.3.3 Data Analysis 

The true stress-true strain curve was derived, with the aid of a computer spreadsheet package 

by using the equations: 

et = ln(l +en) at = an(l +eu) ..... (3.1) 

where an and en are the engineering stress and engineering strain respectively and at and et are 
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the true stress and true strain respectively. The work-hardening rate curve was obtained by 

using equation 3.2: 

( i i-1)/( i i-1) (3 2) at - at et - et ..... . 

where i refers to the ith data point. Due to the intrinsic jagged nature of the stress-strain curve 

(especially one which exhibits accentuated serrated flow), the computed work-hardening rate 

curve has a large scatter if all data points collected on computer file are used (figure 3.3). 
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0.1 0.2 0.3 0.4 0.5 
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Figure 3.3 Large scatter in calculating work-hardening rate (WHR) using 487 data points. 

The scatter can be reduced by the systematic elimination of every alternate data point (at and 

its corresponding value of et), so that only half of the original data remains (243 data points). 

The work-hardening rate curve is then calculated and if the scatter is still too large, the process 

is repeated. This process of systematic data elimination was continued until the work

hardening rate curve was such that a definite trend could be observed (figure 3.4). 
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Figure 3.4 Systematic elimination of alternate data points to produce a smooth work-hardening rate curve. 

This method was used in preference to including all data points and then having to use a 

smoothing procedure to obtain a work-hardening rate curve. The problem which arises when 

using a non-linear smoothing procedure (such as using polynomials of order 5 and less), is that 

the resultant curve contains maxima and minima which have a mathematical origin and have 

no real physical significance (figure 3.5). 
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Figure 3.5 Non-linear smoothing using a 5th order polynomial to obtain the WHR curve from 487 data points 
showing the maxima and minima. 

'The uniform elongation was determined by measuring the plastic strain from the yield strain to 
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the strain at which the flow stress and the work-hardening rate are numerically equal. Thus at 

the point of specimen macro-necking: 

a = da/de ..... (3.3) 

The strain.:.hardening exponent (n) of the equation: 

a =: Ken ..... (3.4) 

was determined by plotting log(a) versus log(e) and performing linear regression on the 

desired strain interval to obtain the slope of the straight line (i.e. n). 

3.4 IMPACT TESTS 

For the purpose of establishing the room temperature impact fracture mode and toughness, 

sub-standard Charpy V-notch specimens were machined from the 10 mm plate shown in figure 

3.6. Each impact test was repeated three .or four times to ensure reasonable statistical 

accuracy. 

I 
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t ________ 55 mm ____ ___.t 

Figure 3.6 Sub-standard Charpy V-notch specimen for room temperature impact fracture mode and toughness 
evaluation (notched in through thickness direction). 

The test was performed using a standard Charpy impact tester with a swinging pendulum of 

300 joule striking the specimen resting on its side at a striking velocity of 5.5 ms-1. 
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3.5 X-RAY DIFFRACTOMETRY (XRD) 

The morphology of martensite militates against easy volume fraction measurement using light 

microscopy, in that plates occurring in sheaves or elongated clusters are too small to be 

resolved individually. As a result, optical microscopy indicates greater amounts of martensite 

than actually exists<57). The X-ray diffraction technique is at present one of the most reliable 

methods of measuring martensite volume fractions, and has the advantage that it does not 

require a set of calibration samples<58). 

3.5.1 Calculating Phase Volume Fractions by XRD 

The diffraction pattern of a crystalline substance irradiated with X-rays is determined by the 

crystal structure of all phases within that substance and is predicted by Bragg's Law<59): 

n.). = 2.d.sina ..... (3.5) 

where : n = 1, 2, 3 .... 

.x = X-ray wavelength 

d = interplanar spacing 

e = angle between atomic plane and X-ray beam 

The X-ray intensity diffracted from each phase is proportional to the volume fraction of that 

phase. If the X-ray intensity (peak height) were also proportional to the peak area, then the 

volume fraction could be calculated directly from the height of the peak. This is often not the 

case, and the volume fraction of each phase must therefore be calculated using .the area under 

the peak (integrated intensity for a range of angles around 8), rather than the peak height itself 

(intensity at 8). (Diffraction line broadening occurs for a number of reasons<60): (i) In a real 

polycrystalline sample the individual crystallites are slightly misoriented with respect to one 

another; (ii) Instrumental factors such as collimation; (iii) Natural wavelength distribution due 

to production of X-rays being a random process which follows the usual statistical laws. If the 

X-ray intensity is large, the X-rays follow a Gaussian distribution.) The integrated intensity, of 

a particular (hkl) reflection in a phase can be expressed as<58): 

where : Io = intensity of incident beam 

e, m = charge and mass of electron respectively 

r = diffractometer radius 

c = velocity of light 

.X = incident wavelength radiation 



A = cross-sectional area of incident beam 

v = unit cell volume of particular phase 

FF = product of structure factor and its complex conjugate 

p = multiplicity factor of the (hkl) reflection 

LP = Lorentz polarization factor 

e·2M = Debye-Waller or temperature factor 

u = linear absorption coefficient 

V = volume fraction of particular phase 

This equation can be simplified as follows: 
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Ihkl = [ K . Rhkl . v] I [ 2µ. ] ..... (3.7) 

where : K [l{)e4 /m2c4] • [.A3 A/3211:r] 

Rhkl = [1/v2] .[ FF .p.LP].e·2M 

K is independent of the nature of the specimen, while Rhkl depends on the specimen crystal 

structure, the reflecting set of planes and e. Hence Rhkl can be calculated from basic 

principles. The ratio of the volume fraction of austenite (V7) and martensite (Va>) can now be 

written as: 

If V
7 

+ Va.' == 1 (no third phase e.g. carbide or nitride is present) then: 

Va.'= 1/[l+S] and v, = S/[l+S] ..... (3.9) 

If a third phase is present its volume fraction can be determined by other means (e.g. point 

counting) and included in equations (3.9). 

3.5.2 Texture Effects 

Equation (3.6) is only strictly true for a specimen which has effective infinite thickness and 

contains a completely random arrangement of crystaisC58•6l,62). Dickson<58) defined a texture 

parameter (P) calculated from the values of hkl and Rhkl to assess the type and intensity of 

preferred orientation. Using this texture parameter it is found that large errors can arise by 

considering too small a number of (hkl) peaks of each phase, especially in heavily cold rolled 

metals .which can exhibit high degrees of preferred orientation. Thus by including as many 

peaks as possible for each phase, the more accurate the final analysis. There are however 
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practical limitations such as peak overlap making some peaks difficult to resolve and also time 

constraint. One source advocates the use of at least four peaks for each phase<62) while 

another concludes that three peaks for each phase, in a heavily cold-rolled structure, are 

adequate for the result to be within the limits of experimental error<58). Initially three peaks 

were used for both the austenite and martensite phase: 

200a' 32.5 32 14.4 224 
2lla' 41.2 61 17.7 413 
310a' 58.0 19 23.0 132 

2007' 25.4 82 11.4 481 
2207' 37.3 44 16.3 298 
3117' 45.5 51 19.2 314 

Table 3.5 Bragg angles and R-factors of the three austenite and martensite peaks, which were initially used for both 

CuKa and MoKa radiation. 

However, due to difficulty in resolving peak overlap between 310a' (Seu = 58.0°) and 4007 (Seu 

= 59.3°) it was decided to use only the 200a' and 21 la' peaks for the martensite phase. Further 

investigation showed that if only the 2201 and 3111 peaks were used for the austenite phase, the 

analysis yielded virtually the same results as for the analysis using three peaks for each phase. 

Generally martensite formed by tensile deformation does not have the same heavily preferred 

orientation as martensite formed by heavy cold r~lling<58) and hence the use of two peaks for 

each phase suffices. 

3.5.3 XRD Instrument Settings 

The X-rays pass through two slits before reaching the detector. The first is the divergence slit 

and is situated between the tube and the specimen. This slit controls the amount of ray 

divergence which is determined by the focal size. It is matched with a scatter slit which is 

situated between the specimen and detector. This slit reduces scatter of the X-rays. The 

following combination gave the best peak to background ratio : receiving slit = 1°, scatter slit 

= 10. 

A .B-filter was inserted between the tube and the specimen so as to allow only Ka radiation to 

strike the specimen. (A nickel filter was used for CuKa radiation and a zirconium filter for 

MoKa radiation). Since the .B-filter, when used on its own, can never completely separate the 

Ka doublet from continuous radiation, a graphite monochromator was used in combination 
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with the filter to give optimum separation of the continuum from the Ket radiation. The 

voltage/current setting of the machine is determined by the maximum rating of the X-ray tube 

which in tum depends on the specific loading of the anode. Since high loading of an X-ray 

tube gives rise to filament heating and subsequent spectrum contamination, the voltage and 

current settings were optimized to protect the system. The following settings were used for 

both CuKa and MoKa radiation: current= 30 mA, voltage = 40 kV. 

The X-ray intensity was measured as the number of counts detected by the scintillator in a pre

set time at pre-set angles. The data, which included diffraction angle, no. of counts/pre-set 

time and counting time, were collected on computer file. The motor control settings which 

gave optimum peak resolution, peak to background ratio and total running time are 

summarized in table 3.6: 

Start angle = 62"29 
End angle = 93"29 

Step interval = 0.05"29 
Count time = 10 seconds 

Start angle = 25"29 
End angle = 40"29 

Step interval = 0.05"29 
Count time = 10 seconds 

Table 3.6 Optimum XRD motor control settings. 

The spectrum was plotted using a computer spreadsheet package and the start angle (03) and 

end angle (04) for each peak were determined (figure 3.7). Appropriate angles for the 

background to the left (81 and 02) and the right (85 and 06) of each peak also had to be 

determined. The background under the peak was calculated in two ways: firstly by fitting a · 

straight line through the left and right backgrounds and secondly by fitting a polynomial. Two 

integrated areas under the peak were thus obtained; one area corresponding to the total area 
minus the background fitted with the straight line, and the other area corresponding to the 

total area minus the background fitted with the polynomial. The two areas were then averaged 
to give the integrated intensity corrected for the background. 
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Figure 3. 7 Determination of left and right peak angles (93 and 94), as well as angles for determining the left and 
right backgrounds (91, 82, 95 and 86). 

3.6 SPECIMEN PREPARATION FOR XRD ANALYSIS 

3.6.1 XRD Specimen Geometry 

For the purpose of XRD, flat tensile specimens were machined from the 4 mm plate with the 

dimensions shown in figure 3.8. 
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Figure 3.8 Flat tensile specimen for determining the volume fraction of deformation-induced martensite using XRD. 

The gauge length was mechanically polished to remove machining marks before heat treating 

the specimen. After tensile deformation, two pieces each 10 mm long were cut from the centre 

of the gauge section and mounted side by side. This was necessary to obtain a XRD specimen 

which was at least 10 x 10 mm. It was found that the peak to background ratio decreased 

rapidly when the specimen dimensions were smaller than this. Kumar et.al (40) showed that 
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due to nonhomogeneous distribution of plastic strain and variation in temperature along the 

gauge length, the volume fraction of martensite would be different near the end of the gauge 

length and the centre of the specimen. For this reason it was important to always use the 

centre portion of the gauge length. 

3.6.2 Electrochemical-Polishing/Etching Conditions 

During mechanical polishing 9f the alloy surfaces, metastable austenite can transform to 

martensite under suitable conditions. Since the resultant polished surface is not a true 

reflection of the underlying microstructure, this deformed layer has to be removed by means of 

an electrochemical-polishing process. Electrochemical-polishing is widely used in research and 

industry; however a standard procedure cannot be adopted<63). Thus it is necessary to 

determine the optimum parameters such as electrolyte temperature, voltage, current density 

and polishing time by trial and error. 

The specimen was mounted in a thermosetting plastic mould and prepared using conventional 

metallographic techniques. The final surface finish was obtained by mechanically polishing 

with 3 µm diamond paste. A stainless steel crocodile clip was then attached to it in such a way 

that only one of the teeth gripped the edge of the surface in order to minimize surface damage. 

This was the most efficient way of obtaining electrical contact with the specimen. A voltmeter 
' 

was used to check that the circuit was complete before immersing the specimen. During the 

polishing process the temperature was monitored while the solution was gently stirred using a 

magnetic stirrer. The solution needed to be gently stirred for the.following_reasons _: ___ 

(a) To prevent local heating from occurring at the specimen. surface, which would reduce the 

viscosity of the polishing film; 

(b) To dissipate heat from the electrolyte to the surrounding water bath more rapidly; 

( c) To prevent air bubbles from forming at the surface which would result in uneven polishing. 

The electroly~e used consisted of: 

266 ml glacial acetic acid 

50 g chromic acid (Cr03) 

14 ml distilled water 

The voltage was kept constant at 20 V and the current density ranged between 0.10 - 0.25 

A/ c~2 for electro-polishing purposes. The current density increased with electrolyte age, and 

the quality of the polish deteriorated rapidly if the electrolyte was used for a total of more than 
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about 1.5 hours. 

In those cases where the specimen needed to be etched after it had been electro-polished, the 

voltage was reduced to 5 V and electro-etching was performed for between 5 and 10 minutes 

depending on the alloy and degree of etch required. For best results the specimen was rinsed 

in distilled water immediately afterwards and then cleaned in ethanol in an ultra-sonic bath. 

