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ABSTRACT

TH?__DEVELOPMENT OF A TOUGH HYGH CHROMIUM FERRITIC STAINLYSS
SIEEL

High chromium ferritic stainlers steels are very resistant to
stress-corrosion vracking and alio have good guneral corrosion and
pitting reaistance properties, .owever, they havé few applications
as materials of construction because they are extremely prone to
embrittlement,

The objective of the current project was to develop a tough Fe~
40Cr stainless steel, The experimental programme in olved an
investigation into the effects of irterstitial elements (carbon,
nitrogen and oxygen) and rare earth metals on toughness. Several
exparimental alloys were prepared. The interstitial contents
ranged i{rom 380 to 840ppm and the rare earth metal additions from
0,5 to 0,9 weight 8, The toughneas of the alloys was assessed
veing Charpy impact and slow bend tests. Techniques with which the
microstructures were examined and analysed included scanning
electron microscopy, transmission electron microscopy and image
analysis,

It was shown that tough Fe~40Cr alloys caa be produced when
suitable heat treatment and processing conditions are exployed.
Embrittlement was found to be associated with grain boundary
precipitation, the extent of which was related o interstitial
content and fabrication variables. Finally, rare earth metals
proved useful in the develcpment of isotropic toughness properties
and the mairtanance of toughness a. temperatures in excess of
1000°C,
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INTRODUCTION

Ferritic stainless steels were developed in Europe over 70 years
agol. They are iron-based alloys containing at least 11% chromivm.
The upper limit of the chromium content is arbitrary, although
commercial ly-produced alloys contain a maximum of 35% chromium at

proaentz.

Although ferritic stainless steels, especially those with higher
chromium cor tents, have excellent corrosion resistance in many
environments and are not susceptible to stres: corrosion, their
use has been extremely limited in comparison to austenitio
stainless steels due to their marked tendency to embrittlement.
Loss of ductility can be attributed to a number of causes such as
the presence of inters:itial elements such as carbon and nitrogen.
For example, a 25% ohromium steel will be brittle at room
temperature if the cartoun content exneeds 0.0S". Another factor
is the absence of a phose change which makes it difficult to
refine the ferrite gra n size, The grain size can become very
coarse after h' 1 temperature heat treatments and welding. In
addition solid - e reactions which are inherent in the Fe-Cr
system, csn proy . srittle intermetallic phases.

Despite these limite-ions, metallurgical interest i these alloys
continues because 7 their exce)lent resistance to stress
corrosion ‘racking and oxidatior, and the high cost of nickel
neaded to stabilise the au-tenite in austenitic stainless

atoalnl'z"'s. Intensive research over the past two decades and
recent advances in commercial steel-refining prsactice has shown
that tough, ductile ferritic stainless steels containing up to 35%
chromium can be produced when interstitial contents are reduced to
very low levels, Tough chromium alloys can also be obtained by
alloying with 'mall amounts (up to 0,7%) of rare earth metals (La,
Ce ete,) and cerlain elements such as Ta which are strong carbide-
formers.

These developments have resulted i(n the production of ferritic




alloy compositions which are fabricable and weldable - the so
called ’'super ferritic’ stainless steels, Although these steels
are tougher than their predecessors, they remain susceptible to
catastrophic failure. Consequently, the mechanisms of brittlea
fracture in ferritic stainloess steels remair an important are . of

research,

The purpose of the current project was to investigate specifically
the influence of interstitial concentration and rare earth metal
(REM) additions ou the structure and properties of an Fe-40Cr
alloy. The liters’ e survey therefore concentrated on prior work
directly relat the study in the areas of ferritic stainless
steels, the i quetiliziug effect and the Lenefits of REM
additions, The experinmental work included Charpy, slow bend and
tensile tests, Varicuvs techniques, such as optical and scanning
electron microscopy, and image analysis were also used in the
investigation.
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The literature survey is divided into three parts, Each part
highlights a particular aspect important Lo the development of
viable high chromium &«lloys, Tart one, the most extensive,
focusses on the problems related to interstitial impurities, part
two explores the relationship between phase relations, composition
and properties in binary alloys and part three describes the
intluence of rare earth elements on the properties of steels in
general.

