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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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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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Toughneas of ferritic stainless steels

All BCC metals and alloys show a ductile-to-brittle-transition-
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 DETT is affected by a number of factors, such as the thermal "
history of the alloy, alloying elements, grain size, secondary
phases, segregation, strain rate and the prevailing stress
system1'2’7. Before discussing these, attention is focussed on the

BCC behavior of the alloys and theories of brittle fracture,

BCC behavior of Fe-Cr alloys

Much of the problem with the toughness of ferritic stainless
steels 1is related to . fact that the crystal structure is BC“S

and although there are many variables associated with the

- — - A . s h.‘“‘m‘w -



transition from a non-brittle to brittle state, the most important
is temperature. In these steels, as in all BCC metals and alloys,
the mobility of dislocations is highly temperature sensitive and a
decrease in temperature serves to reduce slip flexibility’. Thus
ferritic stainless steals are ductile immediately below their
melting point but tend to become first semi-brittle and ultimately
highly brittle at lower temperatures. In contrast the tendency
towards brittleness is never realised in FCC metals and alloys at
reasonable temperatures (Figure 2.4).

fcc materials
T i s
©
LY
O
9 low strength
S bce materials
b
g
w
high strength materials

Temperature ==

Figure 2.4 Effect of tomperature on notch toughness (achoutie)m.
The raslationship between toughness and temperature in BCC metals
van be explained in terms of Cottrell’s mcdel of slip bw

d'slocation mot 1on9

. This considers that pleciic deformation is
th» transition or material from an unslipped to a slipped state,
i.e. plastic deformation involves slip. In a perfect lattice all
the atoms above and below a slip plane are in a minimum energy
position, In order for plastic deformation to occur, an atom has
to be shifted 'rom its initial low energy position to a new one.
The process is opposed by an energy barrier, E, which corresponds

to the atom in the high energy transitiunal atate (Figure 2.5a).




All atoms in a slip plane do not move similtaneously. To minimise
the energy of the process the slipped region grows at the expense
of the unslipped region by the advance of an interfacial area

{Figure 2.5b).
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Figure 2.5 (a) Energy change from unslipped to slipped state:

(b) stages in growth of the slipped rqgionlo.

The interfacial area is a dislocation. To minimise the energy for
the transition, the interface thickness, w, should be as narrow as
possible. The dimension, w, in Figure 2.5b is the width of the
dislocation, and is related to the elastic energy of the crystala
When the elastic energy of the crystal is low the dislocation is
wide and the atomic spacing in the slip direction is closer to its
equilibrium spacing. The opposing energy changes, elastic energy
and transition energy, deturmine the equilibrium width of the
dislocation.

The dislocation width is important because it determines the
nagnitude of the force requiread to move a dislocation through’ the
erystal lattice., This force is called the Peierls-Nabarro force,
while the Peierls-Nabarro (P-N) stress is the shear stress




requirsd to move a dislocation through a crystal lattice in a
particular direction,

The Pcierls—Nabarro stress, is given by:

(_zg_),—m/b " /_zn_),—rzn./u-ml

1- v 1-v .-...2.1

where a = distance between the slip planes,
b = distance between atoms in the slip direction,

= Poisson's ratio,

<

(=]

= ghear modulus.

It should be noted that the dislocation width appears in the
exponential term in Equation 2.1 indicating that the P-N stress is
very sensitive to atomic jositions at the core of the dislocation.
Although these are not known ro a high degree of accuracy, the P-N
equation has important conceptual value. It shows that materials
with wide dislocations require a low stress to move dislocations
and more importantly in this case, if a ¢( b, i.e. if the slip
planes are closely spaced but loosely packed, the P-N stress is
high. The slip planes in BCC metals approach this situation,
whereas in FCC structures there are many close-packed slip systems
available, BCC metals are thus brittle at low temperatures becaus-
thermal energy is no longer uvailable to help them to overcome the
higher barrier which is assocjated with their structure. The