In order to be sure that the deformed layer was completely removed, the martensite content vs. 

polishing time was measured for AISI 301 and is shown in figure 3.9. From this plot it can be 

seen that 5 minutes is adequate to remove the martensite induced by mechanical polishing. To 

avoid having to repeat this procedure for all experimental alloys each specimen was electro

polished for 9 minutes. It was found that the surface became very 'wavy' if this time was 

exceeded. The reduction in martensite volume fraction on increasing the electro-polishing 

time for up to 20 minutes in randomly selected alloys was found to be negligible within the 

accuracy of the XRD technique (i.e. within about 3% ), and in some cases the martensite 

content even increased. Thus it appeared that in some alloys martensite was being formed 

during electro-polishing. 
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Figure 3.9 Removal of martensite induced by mechanical polishing from the surface of type 301 deformed by a true 
strain of 0.3 at 20°C. 

3.6.3 Formation of Martensite During Electro-polishing 

In order to quantify the amount of martensite induced during electro-polishing, martensite 

volume fractions were measured using both CuKa and MoKa radiation since these two 

radiations have different depths of penetration (table 3.7). 



CuKa 
Mo.Ka 

2 
20 
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Table 3.7 Depth of penetration of CuKa and Mo.Ka radiation in stainless steeI(62). 

The calculated martensite volume fraction using CuKa radiation minus the calculated volume 

fraction using MoKa radiation {AMVF) is determined, and gives an indication of the amount of 

martensite induced during electro-polishing (figure 3.10). 

5109 

ALLOY 

Figure 3.10 t.MVF of solution-treated, undeformed alloys determined using Cu.Ka and Mo.Ka radiation. 

It has been found that the introduction of hydrogen into the surface of type 304 austenitic 

stainless steel by cathodic hydrogen charging, can result in the formation of a FCC phase 

designated by 'Y *, which has a lattice parameter approximately 5% greater than -y(64). The 

formation of this phase during charging is accompanied by a volume expansion of 

approximately 15%, and the resulting high stresses in the region below this transformed and 

exp.anded surface layer result in plastic deformation accompanied by martensite 

transformation. On termination of charging, hydrogen is lost from the 'Y * phase at the 

immediate sub-surface during subsequent room temperature ageing while a high concentration 

still exists one or two micrometers below the surface<65>. This produces high tensile stresses at 

the surface which induce elastic accommodation and/or plastic flow, resulting in surface relief 

and the formation of martensite at the surface<64). It is expected that the amount of hydrogen 

absorbed dµ.ring electro-polishing is considerably less than during cathodic charging, but is 

nevertheless sufficient to induce measurable quantities of martensite. While the minimum 

ageing time for equilibrium to be reached in type 304 was reported to be 24 hours at room 

temperature<64), it was found that equilibrium was reached in this study within a few minutes 

after electro-polishing followed by ageing at room temperature. (Specimens were aged at 50°C 
for 24 hours and no increase in martensite could be detected). 
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The results show that the amount of polish-induced martensite of the alloys deformed in 

tension to 0.3 true strain was negligible. In the undeformed alloys it appeared generally that 

the lower the austenite stability, the greater is the amount of martensite induced during 

electro-polishing. Set 34 however showed the opposite trend since alloy 3419 having lower 

austenite stability than alloy 3428 formed less polish-induced martensite. It is possible that 

reversal of the general trend is due to the considerable amounts of pre-existing martensite in 

alloy 3419 and 3428. (Alloy 3419 contains more pre-existing martensite than alloy 3428.) ·High 

levels of martensite present before polishing reduce the amount of hydrogen introduced into 

the surface, perhaps by providing paths for rapid diffusion away from the immediate surface, 

thus preventing build-up of hydrogen at the surface<66>. Also further production of martensite 

is likely to be hindered by the lack of suitable nucleation sites in the small volume of austenite 

remaining. The presence of pre-existing martensite may also constrain the austenite phase and 

prevent it from expanding to form 1 *. 

3.7 METALWGRAPHY 

The microstructures of the various alloys were characterized using both light and electron 

(scanning and tran~mission) microscopy. Specimens were examined using light microscopy in 

the heat-treated condition after having been electro-polished and electro-etched as described 

in section 3.6.2. The presence of 6-ferrite was investigated using two tint etches<67) and an 
electro-chemical etch< 63): 

Tint etch 1: Beraha colour etch II: 

Stock solution : 48 g ammonium bifluoride, 800 ml distilled water and 400 ml 
concentrated hydrochloric acid. 
Etch : 100 ml of stock solution mixed with 1 g potassium bisulphite. 
Etching time : 60 - 90 seconds. 

Tint etch 2: Lichtenegger-Bloech colour etch I: 

Etch : 20 g ammonium bifluoride, 0.5 g potassium bisulphite and 100 ml hot distilled water. 
Etching time : 1 - 5 minutes 
(With this tint etch even the smallest &-ferrite precipitates in the matrix can be detected since the 
austenite and martensite are coloured blue to brown while the &-ferrite remains white.) 



Electro-chemical etch: 

Solution : 20% aqueous NaOH 
Voltage: 20 V (d.c.) 
Etching time : 60 - 120 seconds. 
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Light microscopy was carried out on a REICHERT MeF2 microscope using. conventional 

brightfield imagery and N omarski interference contrast. A Cambridge Stereoscan 200 electron 

microscope was used for the examination of the tensile and ~mpact fracture surfaces. 

Secondary electron images were obtained at an accelerating voltage of 30 kV. A JEOL 200CX 

transmission electron microscope was used for the investigation of possible nitride formation in 

the highest nitrogen alloys. The following procedure was carried out for TEM specimen 

preparation: 

( 1) Small platelets were mechanically polished to a thickness of approximately 0.3 mm. 

(2) Discs of 3 mm diameter were spark-eroded from the platelets. 

(3) The spark-eroded discs were further mechanically polished to a thickness of 0.15 mm. 

(4) The thinned spark-eroded discs were jet-polished to perforation at -1P°C using a Struers 

Tenupol jet-polisher. 

The solution used for jet-polishing consisted of: 

80 ml Glycerol 
300 ml Methanol 
20 ml Perchloric acid 

The polisher settings were: Flow Rate = 3.0 - 3.2, Current = 220 - 250 mA, Voltage = 50 V. 

An accelerating voltage of 200 kV was used and the majority of TEM micrographs were taken 

in the bright field mode. 

3.8 DILATOMETRY 

The austenite to martensite transformation is accompanied by a volume expansion of 3 -

4%(11) and can be determined from a dilatometric trace (figure 3.11). The Ms and Mf 

temperatures can be measured using this technique. Dilatometer specimens of 50 mm length 

(4 x 4 mm cross-section) were heated at a rate of 4°C/min to ensure a homogeneous 

temperature distribution throughout the specimen during heating. Specimens were heated to 

about 950°C and upon reaching this temperature were then immediately furnace cooled. The 
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set-up facilitated the capture of temperature and dilation on computer file. It was not possible 

to cool the specimen below room temperature and hence Ms temperatures which are below 

20°C could not be determined using this technique. Ideally the specimens should have been 

rapidly cooled from 950°C to assimilate the quenching procedure of the tensile and impact 

specimens, but rapid cooling was unfortunately not possible with the existing set-up. 

fl L 

200 400 600 800 1000 
TEMPER AT URE (°C) 

X: MARTEN SITE DECOMPOSITION & 

AUSTENITE FORMATION 

Figure 3.11 Typical dilatometric trace of an alloy with Ms around 100°C and Mr close to room temperature. 
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CHAPTER4 

RESULTS 

4.1 MICROSTRUCTURAL CHARACfERIZATION 

4.l.1 Optical Microscopy ·and XRD 

The rnicrostructures of the ten experimental alloys solution-treated at 105Q°C are shown in 

figures 4.1 to 4.3. The martensite (bulk) volume fractions, indicated in the figure captions, 

were determined by XRD (using MoKa radiation). Figures 4.l(a) and (b) show that the 

surface martensite content is considerably greater than that of the bulk. 

Figure 4.1 Microstructures of set 51, solution-treated at lOSO"C for 30 minutes followed by oil quench. Electro-
polished and electro-etched. Surface relief enhanced by Nomarski interference contrast. 
(A = Austenite; M = Martensite] 
(a) Alloy 5109 (A= 84%; M = 16%) 
(c) Alloy 5216 (A= 89%; M = 11%) 

. (b) Alloy 5113 (A = 87%; M = 13%) 
( d) Alloy 5028 (A = 95%; M = 5%) 

The surface martensite content exceeds that of the bulk in alloys 5109 and 5113, due to the 

formation of martensite during electro-polishing as discussed in section 3.6.3. The alloys of set 
47 in general are more resistant to martensite formation during electro-polishing than the 
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alloys of set 51, and the martensite volume fractions visible in the optical micrographs, are in 

close agreement with the bulk volume fractions determined by XRD (figure 4.2) 

Figure 4.2 Microstructures of set 47, solution-treated at 1050"C for 30 minutes followed by oil quench. Electro-
polished and electro-etched. Surface relief enhanced by Nomarski interference contrast. 
(A= Austenite; M = Martensite] 
(a) Alloy 4711 (A= 94%; M = 6%) 
(c) Alloy 4716 (A= 96%; M = 4%) 

(b) Alloy 4714 (A = 95%; M = 5%) 
( d) Alloy 4718 (A = 97%; M = 3%) 

~ formation of martensite during electro-polishing is pronounced in the alloys of set 34 as 

C3.J 9e seen in figure 4.3. Martensite, which is thought to have formed in the electro-polishing 
process, can be seen to encroach on a neighbouring austenite region (figure 4.3(b)). (It is 

generally not possible to distinguish between martensite formed during quenching and 

martensite fo~ed during electro-polishing). The microstructures of the experimental alloys in 

the solution-treated and quenched condition reveal no traces of cS-ferrite and show that the 

microstructures consist only of a martensite-austenite mixture. The colour etchants and 

electro-chemical etch, enabling the detection of very small traces of cS-ferrite, also failed to 

reveal cS-ferrite, and it can be inferred that the experimental alloys are thus fully austenitic at 

the solution heat treatment temperature. The calculated chromium equivalents (Cr'), nickel 

equivalents (Ni') as well as the calculated and measured Ms temperatures (Ms(calc) and 

Ms(meas) respectively) are given in table 4.1. The increase in retained austenite content with 

increasing nitrogen content is shown in figure 4.4. 
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Figure 4.3 Microstructures of set 34, solution-treated at 1050"C for 30 minutes followed by oil quench. Electro

• 
polished and electro-etched. Surface relief enhanced by Nomarski interference contrast. 
[A= Austenite; M = Martensite] 
(a) Alloy 3419 (A = 45%; M = 55%) 
(b) Alloy 3428 (A = 63%; M = 37%) Martensite, which is thought to have formed during electro

polishing, encroaching on a neighbouring austenite region. 
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Figure 4.4 Variation of retained austenite content with nitrogen content. 
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HEAT ALLOY Cr' Ni' Ms(cak) Ms( meas) • AUSTENITE . 
NO • . .. . I> wt% wt'f" .••• 

oc 
.... · . 

oc 
·% ·/ ·. •••• .. · . . ·. ·. ···•· .... ... . .. 

901891 5109 18.95 10.67 -81 +31 84 
901911 5113 19.31 11.77 -167 <RT 87 
902121 5216 19.32 12.32 -220 <RT 89 
902131 5028 19.18 14.84 -388 <RT 95 

901971 4711 20.00 11.29 -160 <RT 94 
901981 4714 20.04 11.75 -197 <RT 95 
901991 4716 20.10 12.47 -?.46 <RT 96 
902001 4718 20.27 12.52 -261 <RT 97 

902101 3419 19.25 11.16 -153 <RT 45 
902111 3428 19.23 13.12 -287 <RT 63 

AISI 301 18.91 11.02 -125 <RT 99 

Table 4.1 Variation of recained austenite content with nickel and chromium equivalents and Ms cemperature. 

The dilatometer set-up did not facilitate rapid cooling and the measured Ms temperatures in 

table 4.1 apparently contradict the measured martensite content (i.e. martensite having formed 

in spite of the Ms being below room temperature). It is possible that in relatively unstable 

alloys such as alloys 3419 and 3428, martensite is formed not only by electro-polishing, but also 

by the action of thermal stresses during quenching. 

4.1.2 Transmission Electron Microscopy (TEM) 

Since nickel lowers nitrogen solubility, the alloy containing the highest nickel and nitrogen 

content (alloy 5028) is the most likely to contain nitrides. Figure 4.5(a) and (b) show partial 

dislocations in alloy 5028, separated by stacking faults, which is indicative of a low stacking 

fault energy. Nitride formation was not evident from the bright field, nor the dark field image 

(figure 4.5(a) and (b) respectively). Also the diffraction pattern in figure 4.5(c) did not reveal 

any diffraction spots corresponding to nitrides. Evidence of nitride precipitation in alloy 4718 

(which is the alloy of set 47 with the highest nitrogen content) was also found to be absent. 