THE PHYSICAL METALLURGY OF PERRITIC STAINLESS STEELS
Structure and composition

In theory the structure of ferritic stainless steels is simple,
The addition of chromium to iron restricts the formation of the
face-centred cubic (FCC) austenite phase while the ferritic body-
centred cubic (BCC) phase ia atabilised. This results in a closed
austenite (y) loop in the iron-chromium syster; as shown in Figure
2.1,

At all temperatures binary iron-chromium alloys which contain more
than 13% chromium are thus essentially ferritic and consist of a
chromium-iron alpha (a) solid solution.

Two other phases viz. sigma (o) and alpha-prime (a') are integrad
to the Fe-Cr system, Sigma is a tetragonal intermetallic phase
with an approximate composition of FOCrz. As snown in Figure 2.1,
it occurs in alloys containing between 15 and 70% chromium which
have been exposed to temperatures from about 500 to 800°C Alpha-
prime (a') forms when a ferritiec iron-chromium stainless steel is
heated at temperatures between 400 and $40°C. In this temperature
range the ferrite solid solution separates into iron-rich (a) and
ehromium-rich (a') fractions. This phenomenon is often referred to
as 475°C embrittlement. The embrlittlement associated with the o
and a' phases is discussed later (in Section 2.1.4).
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figure 2.1 The Fe-Cr syatuz

2,1.1.1 The effect o carbon and nitrogen

Commercial "erritic stainless steels always contain small amounts
of carbon and nitrogen and cannct be strictly described as binary
Fe~Cr alloys, Most often, carbon is a residual 4lement which is
not completely removed from the raw materials during refining»
while nitrogen is introduced into the alloy by contact with air _
during mel'ing?, Vi ! i

Both carbon and nitrogen are potent austenite-stabilising elements
and push the outside boundary of the (y + a) two phase field to
higher chrcmiun levels. Baerleken, Fisher and Lorenz® havs studied i
the effects of carbon and nitrogen on the location of the y-loop st
in the iron-chromium phase diagram. They noted that as the carbon "‘,":'..“" 1

and nitrogen content increased, the two-phase region not only &
shifted to higher chromium iovels but the maximum extension of the e
L% ;
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(y + a) phase field also shifted to higher temperatures. Some of
the results of their work are shown in Figure 2.2.
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Figure 2.2 Shifting of the boundary line (y + a)/a in the systen
iron-chromium through increas‘ng carbon and nitrogen eontonta‘.

It is clear from this figure that even alloys containing more than
25% Cr, will undergo a phase transformation if sufficient
quartities of carbon and nitrogen are present., Thus welded, and
some annesled, ferritic stainless steels can contain austentite
and untempered martensite. The effects of these phases on
properties are discussed in Section 2.1.5.2.

In addition to extending the region of austenite stability, carbon
and nitrogen also form precipitates during conling since their
solid solubility in the matrix decreases with decreasing
temperature, The nolubility of carbon and nitrogen in an Fe-26%Cr
alloy as a function of temperature is shown in Figure 2.3.

In chromium-containing alloys, carbon generaily forms the complex
carbides (Cr.Fe)7C3 and (Cr.Fe)2306 which precipitate on the grain
bsundaries?*4, while nitrogen generally nrecipitates as
intragranular (C!‘Fe)zn preeipitatesz. This carbide and nitride
precipitation can result in severe embrittlement of Fe-Cr alloys,
(see Section 2.1.5).
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Toughness of ferritic stainless steels

All BCC metals and alloys show a ductile—-to-brittle—transitlon-
temperature (DBTT). At low temperatures, the fracture mechanism is
brittle cleavage while at higher temperatures fracture occurs by
ductile tearing. In ferritic stainless steels, the principle
limitation is a relatively high DBTT. Thus their low toughness,
even at ambient temperatures, can lead to catastrophic failure of

engineering structures.

The DBTT is affected by a number of factors, such as the thermal
history of the alloy, alloying elements, grain silk, secondary=>*
phases, segregation, strain rate and the prevailing stress
systeml,[00 Before discussing these, attention is focussed on the

BCC behavior of the alloys and theories of brittle fracture.

BCC behavior of Pe—-Cr alloys

Much of thl problem with the toughness of ferritio stainless
steels is related to (¢ fact that the crystal structure is BC"

and although there are many variables associated rfith the

