dislocations in these materials are then effectively
immobiliseq?r 12,11

Although the occurrence of the DBIT in ferritic stainless steels
can be explained in terms of crystal structure, the reasons for
the ductile-to-brittle-transition in temperature raanges of
ngineering interest are essentially related to the sensitivity of
this structure to even the smallest levels of interstitial
impurities. This is illustrated by the fact that zone-refined BCC
polycrystals can be ductile at temperatures as low as -269'03.
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12
Loomis and Carlson suggested that interstitials in solid

solution are progressively embrittling and in the group YJla metals
they can be ranked in order of importance as hydrogen, ciygen,
nitrogen and carbon. '“hese atoms distort the lattice strongly but
are very mobile in ferrite, However, at relatively low
temperatures they are attracted to both edge and screw
dislocations where they can fit with less elastic strain.

The binding energy of a solute atom and a dislocation is about
0,5eV and because the distorted lattice 1s tetragonal and contains
a large component of shear strain, the solute atoms interact
strongly with edge dislocations through lattice e.pansion, as well
as with screw dislocations through their shear stress fiald. Thus
the conditions for the segregation of all soluto atoms to
dislocations is exceptionally favourable in BCC iron. The
dislocations are immobilised by the strong pinning effect of the
atoms segregated to them and the density of dislocations availadle
for glide ls reduced to virtually zero unless stresses are app.ied
which are sufficiently high to release the pinned dislocations or
to create new ones from points of stress concentration’l. Under
these conditions the appi‘el stresses may well result in brittle
fracture rather than plastic deformation. In this way brittle
fracture at ambient and higher temperatures is possible.

Because the solubility levels of interstitials in ferritic
stainless steels is so low, and the presence of tvarbon, nitrogen
and oxygen beyond their solubility limits also increases the DBTT,»
it is rarely possible to separate solute effects from thas effects
of carbide, n.tride and oxide precipitation. These precipitaces
may:

(1) inhibit slip propagation across the grain btoundaries,

(11) crack and lead to crack propagation in the adjacent matrix:

and/or

(111) inhibit dislocation motion within the grains®.
These effects of the interstitial solutes ~re d'scussed in Section

2.1,8.
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2.1.3.1
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Theory of brittle fracture

The toughness of ferritic stainless steels is generally assessed
in terms of a DJ"T. This temperature is not constant and an
understanding of factors affecting it and the theory of brittle
benaviour is essential if the effects of metallurgical variables
on the fracture process are to be understood. Ultimately
appropriate manipulations of thease variables should result in the
development of steels with adequate toughness,

A number of theories have been formulated to explain the
mechanisms of the nucleation of brittle fracture on the basis of
dislocation movement, Two of them, due to stroh!? and Cottre117-14
are examined here.

Dislocation theories of br’%ttle fracture initiation

Zener'® first advanced the idea that high stresses at the head of
a dislocation pile-up can produce fracture. The shear stress
acting on the slip plane squeezes the dislocations together. At
some critical value of stress the dislocations at the head of the
pile-up are forced so close together that they coalesce into a
wedge crack or cavity dislocation of height, nb and length, 2¢
(Figure 2.6),

Stroh13 analysed this situation and showed that, previded the
stress concentration at the head of the pile-up is not relieved by
plastic deformation, the tensile stress at the pile-up is given

by:
1/2
L 0
(r) tsinecoa2 stacssided

Niw

where t = average resolved applied shear stress,
L = length of the blocked slip band, and
r = distance from the tip of the pile-up to the point

where the crack is forming.
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Figure 2.6 Mode. of microcrack formation at a pile-up of edge

dialooutionalo.

This can be equated to the thsoretical cohesive atroaa.. o
where

max *© (E;‘ )1’2 R A

L¢]

Thus, the condition for microcrack nucleation is:

1/2 1/2
- L Ey
(' ‘O) F Z(-f) ....0...2"

where < _ = resistance of the lattice to dislocation movement,

o

a, = equllibrium spacing between planes of atoms,
E = Youngs modulus, and
Yg = 8pecific surface energy of the implied crack.