Figure 4.6(a) and (b) show the characteristic stacking faults in alloy 4718, separating partial 

dislocations, while figure(b) also shows the presence of some martensite. Nitrides are even less 

likely to occur in alloy 3428 (which is the alloy of set 34 with the highest nitrogen content) than 

in alloy 5028, since the former contains less nickel. In figure 4.7(a), two co-planar arrays of 

partial dislocations separated by stacking faults can be clearly seen, while figure 4.7(b) shows 

an array of dislocation dipoles. There are no nitrides evident in these figures and the 

diffraction pattern in figure 4.7(c) does not reveal any nitride spots. 
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Figure 4.5 Alloy 5028 (a) Bright field image showing partial dislocations separated by stacking faults. 
(b) Dark field image showing co-planar arrays of partial dislocations separated by stacking 

faults. 
(c) Diffraction pattern along [011) zone axis. Note the absence of diffraction spots 

corresponding to nitride precipitates. 
(d) Diffraction index map of (c). 

Figure 4.6 Alloy 4718 (a) Bright field image showing partial dislocations separated by stacking faults. No nitrides 
are evident. 

(b) Bright field image showing martensitic region adjacent to austenitic region. 
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Figure 4.7 Alloy 3428 (a) Two co-planar arrays of partial dislocations separated by stacking faults. 
(b) Bright field image of an array of dislocation dipoles. 
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(c) Diffraction pattern along (001] zone axis. No nitride diffraction spots are present. 
( d) Diffraction index map of ( c). 

From the above figures, it can be concluded, that the nitrogen solubility has not been exceeded 

in any of the experimental alloys at 1050°C. Thus it can be assumed that for all practical 

purposes, nitrogen is confined to solid solution. 

4.2 TENSILE DEFORMATION BEHAVIOUR 

The shape of the true stress - true strain curve of a metastable austenitic steel is an indication 

of the amount of martensite formed during deformation. A parabolic shape (with concave

down curvature) indicates that little or no martensite formed, whereas a sigmoidal shape (or S

shape) indicates the formation of an appreciable amount of deformation-induced martensite. 

The true stress - true strain curves in figure 4.8 are sigmoidal at 20°C for sets 51and47, as well 

as type 301. The curves become increasingly parabolic in shape as the temperature increases. 
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This trend is attributed to the increased suppression of martensite formation due to increased 

austenite stability as the temperature is raised(25). The shapes of the curves observed for set 34 

tend to be parabolic rather than sigmoidal at all three temperatures. Pronounced serrated flow 

occurred at 60°C in the experimental alloys, with serration amplitude decreasing as nitrogen 

increases. At 20 and 120°C such flow was not observed in any of the alloys. Type 301 in 

contrast did not exhibit the same pronounced serrated flow at 60°C, but the presence of very 

fine serrations occurred instead. It thus appears that the pronounced serrated flow observed in 

some of the experimental alloys is influenced by nitrogen content and temperature. 

4.2.1 True Stress - True Strain Curves 

The true stress - true strain curves of the lowest and highest nitrogen alloys in each set, 

including type 301 are shown in figures 4.8 (a) - (d). 
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Figure 4.B(a) True stress-true strain curves of type 301 at 20, 60 and 120°C. Pronounced serrations as they occur in 
some of the experimental alloys are not present in this alloy. Instead very fine serrations are visible. 
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Figure 4.B(b) True stress-true strain curves of set 51 alloys at 20, 60 and 120°C, showing pronounced serrations at 
60°C for alloy 5109, which are not observed in alloy 5028. 
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Figure 4.8(c) True stress-true strain curves of set 47 alloys at 20, 60 and 120°C. Pronounced serrations at 60°C occur 
in both alloys, but are smaller in alloy 4718. 
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Figure 4.8( d) True stress-true strain curves of set 34 alloys at 20, 60 and 120°C. Pronounced serrations occur in both 
alloys at 60°C, and increasing the nitrogen content decreases the serration amplitude (as in alloy 
3428), but not as effectively as in set 51. 

4.2.2 Work-Hardening Rate (WHR) Behaviour 

The work-hardening rate of metastable alloys is closely related to the formation of martensite 

during deformation<68), and it has been established that the onset of positive work-hardening 
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occurs as a consequence of martensite formationC26). The work-hardening rate does not only 

indicate the formation of martensite, but also the rate and strain interval at which it occurs. 

Figures 4.9 - 4.12 show the changes which occur in the work-hardening rate and true stress at 

various temperatures for the type 301 alloy and the experimental alloys: 
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Figure 4.9 Work-hardening rate and true stress as a function of true strain: Type 301 deformed at 20, 60 and l20°C. 

Figure 4.10 shows that the work-hardening rates of set 51 increase rapidly towards the 

maximum when deformed at 20°C, whereas at 60°C the rate of increase is lower and the WHR 

maxima are reached at higher strain values. In addition, the magnitudes of the maxima at 20°C 

are greater than those at 60°C. These observations indicate that martensite formation occurs 

at a more controlled and slower rate at 60°C, resulting in higher uniform elongations. At 120°C 

the work-hardening rates decrease continuously as a function of strain, and it can be concluded 

from this that little or no martensite is formed at this temperature. Similar trends are observed 

for set 47 (figure 4.11), but the difference in maximum uniform strain recorded at 60 and 120°C 

for this set is more pronounced than for set 51 (the maximum uniform strains at 60°C being 

consistently higher than at 120°C). 
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Figure 4.10 Work-hardening rate and true stress as a function of true strain: Set 51 deformed at 20, 60 and 120°C. 
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Figure 4.11 Work-hardening rate and true stress as a function of true strain: Set 47 deformed at 20, 60 and 120°C. 

The work-hardening rates of set 34 increase very rapidly at very low strains at 20 and 60°C. At 
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120°C, the work-hardening rate decreases continuously as for sets 51and47 (figure 4.12). The 

rapid increase in work-hardening rate at very low strains is due to both the presence of a 

substantial volume fraction of pre-existing m~ensite (which means that relatively little 

retained austenite is available for transformation) and to the low stability of the retained 

austenite phase, resulting in rapid transformation, so that the WHR maxima are reached at 

much lower strains than in sets 51and47. 
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Figure 4.12 Work-hardening rate and true stress as a function of true strain : Set 34 deformed at 20, 60 and 120°C. 

4.2.3 Tensile Fractography 

Figures 4.13 and 4.14 show that the fracture surfaces of set 51 and 47 produced during tensile 

testing at 20°C, are predominantly ductile, and have the characteristic dimpled appearance. 
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Figure 4.13 Ductile fracture surfaces of tensile test at 20"C of: 

(a) Alloy 5109 (Pre-existing martensite = 16%; Martensite induced up to 03 true strain = 80% ). 
(b) Alloy 5028 (Pre-existing martensite = 5%; Martensite induced up to 03 true strain= 53%). 

Figure 4.14 Ductile fracture surfaces of tensile test at 20"C of: 

(a) Alloy 4711 (Pre-existing martensite = 6%; Martensite induced up to 0.3 true strain = 69% ). 
(b) Alloy 4718 (Pre-existing martensite = 3%; Martensite induced up to 03 true strain = 58% ). 

The two alloys of set 34, alloys 3419 and 3428, which contain 55 and 37% pre-existing 
martensite respectively, exhibit rift-like cracking in conjunction with ductile rupture (figure 
4.15). In view of the high pre-existing martensite content of these alloys, the rift cracks are 

probably due to fracture in martensite. 
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Figure 4.15 Fracture surface of tensile test at 20"C: 

(a) Alloy 3419. Predominantly ductile fracture surface. Rift crack is probably associated with fracture in 
martensite. (Pre-existing martensite = 55%; Martensite induced up to 0.18 true strain = 37%) 

(b) Alloy 3428. Predominantly ductile fracture surface. (Pre-existing martensite = 37%; Martensite induced up to 
0.18 true strain = 51 % ) 

4.2.4 Deformation-Induced Martensite Content 

The amount of martensite induced from 0 to 0.3 strain in the type 301 alloy increases with 

decreasing temperature as shown in figure 4.16, and is in accordance with the trend observed 
by Rosen et. al. (27). In contrast the amount of deformation-induced martensite of set 51 peaks 

around 2Q°C. The peak is absent in set 47, with alloys 4714 ancl 4716 behaving in a similar 

fashion to type 301. Alloy 4711 appears to reach the martensite saturation level around 20°C 

(although it is possible that below 0°C the amount of martensite induced up to a strain of 0.3 

decreases). 

~ 
100 
90 ...... 

ell 
80 ... 

"<ii • = 70 !K: ell x t: 

\ as 60 J 

::; 
"O 50 f o • ell 

~ 
x 

y 
:I 40 0 

"O = 30 -' = ' .g 20 

~ 
... 
as 10 -· e 
i.. 

.s 0 
ell -10 30 70 110 -10 30 70 110 -10 30 70 110 150 Q 

Deformation Temperature {°C] 

I 5109 + 5113 • 5218 0 5Q2ll I 4711 + 4714 I 4719 IJ 47111 I x AISI 301 I 

Figure 4.16 Deformation-induced martensite content of experimental alloys and type 301at03 true strain. 
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4.2.5 Microstructure of Alloys 4711, 4718 and Type 301 at 0.3 True Strain 

The microstructures of alloys 4711 and 4718 at 0.3 strain were compared with the 

microstructure of type 301 at the same strain level. The micrographs below show the 

microstructures parallel to the tensile direction. 

Figure 4.17 Alloy 4711 deformed to 0.3 true strain at: 

(a) O"C [Total martensite = 72%); (b) 60°C [Total martensite = 10%); (c) 120°C [Total martensite = 6%) 

Microstructural features : 1 : Lath manensite; 2 : Untransformed austenitc grain; 3 : Austcnitc twin; 4 : Martcnsitc laths forming on 

austcnitc slip lines; 5 : Austcnitc slip bands; 6 : Ousters of martcnsitc within austcnitc grain. 
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Figure 4.18 Alloy 4718 deformed to 03 true strain at: 

(a) 0°C [Total martensite = 69%); (b) 60°C [Total martensite = 7%); (c) 120°C [Total martensite = 3%) 

Microstructural features : 1 : Ma.rtensite laths occurring on slip lines within an austenite twin; 2 : Martensite cluster; 3 : Austenite slip lines. 



Figure 4.19 Type 301 deformed to 0.3 true strain at: 

(a) O"C (Total martensite = 67%) 
(b) 60°C (Total martensite = 4%) 
(c) 120°C (Total martensite = 4%) 
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4.2.6 Bulk Hardness 

(a) Bulk Hardness Of Solution Treated Alloys 

The e:qJ.~rim~ntal alloys have inherently higher bulk hardnesses than the type 301 alloy due to 
.. r--: f1· • -· . 

the ihterstiti'al strengthening ability of nitrogen. Generally with increasing nitrogen content, 
( /(· 

the i1\~dness 'increases due to the solid solution hardening effect of the nitrogen. However, 

onc~''the structure contains approximately 90% retained austenite, the increase in hardness 
(-..:_ 

wit!·•.·.in .. cre·as· ing nitrogen is small (e.g. for set 51 in figlire 4.20). This is because the hardening 
efi ~·of ~trogen in martensite is much more pronounced than in austenite, as shown by the 

incv ~$!:i!r.hardness by set 34 (which contains 40 - 55% pre-existing martensite). 
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Figure 4.20 Bulle hardness of sets 51, 47 and 34 displaying the effects of decreasing martensite content and 
r • "illtteasing solid solution hardening, with increasing nitrogen content. 
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(b) /JiifkHardness at 0.3 True Strain 
c;~-~---"' 

;~~-.·· ~~'1",, 
l.· 

The ·'f?i1l;ic hardnesses at a strain of 0.3 closely follow the same trend with temperature as the 
amount of deformation-induced martensite (compare figure 4.21 and 4.16). Thus the bulk 
hardness is a reliable single parameter by which to rank alloys with respect to their tendency to 

form martensite during deformation. 
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Figure 4.21 Bulle hardness of experimental alloys and type 301, at 0.3 true strain. 

4.2.7 Plastic Deformation Energy (PDE) 

~· 
The plastic deformation energy absorbed during deformation depends both on the increase in 

flow stress and the concomitant increase in uniform strain. In an austenitic structure which 

do~s not transform during straining, PDE is low since the increase in flow stress is moderate 

compared to that of a mart.ensitic structure. Similarly PDE of a martensitic structure is low 

due to the much reduced uniform straining ability compared to that of a stable austenitic 

structure. In a TRIP alloy, the ability of the austenitic structure -to work-harden due to its 

transformation to martensite, produces a high value for PDE compared to that of a martensitic 

or stable austenitic structure. 

The area under the force-displacement curve is mathematically equal to the amount of energy 

required to deform the tensile specimen and has the units (N.mm). The area under the true 

stress-true strain curve has the dimensions (N.mm-2) and this is equivalent to the deformation 

energy per unit volume (N.mm/mm3 = N.mm-2). PDE was evaluated by calculating the area 

under the true stress-true strain curve from the yield strain to (a) 0.3 true strain and (b) to eu. 

(a) PDE absorbed between yield strain and 0.3 strain (PDE30) 

Figure 4.22 shows that the PDE30 of the type 301 alloy increases continuously with decreasing 

temperature, whereas it peaks around 20°C for sets 51 and 47. There is a similarity between 

the trend for PD~, and the trends for deformation-induced martensite at 0.3 strain (figure 

4.16), and bulk hardness at 0.3 strain (figure 4.21). However, it will be shown in section 4.3.3 

that there is an even closer resemblance between PD~ and the tensile stress at 0.3 strain, a30 



RESULTS - 64 

(figure 4.29) . 

......,300~~~~~~~~~-~~~~~~~,-~~~-

i;.J 200 
c .:: ,·..._,_ 

~ ·~~ 
~ 150 ~: ., 
0 
·~ ~ 100L-~~~~~~~-1-~-,---~,-----,-~--,.-~<----r~-r-~.----r----l 
~ -10 20 50 80 11 0 -10 20 50 80 11 0 -10 20 50 80 110 140 

Deformation Temperature [°C] 

I • 5109 +- 5113 05216 X5028 11 • 4711 + 4714 04716 X471~ I *AISl301 I 
Figure 4.22 Plastic deformation energy of experimental alloys and the type 301 alloy absorbed between the yield 

strain and 0.3 true strain, as a function of deformation temperature. 

(b) PDE absorbed betw.een yield strain and eu (PDEu) 
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Figure 4.23 Plastic deformation energy of experimental alloys and the type 301 alloy absorbed between yield strain 
and eu, as a function of nitrogen content. 

The PDEu values of the type 301 alloy are lower than the PDEu values of sets 51 and 47 at 20, 

60 and 120°C. Only set 34 has comparable PDEu values to those of type 301. The values of set 

47 are consistently greater than those of set 51 and this becomes especially noticeable at 60°C, 

where the maximum PDEu value of set 47 (at 0.14% nitrogen) is significantly greater. than the 

maximum PDEu value of set 51(at0.16% nitrogen). 
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Figure 4.24 Plastic deformation energy of experimental alloys and the type 301 alloy absorbed between yield strain 
and eu, as a function of deformation temperature. 

Figure 4.24 shows that the maximum PDEu is absorbed at 60°C for all alloys (including the 

type 301 alloy). From the limited data points that are available for each alloy it appears that 

the peak moves towards 20°C as nitrogen content increases. Furthermore, the peak height 

varies according to the nitrogen content, with the heighest peaks occurring at intermediate 

nitrogen content of 0.14 - 0.16% (nickel = 4.7 - 5.1%), and alloys containing the highest 

amount of nitrogen have the lowest PDEu values at 60°C. It is noteworthy that for sets 51 and 

47, the temperature at which the maximum PDE30 occurs, is 20°C, whereas the temperature at 

which the maximum PDEu occurs, is 60°C. Thus the temperature of deformation needs to be 

adjusted according to the required final strain value in order to achieve optimum energy 

absorption. 

4.3 MECHANICAL PROPERTIES 

The mechanical properties investigated are the maximum uniform strain ( eu), yield strength 

and tensile strength at eu ( uu)· 

4.3.1 Maximum Uniform Strain (eu) 

Figure 4.25 shows that at 20 and 60°C, eu has a maximum at a particular nitrogen content 

whereas at 120°C a minimum occurs. The occurrence of the maxima is associated with the 

formation of deformation-induced martensite at the optimum rate i.e. the nitrogen content at a 

particular maximum enables the 1RIP phenomenon to occur at the optimum rate. At 120°C, 
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insufficient martensite is formed, and eu is determined by the ability of austenite to work

harden and to resist incipient necking. 
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Figure 4.25 Maximum uniform strain ( eu) of experimental alloys and the type 301 alloy as a function of nitrogen 
content. 

Although set 47 contains on average only 0.4% less nickel than set 51, the pronounced effect 

that this has on the peak sharpness can be clearly seen at 20 and 60°C, with set 47 having a 

significantly greater incline and decline at 60°C than set 51. Set 34 has low eu values which are 

attributed to the both presence of 40 - 55% pre-existing mariensite, and to the rapid formation 

of martensite during deformation. It can be inferred from the virtually identical trends of eu 

(figure 4.25) and PDEu (figure 4.23), that the maximum uniform strain of the experimental 

alloys is directly proportional to the plastic deformation energy. Figure 4.26 shows that the 

variation of eu with temperature of alloy 4714 is similar to that of the type 301 alloy. Since the 

maximum elongation temperature (MET) lies between the Ms and Mi31
), the lowering of the 

Ms and Md on raising the nitrogen level should also decrease the MET. It is difficult to see 

this trend from figure 4.26 due to the lack of data points available for each curve. 
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Figure 4.26 Maximum uniform strain ( eu) of experimental alloys and the type 301 alloy, as a function of deformation 

temperature. 

4.3.2 Yield Strength 

Yielding in TRIP steels can occur as a result of stress-assisted martensite formation or due to 

slip in austeniteC16). In the former case, the volume expansion of the austenite to martensite 

transformation results in a transformation strain and consequent yielding. Since the 

experimental alloys favour the formation of strain-induced martensite, yielding occurs 

primarily as a result of slip in austenite. 
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Figure 4.27 Yield strength of experimental alloys and the type 301 alloy, as a function of nitrogen content. 
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The yield strength of the experimental alloys is generally higher than that of the type 301 alloy, 

due to their relatively high nitrogen contents. Figure 4.27 shows that the yield strengths of the 
experimental alloys exceed that of the type 301 alloy at all three temperatures. The figure also 
shows that the yield strength of sets 51 and 47 at 20 and 120°C decreases above a certain 
nitrogen content. The yield strength of sets 51and47 at 20°C, is higher than the yield strength 

of set 34, but as the temperature increases, the yield strength of set 34 becomes increasingly 
greater than that of sets 51 and 47. Figure 4.28 shows that the yield strength of the 
experimental alloys and of the type 301 alloy decreases with increasing temperature, except for 

alloy 3419. The seemingly different behaviour of the latter alloy is possibly due to the 
formation of stress-assisted martensite at the lower temperatures. The d:ilational strain 
associated with the formation of martensite within the elastic region gives rise to an off-set 
which is sufficient to indicate premature yielding. As the temperature increases the tendency 
to form stress-assisted martensite decreases. 
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Figure 4.28 Yield strength of experimental alloys and the type 301 alloy, as a function of temperature. 
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4.3.3 Tensile Stress 

(a) Tensile Stress at0.3 Trne Strain(a30) 
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Figure 4.29 True stress at 0.3 true strain of experimental alloys and the type 301 alloy as a function of temperature. 

The tensile stress of the experimental alloys at a strain of 0.3 has a maximum at 20°C (except 

for alloy 5028). In contrast, the measured value of a30 for the type 301 alloy increases 

continuously with decreasing temperature, in accordance with the martensite content and bulk 

hardness trends (figures 4.16 and 4.21 respectively). The trend of a30 (figure 4.29) is virtually 

identical to the trend of PDE30 (figure 4.22) for all alloys, including type 301. It can be 

inferred that at 0.3 strain, the plastic deformation energy is directly proportional to the tensile 

stress. Figure 4.30 shows that a30 for the experimental alloys is consistently greater than a30 for 

the type 301 alloy, and that the values for sets 51and47 are similar at all four temperatures. 
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Figure 4.30 True stress at 0.3 true strain of experimental alloys and the type 301 alloy, as a function of nitrogen 

content. 

(b) Tensile Stress at Maximum Uniform Strain (au) 

Figure 4.31 shows that at 20°C, set 47 has a maximum au value which is higher than that of set 

51, and the shape of the curve for the former set is also sharper than that of the latter. As 

temperature increases the maxima of both sets apparently move to the left i.e. towards lower 

nitrogen contents. 
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Figure 4.31 Tensile stress (au) at maximum uniform strain of experimental alloys and the type 301 alloy, as a 
function of nitrogen content. 
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The rate at which Ou increases with decreasing temperature is greater in the experimental 

alloys than in the type 301 alloy (figure 4.32). This rate decreases as nitrogen increases, but 

even in the highest nitrogen alloys (5028, 4718 and 3428) it is still relatively high compared to 

that of the type 301 alloy. An interesting observation is that Ou of the type 301 alloy and of set 

34 both peak at 60°C whereas those of sets 51 and 4 7 peak somewhere below 20°C. 
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Figure 4.32 Tensile stress (au) at maximum uniform strain of experimental alloys and the type 301 alloy, as a 
function of temperature. 

4.3.4 Room Temperature Impact Properties 

Adiabatic heating increases considerably at high strain rates<40
) (i.e. strain rates of the order of 

103 s-1 and above), and thus very little or no martensite is expected to form during impact. The 

observed trends of impact energy are thus primarily attributed to the effect of nitrogen in solid 

solution. The impact toughness of set 51 increases with increasing nitrogen content (the 

retained austenite content also increases with increasing nitrogen content) up to 0.16% · 

nitrogen and decreases slightly as nitrogen increases to 0.28%. (Set 51 contains 90% retained 

austenite at 0.16% nitrogen). The impact toughness of set 47 decreases continuously with 

increasing nitrogen content (all alloys of this set contain more than 90% retained austenite), 

while the impact toughness of set 34 increases continuously (both alloys of this set contain less 

than 90% retained austenite ). 
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Figure 4.33 Impact energy absorbed by experimental alloys at room temperature. 
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The ductile impact fracture surfaces of alloys 5109, 4718 and 3419 are shown in figure 4.34. 

The principal fracture mode is crack propagation due to void coalescence. 

Figure 4.34 Impact fracture swfaces of tests at :ZOOC. 

(a) Alloy 5109 [Impact energy = 183 J] (b) Alloy 4718 [Impact energy = 177 J] (c) Alloy 3419 [Impact energy= 125 J] 
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CHAPTERS 

DISCUSSION 

5.1 MICROSTRUCTURAL CHARACTERIZATION 

5.1.1 Austenite Forming and Stabilizing Ability 

The pseudo-ternary phase diagram in figure 5.1 shows that at 1000°C (which is 500C below the 

solution treatment temperature) the experimental alloy compositions fall into the austenite 

region ('Y) only. The confirmed absence of o-ferrite at the solid solution treatment temperature 

in all experimental alloys, shows that the compensatory increase in nitrogen for the decrease in 

nickel, has successfully maintained the austenite forming ability of the type 301 alloy . 

. er' 

Ni' (wt°lo) 

Figure 5.1 Fe-Cr'-Ni' ternary phase diagram (1000°C isothermal section). Experimental alloy compositions fall into 
hatched area<69). 

The absence of c5-ferrite in austenitic microstructures generally improves the hot ductility and 

hot workability(10). This is true for low nitrogen levels (approx. 0.03 wt%), but it has been 

shown that at high nitrogen levels (approx. 0.20 wt%) the absence of c5-ferrite results in a 

reduction in hot ductility as shown in figure 5.2. It has been proposed that the decrease in 

ductility is due to Cr-N clusters retarding recovery and recrystallization by segregating to 

austenite grain boundaries<42). 
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Figure 5.2 The effect of nitrogen content on the hot workability of austenitic stainless steels containin& no o
ferriteC 42). 

It would therefore be advantageous to have some o-ferrite present, since in fact a small amount 

of o-ferrite can be beneficial as it dissolves impurities which lead to intergranular cracking. 

Also the additional interfacial area created by o-ferrite can lower the concentration of 

impurities segregated to the boundariesC42). 

The austenite stabilizing ability of set 47 compares very favourably with that of the type 301 

alloy, since the amount of retained austenite of the respective alloys in this set ranges between 

94 and 97%. The stabilizing ability of set 51 also compares well with that of the type 301 alloy 

and the amount of retained austenite varies between 84 and 95%;· Set34-in contrast shows-that·"· 

the partial substitution of 4 wt% nickel with up to 0.28 wt% nitrogen does not provide a 

stabilizing ability comparable to that of the type 301 alloy. Since the levels for carbon, 

manganese and chromium vary slightly over the alloy range, including the type 301 alloy, 

(ideally the base composition of all the experimental alloys and the type 301 alloy should be 

identical but this is not viable in practice), minor deviations also occur in the expected trend of 

retained austenite with nitrogen content. For example, alloy 4716 contains 7% more austenite 

after solution treatment than alloy 5216 and this can be attributed to the fact that set 47 
contains slightly higher carbon and manganese contents than set 51. 

5.1.2 Nitrogen solubility 

Transmission electron microscopy revealed no nitride precipitates in the highest nitrogen 

alloys (5028, 4718 and 3428). This is not surprising in view of the fact that type 304 austenitic 

stainless steel containing 8 - 12 wt% nickel, comfortably retains 0.2 wt% nitrogen wh_en 

solution heat-treated at 1050°C(51). Since nickel lowers nitrogen solubility, lowering the nickel 

level will provide increased nitrogen solubility. Co-planar arrays of dislocations separated by 
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stacking faults have been directly linked with the presence of nitrogen and can be clearly seen 

in figures 4.5(b} and 4.7(a)<50). The formation of deformation-induced nitrides has been 

reported<42) but it is unlikely that this phenomenon would ~ccur in the experimental alloys. 

5.2 TENSILE DEFORMATION BEHAVIOUR 

5.2.1 True Stress - True Strain Curves 

The true stress - true strain curves of set 51 at 20, 60 and 120°C are very similar to those of set 

47 (compare figure 4.8(a) and (b)). In contrast those of set 34 s.how distinct differences, which 

are attributed in part to the effect of the relatively large amounts of pre-existing martensite in 

this particular set (figure 4.8(c)). A striking feature of the tensile behaviour of the 

experimental alloys is the pronounced serrations, which occur only at 60°C in the experimental 

alloys. The type 301 alloy exhibits very fine serrations at 60°C, which are more uniformly 

distributed and by far not as pronounced as the ones which occur in the experimental alloys. In 

the experimental alloys, the serration amplitude increases with decreasing nitrogen content and 

increasing strain. In particular, serrations occur with increasing amplitude as the maximum 

uniform strain is approached. 