The applied stress required to initiate cleavage is:

1/2
T = ‘o"(Ez}l) / 2.8

0
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Ifr=a, and E = 2G, then Equation 2.5 can be expressed as:

1/2
""”(217:’) | 2.6

This equation can be modilied to express the role c¢f dislocations
in brittle fracture more explicitly.

Frenk, Eslielby and Nabarrol® studied the distribution of
dislocatiors in a pile-up and formulated the theory that the
number of dislocations that can occupy a distance, L, along a slip
plene between the dislocation source and an obstacle is given by:

n « knsk
Gb sessnsesedel
where k = a factor close to unity (for an edge aislocation, k =
(1 ~v ), where v= Poisson’'s ratio, while for a screw
dislocation, k = 1, and
b = unit Burger's vector

This theory was experimentally confirmed by Meakin and Hiladort17.

It has also been nhownla that the number of dislocations in a slip
band can be expressed as:

-

nb =~ L (f“_'.q)

0 .'.I.lz..

and, when L is eliminated from equation 2.5 and 2.8, the following
expression is obtained:

(f e to)nbk“. 27, itli.!:.’

This equation has the direct phyaical significance that a crack
will form when the work done by the applied stress in producing a
displacement, nb, equals the work done in moving dislccations
against the f»fotion stress plus the work done in producing new
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surfaces. The equatior for microcrack nucleation was first
proposed by Cottrell iu this form!¥:11,

Smith and Barnbylo have shown that the stress required to nucleate
a microcrack is significantly lower than that predicted and have
modified Stroh’'s equations to allow for a non-uniform stress fie.d
and dislocations of both signs in the existing pile-up.

Further work by Poteh!® accounted for the most difficult step cof
crack propogation, 1i.e., propogation through a strong barrier such
as a ,rain boundary. It was found that the dependence of brittle
fracture in iron and steel on grain size could be expressed as.

- -1/2
.y 'o“k’d .O..l...z.lo
where % = flow or freoture stress or both,
g = lattice friction stress,
ky = Hall-Petch slope, and
d = grain size (diameter).

Cottrell then reformulated Equation 2.9 in terms of normal stress
50 that the important variables ir brittle fracture such as grain
size nan be eanily shown:

Cnb p.'l ‘7‘ ...l.i‘b:.’l
Substituting Equation 2.9 into equation 2.11, we have
ot ~ to)d - ."1' veesss deadeld
where [, = d/2 (i.e. the dislocation source is at the centre of
the grain) and
p = shear modulus.
But experience has shown that microoracks form when the shear

stress equals the yleld stress and that the observed stresses for

yleld and fracture are more likely to correspond at larger grain
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sizes and al low temperature, Assuming that ¢ = ¢/2 (i.e. shear
stres. is at weximum), Equation 2.4 can be written as:

= ~1/2
T, + kxd
2 ..l.l...2.13

And finaily equations 2.12 and 2.10 can now be restated as:

12 ., 2 1/2
’ykyd k’ + Cok d > cva l.ooooooi.,‘

Y
where C = a constant related to the stress state and average
ratio of normal to shear stress cn the slip plane.

Although equation 2.14 does not encompass =11 the practical models
of crack initiation, {(e.g. nucleation of cleavuge cracks at twins
or at the boundaries between second phase particles and the matrix
of a steel) it nevertheless provides a useful basis for discussing
the micro-mechanics of brittle fracture., The equation essentially
descrives the condition for a brittle-to-ductile transition. When
the left hand side of the equation is smaller than the right, a
microcrack can Jorm, but cannot grow. Alternatively, if the left
hand side of the equation is greater than the right a propagating
brittle fracture is produced at & shear stress equal to the yield
stress,

Process and compositional variables can directly affect all the

factors in this oquation"”10'11'20‘21’22. For example: g

ky is related to the number of dislocations that are released into
a pile-up when a source is unlocked and is affected by solute
distribution and grain boundary precipitation,

d, the grain size, is rather related to the slip band length,
since in alloys containing fine precipitates the particle
spacing rather than the actual grain size will determine the
slip distance,

Yy 1s affected by the presence of flaws in the miorostructure

(e.2. needle-like precipitates lower y),
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