It is unlikely that the pronounced serrated flow occurring in the experimental alloys is the 

result of adiabatic heating since it should then also be present at 20°C. Furthermore, it is 

unlikely that dynamic strain ageing is the primary cause, since the serration amplitude should 

then increase with increasing nitrogen content. It is proposed that the serrations are the result 

of martensitic transformation and that they occur only at very specific austenite stabilities. At 

20°C austenite stability is not favourable for serration formation presumably because the 

stability is 'too low'. At 60°C stability is higher and this suggests that serrations do not occur 

below a minimum threshold stability. Furthermore, since serrations are also absent at 120°C, a 

maximum threshold stability exists, above which no serrations are formed. Pronounced 

serrations only occur beyond 0.3 true strain and since a negligible amount of deformation

induced martensite has formed at 60°C up to this strain (figure 4.16), it is plausible that 

serrations only start to form when the average flow stress reaches the required stress for 

transformation. The formation of some martensite before the average flow stress reaches the 

transformation stress, is attributed to the occurrence of local stress concentrations, which are 

greater than the average flow stress. 

It is proposed that serrations occur as a result of an incubation period, coupled with a type of 

burst phenomenon. The three stages in the formation of a serration are shown in figure 5.3. 

Between A and B slip occurs in the austenite, while martensite formation is suppressed, but 
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this does not necessarily imply complete transformation suppression. At B, the critical stress is 

reached for slip in austenite to be succeeded by martensite formation. 

If) 
If) 
w g: 
If) 

c 

A 

STRAIN 

Figure 5.3 The three stages of formation of serration peak at 60°C. 

A-+B: Slip in austenite. Very little or no martensite formed. 
B : Slip in austenite is succeeded by martensite formation. 
C : Martensite burst. 

The transformation proceeds at a relatively slow rate and the flow stress increases as 

martensite is formed. At C, the critical stress for rapid martensite formation is reached 

(martensite is probably forming in bursts). Tomota et.al have shown that when martensite 

forms rapidly, the stress relief accompanying the transformation strain can lead to a lowering 

of the overall applied stressC68). (Martensitic shear transformation results ·in a 4% volumetric 

expansion or equivalently 1.3% linear dilatation, and hence a certain positive value of 

transformation strain occurs along the direction of applied stress). The cycle is then repeated. 

Serrations do not occur at low strains since the flow stress values are below the critical stress 

required for rapid martensite burst transformation at C. 

It appears that as austenite stability increases the stress drop (C-+A) becomes more gentle 

(compare peak Pl with P2 in figure 4.8(d)). The presence of nitrogen has been associated with 

the occurrence of burst phenomenaC70), but the exact role played by nitrogen in the process of 

serration formation cannot be determined from the experiments performed, and further work 

would be required to this end. 

5.2.2 Work-Hardening Rate (WHR) Behaviour 

Tme 301: 

At 20°C, the decrease in WHR at strains below 0.2 is typical of the continuously decreasing 

WHR of stable austenite (figure 4.9). It has been shown, that at strains just prior to the 

minimum in WHR, deformation-induced transformation beginsC26). Martensite embryos 

become supercritical and begin to growC13) due to the increase of local stress concentrations at 
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the intersection of slip bandsC73) and/ or the pile up of dislocations at grain boundariesC12). 

Beyond 0.2 strain, the transformation rate and correspondingly the martensite volume fraction 

increases, resulting in an increase in strength, due to composite strengthening by continual 

refinement of the austenite and martensite mixture. At 0.3 strain, the maximum WHR is 

reached, and about 40% martensite has been induced (figure 4.16). The most energetic or the 

most favourably oriented martensitic embryos have beeri consumed, and more energy is 

required to activate embryos of successively less favourable orientation, and the. transformation 

rate decreasesC13). The amount of martensite formed per nucleus gradually decreases, due to 

the partitioning of austenite into smaller and smaller volumes by the martensite laths that are 

formed. The transformation gradually peters out, the composite microstructure begins to 

deform, and dynamic recovery results in a decrease of WHR with increasing strainC24). 

At 60°C, the extent of transformation at a given strain is significantly lower, and the magnitude 

of the maximum value attained by WHR decreases. 

At 120°C, WHR decreases continuously since transformation is largely suppressed. It is not 

suppressed completely, as can be seen by the laths that have formed (figure 4.19(c)), but the 

growth of martensite embryos is very slow, with the result that deformation occurs primarily as 

slip in austenite. 

5.1 % ·Ni alloys: 

At 20°C, the onset of positive work-hardening of all 4 alloys occurs toward lower strains (i.e. 

below 0.1) than in the type 301 alloy, and is relatively insensitive to changes in nitrogen 

content. The earlier onset of positive work-hardening in set 51 is accompanied by the 

formation of 15 - 45% more martensite up to 0.3 strain than in the type 301 alloy. 

At 60°C, the onset of positive work-hardening also occurs at lower strains than in the type 301 

alloy (i.e. at approx. 0.2 strain), and relatively little martensite ( < 10%) is induced up to 0.3 

strain. The value of the peak WHR with its corresponding strain value are plotted in figure 

5.4. The greater the strain at which the peak WHR value occurs, the greater will be the 

elongation. 
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Figure 5.4 The peak work·hardening rates and the corresponding strain values of set 51 compared to that of the type 
301 alloy at 60°C. 

The curve of peak WHR of set 51 decreases continuously with increasing nitrogen content, and 

the curve of the corresponding strain values at the peak WHR has a maximum at a nitrogen 

content of approximately 0.13%. This represents the nitrogen content at which TRIP can 

occur at the optimum rate. The value of the peak WHR for each of the alloys in set 51, 

exceeds that of the type 301 alloy, and none of the alloys has a value for the strain at peak 

WHR which is greater than that of the type 301 alloy. Alloys 5216 and 5028 have similar work

hardening behaviours to the type 301 alloy, except that in the former, the onset of positive 

work-hardening occurs at lower strains, the magnitude of the peak WHR values are higher and 

are reached at lower strains, resulting in lower elongations. 

At 120°C, transformation is suppressed, and the work-hardening behaviour of set 51 is very 

similar to that of the type 301 alloy, with elongations being similar. 

4. 7% Ni alloys : 

At 20°C, the strain at which the onset of positive work-hardening occurs, increases with 

increasing nitrogen content, with the onset in alloy 4716 occurring at approximately the same 

strain as in the type 301 alloy. This experimental alloy contains 20% less deformation-induced 
martensite than the type 301 alloy at 0.3 strain, while the other alloys of set 47 contain 10-30% 

more martensite than the type 301 alloy. The work-hardening behaviour of the 4 experimental 

alloys at 20°C is very similar to that of set 51 at the same temperature, with little difference 
between the peak WHR for alloys of equivalent nitrogen content. 

At 6D°C, onset of positive work-hardening commences at a strain of approximately 0.2 for all 4 

alloys. The peak WHR and corresponding strain values are shown in figure 5.5. 



'2 :.. 
::;; ._, 
~ 
::: 
:::: 
~ 

" ~ :.. 

3400 -.---.. .,__-----------~o.49 

3200 
3000 
2800 
2600 
2400 
2200. 
2000 
1800 
1600 

301 

301 

' • 

0.485 

0.47 

1400 

x~ 0.465 

-+------..,.------..---...----....--~o.46 

0.06 0.08 0.1 0.12 0.14 0.16 0.18 

Nitrogen Content (wt%) 

• PeakWHR x Strain at Peak WHR I 

DISCUSSION - 79 

Figure 5.5 The peak work-hardening rates and the corresponding strain values of set 47 compared to that of the type 
301 alloy at 60°C. 

The curve of peak WHR of set 47 has a minimum at about 0.16% nitrogen, and that of the 

corresponding strain values has a maximum occurring at a nitrogen content of approximately 

0.14%. This is very close to the optimum nitrogen content of set 51. Set 47 has a higher 

maximum peak strain value than set 51, the two values being 0.48 and 0.40 respectively. The 

; high elongations to fracture, particularly in alloy 4714, indicate that conditions at 60°C are 

favourable for elongations to be increased by the transformation-induced plasticity mechanism. 

At 120°C, transformation is suppressed, and the work-hardening behaviour of set 47 is very 

similar to that of the type 301 alloy, with elongations being similar. 

3.4% Ni alloys : 

At 20°C, the WHR of set 34 increases very rapidly at low strains, reaching a value of more than 

104 MPa at strains below 0.1, indicating that martensite formation is rapid at low strains. 

Beyond the peak, the WHR decreases rapidly resulting in low elongation to fracture. Hence 

the formation of 40-50% martensite during deformation is too rapid to prevent incipient 

necking; the TRIP phenomenon therefore does not occur. 
At 60°C, the onset of positive work-hardening still occurs at very low strains in both alloys. The 

peak WHR values are considerably lower than at 20°C, and the reduced rate of martensite 

formation does result in greater elongations, but these are low compared to that of the type 

301 alloy. 

At 120°C, the WHR decreases continuously, indicating the suppression of martensite formation 

during deformation, but the recorded elongations are nevertheless comparable to those at 

60°C. 
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The work-hardening behaviours show that transformation-induced plasticity enhances the 

ductilities of set 51 and 47 at 60°C, but not of set 34. This is attributed to the presence of 40-

55% pre-existing martensite in set 34 and the rapid formation of martensite at low strains. The 

work-hardening rate curves of the experimental alloys differ from those of the type 301 alloy, in 

that, generally onset of positive work-hardening occurs at lower strains, the peak -WHR is 

higher, and corresponding strain values at which the peak WHR occurs, are lower than in the 

type 301 alloy. Nevertheless, in spite of these differences, the ductilities of some of the alloys 

in sets 51 and 47, compare favourably with the ductilities of the type 301 alloy recorded at 20, 

60 and 120°c. 

5.2.3 Microstructural Examination of Strained Alloys 

The microstructures (parallel to the tensile direction) of the lowest and highest nitrogen alloys 

in set 47 (471.1 and 4718 respectively) deformed by a tensile strain of 0.3, are compared to 

those of the type 301 alloy in figures 4.17 to 4.19. The microstructural features of the three 

alloys are examined after straining at 0, 60 and 120°C. It is not always easy to distinguish 

martensite from slip lines, but the deformation temperature gives a guideline, since martensite 

formation dominates at the lower temperatures, and slip dominates at the higher temperatures. 

The microstructure of alloy 4711 deformed at 0°C, consists predominantly of fine lath strain

induced martensite (figure 4.17(a)). At 6Q°C (figure 4.17(b)), a number of austenite grains can 

be seen which have resisted slip and transformation [area (2)]. The slip lines have widened 

and a twin can also be seen [area (3)], although this twin may have formed during quenching. 

Martensite has formed more selectively at 60°C, than at 0°C, and therefore results in an 

increase in uniform straining ability at 60°C. At 120°C, some austenite grains exhibit 

microstructural features which resemble slip bands [area (5)]. The presence of martensite 

clusters [area (6)] could be the result of martensite formation during electro-polishing since 

similar such clusters occur in the undeformed structure (figure 4.2(a)). 

The microstructure of alloy 4718 at 0°C (figure 4.18(a)) is very similar to that of alloy 4711. 

(The alloys contain 69% and 72% martensite respectively). At 60°C, martensite occurs as 

isolated laths, and clusters are less prevalent than in alloy 4711 (figure 4.18(b)). Two 

martensite laths (presumably strain-induced) occur on the slip lines in an austenite twin [area 

(1)]. At 120°C features resembling slip are again visible [area(3)], and some martensite 
clusters occur [area (2)] (figure 4.18(c)). 

The microstructure of the type 301 alloy at 0°C, is similar to that of alloy 4711 and 4718, and 

contains 67% martensite (figure 4.19(a)). At 60°C, the microstructure appears very similar to 

that of alloy 4718. Martensite occurs only in the form of laths not in clusters (figure 4.19(b)). 
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At 120°C, clusters of martensite are also absent. Features thought to be slip bands, which span 

whole grains of austenite as in alloy 4711at120°C (figure 4.17(c)), are not evident in the type 
301 alloy. 

5.2.4 Deformation-Induced Martensite Content 

The formation of deformation-induced martensite in the present experimental alloys is largely 

attributed to strain in the matrix. The ease with which critical levels of strain can occur in the 

austenite is expected to influence the formation of martensite. At any specific temperature, 

local stress variations may result in the average stress being lower than the local stress. Since 

the propensity for slip to occur is enhanced with increase in temperature, it is possible for an 

increase in local stress to arise from increased local slip even when the average stress level is 

still low. This could lead to martensite formation at some point. However, as the temperature 

is reduced, the ease with which slip might occur at low average stress levels is reduced and the 

occurrence of local slip becomes less significant, thereby restricting the formation of 

martensite. This might explain why the amount of martensite measured after 0.3 strain in 

some experimental alloys is greater at 20°C than at 0°C, although the total martensite induced 

up to fracture may be equivalent in both situations. 

In addition the amount of pre-existing martensite must influence the formation of deformation

induced martensite. It is expected that martensite formed during quenching (after solution 

treatment) will be influenced by the existence of favourable nucleation sites. The formation of 

deformation-induced martensite is similarly affected by nucleation sites, and if a proportion of 

initial favourable sites is already consumed, it is more difficult for martensite to form in regions 

of low stress/strain. Therefore the increase in the formation of deformation-induced 

martensite in the type 301 alloy up to 0°C, can be explained on the basis that very little or no 

martensite ( < 2%) exists in the microstructure prior to deformation. Three of the set 4 7 alloys 

behave in the same manner for similar reasons. 

The formation of deformation-induced martensite results in a substantial increase in bulk 

hardness measured for the experimental alloys. Figure 4.20 shows that their hardness values 

after solution treatment ranges between 200-230 HV30• After straining by 0.3, the hardness 

values have increased to between 300-550 HV20 (the hardness increase at 0 and 20°C being 
considerably higher than at 60 and 120°C). In contrast, the bulk hardness of the type 301 alloy 
after straining by 0.3, increased from 170 HV30 (after solution treatment) to between 250-400 

HV 20 depending on temperature. The experimental alloys, which contain considerably higher 

amounts of nitrogen than the type 301 alloy, undergo greater strengthening during deformation 

due to the inherently high strengthening effect of nitrogen in martensite. The close correlation 

between the increase in deformation-induced martensite and the concomitant increase in bulk 
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hardness can be observed by comparing figures 4.16 and 4.21. 

5.3 MECHANICAL PROPERTIES 

5.3.1 Maximum Uniform Strain (e0 ) 

(a) Variation with temperature 

From the limited data available, it can be said that the maximum elongation temperature 

(MET) of the type 301 alloy is in the vicinity of 60°C (figure 4.26). (The MET of the type 301 

alloy has been reported to vary from 50 to 55°C(27•32•33).) The METs of the alloys in set 4 7 are 

also in the vicinity of 60°C, while those of the alloys of set 51 occur more in the 60 to 120°C 

temperature range. It has been well substantiated during previous investigations that the MET 

decreases as the stability of the austenite microstructure increasesC12•31). This can be similarly 

illustrated with some degree of confidence from the limited data available from the set 51 

alloys. The curves drawn in figure 5.6 are approximated, but indicate how the MET might be 

influenced by increasing nitrogen content. 
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Figure 5.6 Schematic approximation of influence of nitrogen on the MET. The position of the MET is presented 
qualitatively and not quantitatively. 

The schematic approximation shows not only that the MET decreases with increasing nitrogen, 

but also that the peak becomes shallower as nitrogen increases in accordance with previous 

findingsC27•31). 
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(b) Variation with nitrogen content 

The occurrence of a maximum uniform strain as a function of temperature implies that there 

should also be a maximum uniform strain as a function of nitrogen content, since the effect of a 

variation in temperature on austenite stability is equivalent to a variation in nitrogen content. 

Figure 4.25 shows that sets 51 and 47 do have a maximum uniform strain at a particular 

nitrogen content, but only at 20 and 60°C and not at 120°C. It was shown in section 5.2.2, that 

the manner in which work-hardening occurs during straining, is crucial in determining uniform 

straining ability. The maximum uniform strains of sets 51 and 47 at 60°C are generally greater 

than at 20 or 120°C, since incipient necking is delayed by the gradual and selective formation of 

martensite. In contrast, the formation of martensite at 20°C is less selective and more rapid, 

and is even more detrimental to the uniform straining ability, than had no martensite (or very 

little) formed, as a:t 120°C, since the values of e0 in general are greater at 120°C than at 20°C. 

Some alloys in sets 51 and 47 do have higher uniform strains at 2D°C than at 120°C, but the 

majority have higher uniform strains at 120°C. The maximum uniform strain measured for the 

experimental alloys at 20, 60 and 120°C, is directly proportional to the plastic deformation 

energy (PDE0 ), as can be seen by the similar trends of figures 4.25 and 4.23. The measured 

values of PDEu should therefore provide a basis on which to rank the experimental alloys 

according to their ductilities. 

There are two salient features which can be observed in figure 4.25: 

(1) The peak of set 47 at 20 and 60°C is sharper and higher than that of set 51. There is a 

similarity between this observation and the results of Rosen et.al., who found that the 
peak of their type 301 alloy was sharper and higher than of type 304(27). Type 301 

contains less nickel than type 304, and set 4 7 also contains less nickel than set 51. The 

nickel content may have a significant effect1on the height and sharpness of the peak, but 

it may be that any alloying elements, which affect the austenite stability, influence the 

peak height and sharpness. The sharpness of the peak is an indication of the sensitivity of 

the alloy to changes in nitrogen (and temperature), and in view of the peaks of set 47 

being sharper than the peaks of set 51 (at 20 and 60°C), it is possible that set 51 may be 

more suited for practical purposes than set 47, in spite of the attractively high uniform 
strains achieved by set 47. It is difficult to control strain rates precisely during 

fabrication, and strain rates are likely to vary within a particular component in the 

manufacturing process. Varying strain rates make it more difficult to control adiabatic 
heating, which in turn has a pronounced effect on martensite formation. 

(2) At 120°C, sets 51and47 have a minimum uniform strain instead of a maximum. Since the 
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steels are stable at this temperature, their deformation behaviour can be compared to 

that of 17% chromium ferritic steels. A minimum in tensile ductility is observed in the 
latter at about 40% martensite (figure 5.7) suggesting that a similar minimum tensile 

ductility occurs at a particular martensite content in the experimental alloys at 120°C. 
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Figure 5.7 Effect of martensite content on the tensile ductility of 17% chromium steels<71). 
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Figure 5.8 Minimum in ductility of sets 51 and 47 at about 11 and 4% pre-existing martensite respectively. 

Figure 5.8 shows that a minimum in ductility occurs for set 51 at 11 % pre-existing 

martensite, and for set 47 at 4%. The decrease in ductility as the amount of pre-existing 

martensite increases from 0%, indicates that the presence of martensite must be having 

some adverse influence on the deformation behaviour of austenite during the latter 

stages of straining. Obviously two-phase mixtures do influence uniform deformation as 

shown by the ferrite-martensite steel in figure 5.7, but further work would be required to 

clarify this in the present steels. 
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5.3.2 Yield Strength 

The yield strength of the experimental alloys exceeds that of the type 301 alloy at all 

temperatures (figure 4.27), and this can be attributed to the intrinsic high strengthening ability 

of nitrogen in solid solution as shown in figure 5.9. 
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Figure 5.9 Yield strengthening ability of nitrogen compared to that of carbon and nickel<42
). 

The yield strength of the alloys in sets 51and47, as well as that of the type 301 alloy, decreases 

with increasing temperature as shown in figure 4.28, which is consistent with previous 

observations of the decrease of yield strength in FCC metals(72). In contrast, the yield strength 

of alloy 3419 increases with temperature. This trend is unexpected and could be due to the 

formation of some stress-assisted martensite at the lower temperature. The formation of 

stress-assisted martensite would cause yielding due to the dilatation associated with the 

transformation. Less stress-assisted martensite is expected to form as temperature increases, 

and yielding will then only occur when slip occurs in the austenite, and will consequently be 

delayed to higher stress levels. Stress-assisted martensite is less likely to form in alloy 3428, 

which follows the same normal trend as the other alloys, because of its considerably higher 

nitrogen content. 

5.3.3 Tensile Stress 

(a) Variation with temperature 

The observed tensile stress is dependent on the existing microstructure at the start of the 

tensile test, and the manner in which the microstructure work-hardens during deformation. 
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The difference between a30 and au depends on the extent of work-hardening between 0.3 strain 

and eu. Figure 5.10 shows that (au - a30) for the type 301 alloy is considerably smaller than (au 

- a30) for sets 51 and 47. This is partly due to the martensite phase being strengthened to a 

greater degree in the experimental alloys than in the type 301 alloy, because of the higher 

nitrogen contents in the former alloys. Furthermore, nitrogen strengthens martensite 

considerably more than austenite, and since the experimental alloys generally contain more 

martensite at a given strain interval than the type 301 alloy, strengthening is much more 

pronounced between 0.3 strain and eu in the former alloys. 
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Figure 5.10 Tensile stress at 0.3 strain (a30) and at maximum uniform strain (au) of sets 51 and 47, and the type 301 
alloy, as a function of temperature. · 

The curves of a30 and PDE30 are generally very similar for alloys of sets 51 and 47, as well as 

the type 301 alloy (compare figures 4.22 and 4.29). It can therefore be inferred, that at 0.3 

strain, PDE3o is directly proportional to the tensile stress, a30. In section 5.3. l(b) it was noted 

that at the maximum uniform strain ( eu), the plastic deformation energy (PD Eu) is directly 

proportional to eu. These two observations indicate that in the early stages of deformation (i.e. 

below 0.3 strain), where relatively little martensite has formed, the deformation energy is 

determined by the increase in stress. In the stages of deformation between 0.3 strain and eu 

however, where martensite is the dominant deformation mode, the deformation energy is now 

determined by the increase in strain instead. 

(b) Variation with nitrogen content 

The tensile stress measured at 0.3 strain ( a30), is very similar for sets 51 and 4 7 at 20, 60 and 

120°C, as shown in figure 4.30. In contrast, the tensile stress measured at eu (au) is similar only 

at 120°C (figure 4.31). At 20°C for instance, the curve of au versus nitrogen for set 47 is not 

only higher than the curve of au for set 51, the incline and decline of the former are also 

greater than that of the latter curve. It is thus not only the uniform strain for set 47 which is 
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more sensitive to changes in nitrogen (and temperature) than the uniform strain of set 51, but 

also the tensile stress. At 60°C, the tensile stress measured for set 47 is still greater than that 

measured for set 51, but the shapes of the two curves have become similar. The peaks 

observed at 20°C have apparently shifted towards lower nitrogen contents (lower austenite 

stability) .in counteractive response to the increased temperature (higher austenite stability). 

5.3.4 Room Temperature Impact Behaviour 

The Charpy test was originally introduced to differentiate between steels which failed by brittle 

cleavage fracture at some specific temperature, and those which failed by ductile dimple 

fracture, and also to obtain some idea of the ductile-to-brittle transition temperature. If 

fracture is ductile, as was the case in the present investigation, a considerable amount of energy 

can be expended due to friction between the specimen ends and the supports against which the 

specimen is placed. The manner in which a ductile specimen is forced through the gap 

between the restraining supports, can depend on a number of parameters, and hence the 

Charpy test becomes qualitative or semi-quantitative, rather than quantitative, in distinguishing 

between degrees of ductility. The main aim of the impact tests was to determine whether the 

impact toughness of the experimental alloys was as good as predicted by literatureC51), and it 

was found to be indeed so. 

The impact toughness appears to increase with increasing nitrogen content only if the 

concomitant increase in volume fraction of austenite is significant. It appears that if the 

nitrogen level is raised above that required to retain around 90% austenite, toughness 

decreases (figure 4.33). It is of course debatable whether the trend is physically significant, in 

view of the semi-quantitative nature of the Charpy test, in cases of ductile failure. The high 

standard deviation of set 47 is attributed to the relatively high oxygen levels contained in the 

alloys of this set (0.03-0.06% ). 
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CHAPTER6 

SUMMARY AND CONCLUSIONS 

6.1 SUMMARY 

The study of a range of experimental alloys with the AISI 301 base composition, shows the 

potential of partially substituting nickel with nitrogen, in an attempt to achieve comparable 

uniforms strains to that of AISI 301, as well as the limitations involved. 

The metastable austenitic stainless steel, AISI 301, is used in stretch forming applications due 

to its ability to resist plastic instability, by the mechanism of transformation-induced plasticity 

(TRIP). The effective occurrence of TRIP relies on the gradual and selective formation of 

martensite at points of incipient necking, counteracting the formation and propagation. of 

microcracks and micronecks. The austenite stability is critical because the TRIP phenomenon 

is directly affected by it, and an understanding of the effects of changes in alloy composition 

and temperature on austenite stability is essential in attempting to optimize the TRIP 

phenomenon in modified compositions. 

The three requirements for optimum TRIP to occur are: 

(1) The presence of a single-phase austenitic structure at the solution-treatment temperature 

(i.e. a-ferrite is absent); 

(2) The complete retention of the austenitic structure existmg at the solution-treatment 

temperature, after quenching to room temperature (i.e. M5 is below ambient); 

(3) The stability of the austenite phase must facilitate the gradual and selective formation of 

deformation-induced martensite during straining at the required deformation 

temperature (usually ambient). 

Requirement (1) was satisfied by the experimental alloys, which contained 3.4 - 5.2 wt% nickel 

and 0.087 - 0.28 wt% nitrogen. In addition, no nitrides were present in any of the experimental 

alloys. Requirement (2) was satisfied to varying degrees : Alloys bearing 4.7 - 5.2 wt% nickel 

contained from 84 - 97% retained austenite, and those bearing 3.4 wt% nickel, contained 45 -

63% retained austenite. This study shows that requirement (3) can be satisfied to varying 

degrees, by maintaining a careful balance between the nitrogen and nickel contents, provided 

the amount of pre-existing martensite is not too great. Although it is not possible to determine 

from the study the minimum nickel content required for TRIP to occur in a nitrogen-alloyed 
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steel, it can be said with confidence that more than 3.4 wt% nickel is needed, otherwise 

insufficient austenite is retained, and the stability of the austenite which is retained is too low 

for 1RIP to enhance elongation. By keeping within the 4.7 - 5.2 wt% nickel range, it is possible 

to adjust the nitrogen content, so that a compromise can be reached in attempting to achieve 

requirement (2) and (3). This study shows that it is not possible to achieve maximum austenite 

retention without adversely affecting the 1RIP behaviour, and the optimum nitrogen range, for 

which a compromise can be reached was determined. The uniform straining ability of some of 

the experimental alloys containing 4.7 - 5.2 wt% nickel, compares favourably with the uniform 

straining ability of the type 301 alloy, due to the optimization of 1RIP. 

6.2 CONCLUSIONS 

(1) The experimental alloys are all fully austenitic at the solution treatment temperature 

(1050°C) and nitrogen is fully dissolved. 

(2) The alloys containing 4.7 - 5.1 wt% nickel (and 0.087 - 0.28 wt% nitrogen) have an 

austenite stabilizing ability which compares favourably to that of AISI 301. These alloys 

contain 84 - 97% retained austenite at room temperature. In contrast, only 45 - 63% 

retained austenite is present in the alloys containing 3.4 wt% nickel (and 0.19 - 0.28 wt% 

nitrogen). 

(3) The 1RIP phenomenon can occur effectively under suitable conditions in alloys containing 

4.7 - 5.1 wt% nickel. In contrast, alloys containing 3.4 wt% nickel, are not suitable for 

1RIP, due to the presence of appreciable amounts of pre-existing martensite and the low 

stability of the retained austenite. The optimum nitrogen content of an alloy bearing 4.7 -

5.1 wt% nickel is 0.14 - 0.16 wt%. In particular, an alloy containing 4.7 wt% nickel and 

0.14 wt% nitrogen, has uniform strains at 20, 60 and 120°C which compare favourably with 

those of AISI 301 at these respective temperatures. 

( 4) The onset of positive work-hardening generally occurs at lower strains in the experimental 

alloys than in AISI 301. Furthermore, the maximum work-hardening rate in the 

experimental alloys is achieved at lower strains than in AISI 301, and the magnitude of 

their maximum work-hardening rate is also notably greater. 

(5) The amount of deformation-induced martensite reaches a maximum around 20°C for some 

of the experimental alloys while increasing continuously below 20°C for AISI 301. It is 

thought, that in these particular experimental alloys, local slip becomes less significant 

with decreasing temperature, and that this together with the presence of some pre-existing 
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martensite, restricts the formation of martensite below 20°C. 

( 6) Pronounced serrated tensile flow occurs in the experimental alloys at 60°C, while only very 

minor serrations were observed in AISI 301. The serration amplitude in the experimental 

alloys increases with decreasing nitrogen content and increasing strain. The serrations 

may be due to the formation of martensite in bursts, which occur only at a specific 

austenite stability, but the exact role of the nitrogen is unclear. The amplitude of 

serrations can be minimized by careful adjustment of the nitrogen content and/ or the 

deformation temperature. 

(7) A marked improvement m tensile strength is achieved after deformation in the 

experimental alloys for two reasons : The amounts of martensite formed in the 

experimental alloys containing 4.7 - 5.2 wt% nickel are generally greater than in the type 

301 alloy, and the strengthening ability of nitrogen in martensite is considerably greater 

than in austenite. 

(8) The room temperature impact toughnesses of all the experimental alloys compare 

favourably with other austenitic stainless steels. Although the presence of appreciable 

amounts of pre-existing martensite lowers toughness, fracture remains ductile. 
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APPENDIX 1 

The tables below give the chemical compositions of the alloys the microstructures of which 

were analyzed, but the alloys were not selected for mechanical testing. The heat numbers 

supplied by Middelburg Steel and Alloys research laboratory are give in brackets . 

c 
Mn 
Si 
v 
Cu 
Co 
Mo 
Cr 
Ni 
N 

c 
Mn 
Si 
v 
Cu 
Co 
Mo 
Cr 
Ni 
N 

.046 
1.48 
.34 
.07 
.05 
.01 
.03 
15.9 
3.28 
.119 

.091 
1.70 
.95 
.07 
.13 
.02 
.02 
16.0 
4.22 
.088 

.046 .046 . 047 
1.46 1.44 1.41 
.30 .27 .25 
.07 .07 .07 
.05 .05 .05 
.02 .02 .02 
.03 .03 .03 

15.9 16.0 16.1 
3.21 3.17 3.15 
.112 .163 .192 

Table 1 Alloys containing 3.2% nickel. 

-: :::::-:·-: :·.:.: :-· .. ·: .· . ·. . . .·.·. ·; ·.· ... · 
•·. ·••·•···•·•··.·4213 .. ·· .>. Ail5 /· 

> < (~01871) .· . ·····• <~oi?BM > 
.093 .092 .092 
1.69 1.62 1.58 
.96 .93 .91 
.07 .07 .07 
.13 .13 .13 
.02 .02 .02 
.02 .02 .02 
16.2 15.9 16.4 
4.25 4.16 4.19 
.109 .129 .148 

Table 2 Alloys containing 4.2% nickel. 



c .084 .084 
Mn 1.60 1.50 
Si .64 .60 
v .08 .08 
Cu .08 .08 
Co .02 .02 
Mo .03 .. 03 
Cr 17.4 17.7 
Ni 5.13 5.11 
N .101 .163 

Table 3 Alloys containing 5.1 % nickel. 
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Reducing the Nickel Content in Metastable Austenitic 
Stainless Steel 

O.E. SCHMID and R.D. Kl'ITJTSEN 
University of Cape Town, Cape Town. South Africa 

The effect of lowering the nickel content. while substituting with nitrogen, on the 
transformation-induced plasticity (TRIP) behaviour of metastable austenitic stainless 
steels was investigated. Several experimental alloys, with a range of nickel-to-nitro
gen ratios, were compared with an AISI type 301 alloy during tensile deformation 
between 0 and 120 °C. 

Characterization of the tensile-deformation behaviour, as well as an examination 
of the formation of deformation-induced martensite during elongation, led to the 
recognition of some similarities between the TRIP behaviour of an alloy containing 
5,1 wt per cent nickel and 0,16 wt per cent nitrogen and type 301 alloy. Formation 
of deformation-induced martensite is optimized at approximately 60 °C for both 
alloys, giving rise to maximum uniform elongation under these test conditions. 
However, there are indications that high nitrogen levels can lead to erratic transfor
mation behaviour during deformation conditions. as evidenced by a comparison of 
work-hardening rate versus strain curves. 

Introduction 
Considerable work was canied out during the mid 1950's to 
mid 1960' s on the reduction of the nickel content in 
austenitic stainless steels14. The primary reason for exploring 
alternative alloy compositions was. and remains. the relatively 
high cost of nickel as an alloying element. particularly in 
types AISI 304 and 316 (which contain 8 to 12 wt per cent). 
In many instances. a combination of manganese and nicrogen 
as substitutes has been adopted. and much of this work has 
led to the development of the AISI 200 series alloys. A 
comprehensive study by Nijhawan et al. has shown that nick
el-free Cr-Mn-N steels containing up to 15 wt per cent Mn 
and 0,6 wt per cent N have properties comparable with AISI 
304, and are successful for applications such as household 
utensils, motor car and railway fittings, hospital ware. and 
dairy equipment4. Manganese. although classed as a very 
weak delta-ferrite former3, stabilizes the auscenite phase. 
Nitrogen acts both as a potent austenite former (approximate
ly 20 to 30 times the potency of nickel) and as an austenite 
stabilizer. It can therefore be expected that varj9us combina
tions of these elements can have an influence on the stability 
of austenite and on the overall mechanical properties of a steel. 

The present study looked more closely at the consequences 
of modifying the nickel-to-nitrogen ratios on the stability of 
austenite, with particular emphasis on the transformation-induced 
plasticity (TRIP) phenomenon. Metastable austenitic stainless 
steels of the AISI type 301 are used mostly for productS that 
require moderate strengths. and are produced by stretch form
ing processes, which rely on the attainment of good ductility. 
Type 301 alloys nominally contain 6 to 8 wt per cent nickel. 
and the objective of this paper was to investigate the substitu
tion of a limited amount of nickel content with nicrogen and 
itS effect on the microstructure-property relationships. 

Evolution of TRIP steels 

Initial research. which eventually led to the development of 
metastable austenitic stainless steels. was aimed at the pro
duction of high-strength stainless steels that could be fabri
cated with relative ease. The work described here was 
prompted by the fact that the choice of high-strength stain
less steels was limited to cold-worked austenitic or ferritic 
types, or to martensitic types. These s·teels. however. pre
sented difficulty where fabrication was concerned. and this 
led to much interest being shown in _the developme11t of 
controlled-transfonnation (CT) stainless steels, which have. 
as an essential feature. a manensite range that occurs below 
room temperature5. Consequently, the steel is austenitic ini
tially and can be fabricated quite readily. A subsequent 
refrigeration treatment at minus 70 °C wiil produce trans
formation to martensite or. alternatively, a heat treatment at 
700 °C will precipitate alloy carbides and raise the manen
site-transfonnation range above room temperature so that 
transformation to manensite will occur. With either treat
ment. the fabricated steel can be strengthened considerably. 
The main limitation of these simple CT steels is that accu
rate control of the martensite transformation is difficult 
owing to the range of compositions obtained in commercial 
steel making. Thus. it is difficult to control the M5 1empera
rure owing to the sensitivity of this temperature to alloy 
composition. particularly regarding interstitial elements 
such as carbon and nitrogen6. 

In the late 1960' s. TRIP steels were developed that differ 
from CT steels in that essentially no manensite is formed in 
the latter during straining while, in the former. considerable " 
amounts of austenite can transform to martensite6.7. Thus. 
the TRIP steels achieved in one process what required at 
least two stages in CT steels. In addition, TRIP steels pro-
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duced high strengths coupled with good ductility. It is now 
well accepted that resistance to local necking during defor
mation is achieved by the onset of martensite formation 
during deformations-10. Once a local contraction occurs dur
ing deformation, martensite is gradually induced and the 
increment in strength caused by this martensite is respons
ible for the increment in applied stress at the necked por
tion. Thus, the necked region is hardened more by deforma.
tion-induced martensite than is the rest of a specimen. so 
that the incipient necking no longer grows. and further 
deformation is partitioned to the adjacent region. In addi
tion to the delayed onset of macro-necking, the suppression 
of the initiation and propagation of microcracks by the for
mation of deformation-induced martensite has also been 
considered a major contribution to increased ductility in 
metastable austenitic steels9. A local stress concentration 
can be relaxed by the formation of martensite, and the initi
ation of microcracks may be prevented. Furthermore, even 
if microcracks are initiated, martensite formed at the tips of 
micro-cracks will relax the stress concentration and sup
press their propagation. 

In view of the fact that transformation-induced plasticity 
may be caused by the suppression of necking, and by the 
suppression of the initiation and propagation of micro
cracks, the controlled nature of this transformation is 
important during deformation. The main prerequisite for 
maximum elongation is that the martensite is constantly 
formed little by little during deformation. Elongation is 
much reduced when martensite is formed rapidly during the 
early stages of deformation or when the total amount of 
martensite formed during the late stages is small. The for
mer situation arises when the material is deformed just 
above the Ms temperature. whereas the latter occurs when 
the material is deformed just below the Md temperature. 
Consequently, it has been found that the elongation shows a 
peak at a cenain temperature between the M5 and Md9.W 

Experimental Procedure 
Six experimental alloys, prepared by Middelburg Steel & 
Alloys' research laboratory, were selected to provide an 
alloy composition based on AISI 30 l but with a range in 
the nickel-to-nitrogen ratios. The compositions of the alloys 
are presented in Tabie I, along with the composition of a 
type 301 alloy for comparative purposes. Each experimen
tal alloy was cast into a 5 kg ingot (50 mm thick and hot
rolled to plate of 10 mm gauge). A portion of this plate for 
each alloy was further hot-rolled to a sheet thickness of 4 
mm. Flat tensile specimens (gauge length 30 mm, gauge 
width 7,5 mm, thickness 2 mm) were machined from the 4 
mm sheet and were used for X-ray-diffraction (XRD) mea
surements after various levels of tensile deformation. 
Hounsfield-type tensile specimens (gauge length 20 mm, 
diameter 4 mm) were machined from the 10 mm plate for 
evaluation of their general tensile properties over a range in 
temperature. 

Prior to testing, all the test specimens were ceramic-coat
ed and heat-treated in air at 1050 °C for 30 minutes, fol
lowed by oil quenching. The tests were performed using a 
computer-interfaced Zwick tensile tester, which allowed the 
data to be captured on computer file. The test set-up incor
porated a temperature bath regulated by a Eurothenn con
troller to within 2 °C. Tensile-fracture tests were performed 
at 20, 60, and 120 °C, while tests to 0,3 true strain were per-
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TABLE I 
CHEMICAL COMPOSITION OF THE EXPERIMENT AL ALLOYS 

AND AISI 301 IN PERCENTAGES BY WEIGHT 

Element Al A3 AS A6 DI 02 

c 0.084 0.087 0,075 0.071 0.078 0.070 
Mn 1.62 1.61 l.55 1.48 1.51 1.53 
Si 0.65 0.65 0.48 0.44 0.43 0.43 
v 0.08 0.08 0.06 0.06 om 0.06 

Cu 0.08 0.08 0.08 0.08 0.06 0.06 

Co 0.02 0.02 O.Q2 0.02 0.02 0.02 
Mo 0.03 0.03 0.05 0.05 0,05 0.05 

Cr 17.2 17.5 17.9 17.9 17.9 17.9 

Ni 5.12 5.09 5.17 5.03 3.41 3.36 
N 0.087 0.129 0,163 0.276 0.185 0.275 

301 

0.029 
l.52 

0.44 

0.05 

0.10 

0.03 

0.20 
17.7 

7.48 

0.074 

formed at the same temperatures and also at 0 °C. All the 
experiments were carried out at an initial strain rate equiva
lent to 10-3 per second. 

For XRD phase analysis after deformation, the centre 
ponions of the flat tensile specimens were mounted in 
resin, mechanically polished to a finish using l µm dia
mond paste. and finally electropolished in a solution con
taining chromic and giacial acetic acids. Electropolishing 
was necessary to remove any deformation-induced marten
site that may have formed during the mechanical polishing. 
XRD analysis was performed using Cu Ka-radiation passed 
through a nickel filter. A step of 0,05° and a counting time 
of l 0 seconds were employed during the direct acquisition 
of data onto computer file. The martensite-austenite vol
ume fraction was calculated from the integrated area under 
the (200)0'., (211 )o:, (220)y, and (31 l)y diffraction peaks. 
The volume fraction was calculated by Dickson's method 11 

in order to correct for the error introduced as a result of tex
ture development in either phase. 

Experimental Results 
After solution heat treatment, the microstructures of the 
experimental alloys and AISI 301 were examined by light 

. microscopy (Nomarski interference), in order to investigate 
the presence ·of delta-ferrite. Ferrite was noted as absent in 
all instances, and it can therefore be inferred that a single
phase austenitic structure existed at the solution tempera
ture (1050 °C). The XRD analysis of the phase composi
tion of all the alloys after solution heat treatment is present
ed in Table II, and indicates the stability of the austenite 
during rapid quenching to ambient. As expected, the per
centage retained austenite decreased with decreasing nitro
gen content for a particular nickel level, and the overall 
retained austenite was lower for the low-nickel alloy set 
(Dl, D2). 

The true stress at maximum uniform elongation (oµ) and 
the true uniform strain are plotted in Figures 1 and 2 respec
tively as a function of test temperature for alloys Al, A3, 
A5, A6, and type 301. As found by previous workerss.10, a 

TABLE II 
RETAINED AUSTENITE CONTENT AT AMBIENT TEMPERATURE (AFTER 

SOLUTION TREATMENT) FOR THE EXPERIMENTAL ALLOYS AND AISI 301 

Alloy Al A3 AS A6 DI 02 301 
Retained 
austenite. % 70 83 89 91 43 67 98 

INCSAC 1 



peak in uniform elongation was detected for type 301 in the 
vicinity of 60 °C. Alloy AS also displayed a maximum at 
60 °C, whereas the lowest-nitrogen alloy (Al) and the 
highest-nitrogen alloy (A6) both indicated an increase in 
uniform elongation up to 120 °C. Alloy A3 had similar 
elongation at 60 and 120 °C. The tensile strengths of the 
nitrogen-substituted alloys were consistently higher than 
that for type 301 at 20 and 60 °C. The strengths generally 
decreased with increasing temperature (with the exception 
of Al and type 301, which have similar strengths at 20 and 
60 °C), and the differences in strengths between the set A 
alloys and type 301 was much reduced at 120 °C. 
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FIGURE I. True stress at uniform strain (aµ) as a function of temperature 
(set A alloys and type 301) 
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In order to characterize the tensile properties further, the 
true stress at 0,3 true strain was also plotted as a function of 
test temperature (including the tests at 0 °C) for the above
mentioned alloys (Figure 3). The difference in stress at 0,3 
strain recorded at 20 and 60 °C for set A alloys is much 
greater than the difference in crµ for these alloys over the 
same temperature interval. An interesting observation is the 
anomaly that seems to occur at 0 °C for Al, A3, and A5. In 
each case, the stress at 0,3 strain is higher during testing at 
20 °C than at 0 °C. 
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FIGURE 3. True stress at 0,3 strain as a function of temperarure for alloys 
Al, A3, AS, A6, and type 301. 

The tensile behaviour of alloys D 1 and D2 are character
ized by crµ and true uniform strain plotted as a function of 
test temperature in Figures 4 and 5 respectively. The crµ 
value for D 1 and D2 follows a similar trend to that shown 
by alloy Al (Figure 1), but the uniform strain values are 
very low (Figure 5). 
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Discussion 
Although a fully austenitic rnicrostructure was achieved at 
the solution treatment temperature (lOSO 0 C) for all the 
nitrogen-substituted alloys, varying degrees of austenite sta
bility were obtained on rapid cooling to ambient. As far as 
could be gathered from the literature, TRIP phenomena 
have been studied mostly on steels whose M 5 temperatures 
were below ambient. Therefore it must be expected that the 
existence of a two-phase microstructure (austenite and 
martensite) prior to testing must influence the nature of ten
sile deformation. Notwithstanding these differences, the 
TRIP phenomenon should still play a major role in the 
deformation of the alloys containing low volume fractions 
of thermally induced martensite (e.g. A3, AS, and A6). 

In order to explain the changing tensile behaviour of the 
set A alloys as a function of temperature, the tendency to 
form martensite during deformation needs to be investigat
ed. To this end, the total martensite content was measured 
at 0,3 strain for each test temperature using XRD, and the 
total deformation-induced martensite (total martensite at 0,3 
strain minus martensite prior to testing) was plotted as a 
function of test temperature (Figure 6). The results for the 
experimental alloys at 60 and 120 °C appear somewhat spu
rious in that they have negative values. This can be 
explained only by the difficulty in measuring the phase 
ratio in a deformed material due to an increasing amount of 
noise arising from the strained volume. Nevertheless, it can 
be stated with a certain degree of confidence that very little, 
if any, martensite formed during straining of the alloys up 
to a strain of 0,3 at these temperatures. The values for the 
type 301 alloy under the same conditions are also included. 
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FIGURE 6. Total deformation-induced martensite at 0,3 strain as a 
function of temperature (set A alloys and type 301) 

In addition to these observations, the work-hardening rate 
(WHR) as a function of true strain is shown for AS and type 
301 at 20 and 60 °C in Figures 7 and 8 respectively. This 
information will be used in the following paragraphs to 
explain the tensile behaviour. 

As.reviewed in the section dealing with the evolution of 
TRIP steels, maximum elongation is obtained when marten
site forms during the latter part of deformation and, in addi
tion, it must form at a controlled rate. The fact that the type 
301 alloy has a maximum uniform elongation at approxi
mately 6S °C is consistent with this belief in that negligible 
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FIGURE 7. (a) Work-hardening rate (WHR) of type 301 as a function of 
true strain at 20 °C 

(b) Work-hardening rate (WHR) of alloy AS as a function of 
true strain at 20 °C 
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(b) Work-hardening rate (WHR) of alloy AS as a function of 
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amounts of martensite are formed in the initial stages of 
deformation (Figure 6). At temperatures below the peak 
value, the martensite forms too rapidly in the early stage of 
deformation whereas, at the higher temperatures, insuffi
cient martensite forms to enable a considerable contribution 
to enhanced plasticity and, instead, elongation is provided 
mostly by deformation of the austenite phase. Alloy AS fol
lows the same trend in uniform elongation. except that the 
amount of elongation at the peak temperature is consider
ably lower. Despite these differences in elongation, the 
trend observed indicates that the TRIP phenomenon must 
play a role in alloy AS. This is examined more closely 
before the remaining set A alloys are dealt with. 

Examination of the WHR versus strain curves in Figure 
7 indicates similar trends in work-hardening behaviour for 
the two alloys when tested at 20 °C. In each case, the rise in 
WHR can be attributed to the gradual formation of marten
site during straining, whereas the drop in WHR after the 
peak v.alue is reached is associated with the more rapid for
mation of martensite. It has been shown by Tomota et af.12 

that, when martensite forms rapidly, the stress relief accom
panying the transformation strain can lead to a lowering of 
overall applied stress. (Martensitic transformation accom
panies shear and dilatation, and therefore a certain value of 
positive transformation strain occurs along the direction of 
applied stress.) This suggests that the drop in WHR after 
the peak is reached is at least partly due to dilatation associ
ated with transformation strain. The peak WHR is reached 
at a strain of approximately 0,22 in the case of alloy A5, 
and the suggestion that martensite forms rapidly after this 
point is consistent with the high value of deformation
induced martensite recorded after 0,3 strain (approximately 
80 per cent). In the case of type 301, the peak WHR occurs 
at a similar strain value to that of alloy AS. However, it is 
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apparent that the rate of martensite formation is not quite as 
high when compared with the latter alloy, since only 43 per 
cent martensite has been measured at a strain of 0,3. 
Nevertheless, it is clear that, for both alloys, martensite 
forms at a high rate relatively early during straining, and the 
total uniform elongation attained by each alloy is similar. It 
can be suggested that the TRIP phenomenon is not promi
nent in either material during the latter stages of deforma
tion, since the martensite does not form slowly enough to 
prevent incipient necking. 

At 60 °C, the WHR curves for alloy AS and type 301 
demonstrate a behaviour that is more typical of the TRIP 
phenomenon (Figure 8). In both cases, the peak WHR is 
delayed to much larger strain values, with this strain value 
being consistently greater for type 301. The gradual drop in 
WHR up to a strain of 0,3 is consistent with the deformation 
of austenite. This is supported by negligible formation of 
deformation-induced martensite up to this strain value. 
Above a strain of 0,3, the increase in WHR is due to the 
favourable formation of martensite, which resists incipient 
necking. At strains greater than O,S, Fukase et al.8 have 
shown that the rate of formation of martensite increases in 
type 301 at SO 0 C. Since their alloy composition was virtual
ly identical to the 301 alloy in the present investigation, it is 
expected that very much the same behaviour must be occur
ring at 60 °C, and hence the drop in WHR after a strain of 
O,S can once again be partly explained by the occurrence of 
transformation strain. It would seem that much the same 
behaviour is demonstrated by alloy AS, except for the indi
cations that the onset of rapid martensite formation occurs 
earlier in this alloy. This would explain the lower uniform 
strain recorded for alloy AS compared with type 301 during 
deformation at 60 °C. In addition, the curve for type 301 in 
Figure 8(a) is relatively smooth up to about 0,4S strain, 
whereas the corresponding curve for alloy AS in Figure 8(b) 
shows a greater amount of scatter. These observations have 
been produced from several stress-strain curves and would 
seem to demonstrate a more erratic transformation 
behaviour in alloy AS, which must be related to some func
tion of the high nitrogen content. Serrations have been iden
tified in the stress-strain curves, and this possibly indicates 
that martensite forms in bursts over certain strain intervals. 

It makes sense that, for reasons similar to those 
described above, the elongation occurring at 60 °C for alloys 
Al, A3, and A6 is also improved owing to the favourable 
formation of martensite during deformation. However, the 
uniform strain for both Al and A6 increases further at 
120 °C. This can be rationalized more easily for Al in that, 
because it has the highest M5 temperature (largest amount of 
thermally induced martensite at ambient), the peak elonga
tion temperature is expected to be higher. On the other hand, 
alloy A6, owing to its much greater austenite stability, 
should not behave like this, and no explanation car. be 
offered for this performance at the moment. The low stabili
ty of the austenite in the lower nickel-containing alloys, D 1 
and D2, is responsible for the low uniform elongation 
recorded for these alloys. It is expected that the TRIP phe
nomenon is not significant in these alloys. 

The overall strength differences between the nitrogen
substituted alloys and type 301 at room temperature can be 
attributed to two factors. Firstly, the nitrogen alloys are all 
being deformed below the M 5 temperature (to varying 
degrees), and it can therefore be expected that a much 

greater total volume fraction of martensite is present at frac
ture. The flow stress over· any particular strain interval can 
be related to the amount of martensite present (compare 
Figures 3 and 6). Secondly, it is well known that nitrogen 
strengthens both austenite and martensite to a much greater 
extent than nickel does. The observation of a lower stress 
and lower martensite fraction at 0 °C than at 20 °C for the 
set A alloys needs further investigation. It is possible that 
there is some effect on incubation time due to the refrigera
tion of a rnicrostructure already containing appreciable 
amounts of martensite. 

Summary 
This investigation into the effects of substituting nickel 
with nitrogen in type 301 alloys on the occurrence of trans
formation-induced plasticity has given rise to the following 
conclusions. 

(1) There is clearly a careful balance between nickel and 
nitrogen content that needs to be maintained in order to 
produce a sufficiently stable microstructure during 
cooling to ambient. Alloys with poor austenite stability 
give rise to limited elongation during tensile testing. 

(2) An alloy containing S,l wt per cent nickel and 0, 16 wt 
per cent nitrogen (AS) compares favourably with the 
TRIP behaviour shown by the type 301 alloy when test
ed at 60 °C. The more erratic work-hardening 
behaviour displayed by the high-nitrogen alloy at this 
temperature, however, indicates that the formation of 
martensite during straining is less gradual when com
pared with type 301. 

An exact explanation for the effect of nitrogen on the 
transformation behaviour during deformation is still not 
available. Generally, nitrogen-rich alloys follow the same 
rules in terms of the requirements for optimum enhanced 
plasticity. However, there are certain anomalies that require 
further examination. 
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