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LECTURE 1

High Strength ~ Low Alloy Steels

for Structural Purposes

Until about 15 years ago, there were very few developments in the field
of High Strength Low Alloy Steels. Mild Steel, the main material, was
regarded as possessing fairly simple metallarglcal structure, and as
such capable of little improvement. The sudden disappearance of all-
welded "Liberty" ships during the latter part of the war, and the fact
_that they broke in two in harbour, altered the whole approach to the
subject. Impact fracture behav1our became of major importance, as also
did weldablllty. _

The hlstory of the development of High Strength Low Alloy Steels is
-interesting and shows evidence of the changing criteria on which steels
are developed: - _ _

(1) Originally design was based on Tensile Strength, with 1ittle
cognisance of yield stress, impact strength or weldability. Thus
steels contained relatively high carbon contents of the order of
03%-68.."

(a) 1907 - Steel for "Mauretania":- 0.27%0, 1.2%8i, 0.72%Mn.

(b) 1932 - 3teel for Sidney Harbour Bridge:- 0.30%C, 1.2%Mn,
0.15%s1i. ,

These steelis were cheap, carbon being the cheapest alloying -
addition, and were largely used as rolled with little or no
control over the rolling temperatures.

(¢) 1934 - BS548:- 0.27%C, 1.5%Mn, 0.25%Si. »

(ii) The need to use welding rather than rivetting as a method of

: joining necessitated a dlower carbon content. The strength was
maintained by increasing manganese, although no cognisance of the
advantage of this in terms of toughness was yet recognised.

(iii) Failure by brittle fracture of welded structures resulted in a
recognition that impact (or fracture) toughness was essential, and
thus the need for a low impact transition temperature was apparent,
Also it became apparent that a high yield strength was more
important than a high tensile strength. Thus the carbon content
was lowered further, and the manganese was maintained at high
levels. The advantages of high Mn/C ratios on 1mpact toughness
also was appreciated, and the significance of grain size was at
last established.

Adiv) Refinement of the grain size by grain refining additions, i.e.
Al—N, was the next step, but could only be used in the normalised
conditien. The result was an increase in yield stress from 15
to 20tsi (225 to 300 MN/m2?), and a lowering of the impact
transition temperature to below 0ocC.

(v) Further increases in yield stress were achieved by precipitation
hardening, still maintaining low carbon and high manganese
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contents in fine grained compositions. Nb, V and Ti were used,

Nb being the main addition as it allowed an increase in strength
in the as rolled condition, which was economically advantageous.
But the impact toughneas was not good, because the as~rolled grain
size was coarse. . :

(vi) This led to the use of low rolling finishing temperatures, which
produced a fine grain size, and maintained some degree of:
prec1p1tat10n hardening. The strengths achieved increased to
30-35tsi yield stress (450 - 525 MN/m?) with impact transition
temperatures as low as -80°C. These controlled rolled, grain
refined, precipitation hardening High Strength Low Alloy (HSLA)
steels, when grain refined and precipitation hardened by Nb
ddditions, had the added economic advantage that they were
balanced, and thus produced a high ingot yield.

(vii) The most recent advance has been to improve the general formabili-
ty, and particularly try to eliminate a form of welding defect,
called "LAMELLAR TEARING". The root problem in this defect is
the occurrence of localised planar arrays of non-metallic
inclusions. The use of Zr, Ca or Ce additions to eliminate
elongated planar arrays of inclusions and thus 1mprove the
general ductility, is the most recent development in HSLA steels.

It must not be thought that this process of development was fortuitous -
or haphazard. It was in fact solidly based on much systematic
metallurgical research, and as such can be regarded as a good example
of how developments are based upon, and indeed often wait upon, the
basic understanding of structure - property relationships, trans-
formations, ete.

The structures of all the steels in this category comprise mainly of
ferrite and pearlite. Other HSLA steels can have ferite~bainite, tempered
‘martensite or bainite structures.

Low Carbon Ferrite-Pearlite Steels
The requirements for this type of steel are:=-

(1) High Yield Strength

(ii) Low Impact Transition Temperature
(iii) Minimum Cost

(iv) Easy Weldability

(v) Good formability

(a) Structure-Property Relationships

There are two relationships on which the structure- property
relatlonshlps are based:-

(1) Hall-Petch Equatlonz- d& = d + h d-a
(ii) Petch Equation:- PT &‘]& enc eb\oli
where:~
d, = yield stress, T = Impact Transition Temperature,
d?= grain size of p lygonal ferrite (mean linear intercept).

The equations relatlng to plaln low carbon-manganese steels are:-
1. Yield Stress (MNIM) = IS t;-q.[—l*a s + 2:1(Mw) +S- q-(s‘) 23(v )+ 13 d _]



Note:~

(a) Pearlite (i.e. carbon) has no effect in low carbon steels.

(b) Free nltroben (Nn) has' a pranounced effect, but its
solubility is liftited. Also it has a bad effect on impact

properties.

(c) The strengthening effect of grain refinement.

5! Tensile’ Strength (MN[MI) = IS q,l.,.[-lq b+t 8("%-) +S ‘O(St){-o %S(etat&,rl.)

+ O-Sdl
Note:-
(a) Pearlite strengthens
(b) Grain refinement strengthens.
3. Impact Transition Temperature®c = =19 + Gu(S) + 7°°(J Nj-z
' )

+ 2-2 (Pewrlive) ®=11:Sal
Note:-
(a) Pearlite is detrimental
(b) Free nitrogen isivery detrimental
(¢) Substitutional solutes are detrimental

(d) There is no apparent effect of Manganese - its effect is
incorporated in that of grain size.

’ (e) Grain refinement is very beneficial.
The features to note are:-

(a) Refinement of the polygonal ferrite grain size increases the
yield stress and decreases the impact transition temperature.

(b) Pearlite has no effect on the yield stress but increases the
tensile strength and is very detrimental on the 1mpact
transition temperature.

(¢c) Solid solution elements increase the yield and tensile .
strengths, the effect largely depending on the difference in
atomic size between the element and iron. Thesé sqQlute
elements also are generally detrimental to the impact
properties. Their effects on strength are generally small, and
it would be expensive and uneconomical to try to use them:
deliberately, particularly for the case of substitutional
solutes. '

(d) Inter@stitial solutes are potent strengtheﬁeﬂ‘ﬂfbut their
solubility is limited, and so they cannot be use

great extent. Also they are mo«t detrlmental to the\%hgactx
properties.

. . §;; ‘
(b) Strengthening Effects .

(i) Grain size - the best effect becaus? it also decreases impact
transition temperature. Hence %the use .of grain refining
additions such-as Al1-N. Such an addltlon only grain refines
in the normallsed Pondlixon e -

(ii) Peaﬁllhe - thg;y"eld s#reﬁgtﬁ dependb malnly on the ferrite;
henee there is 11ttl@ ér no effect of pearlite. Pearlite

aw ey 0



however does increase tensile strength by increasing work
hardening rate, and it is very detrimental to impact
properties.

(iii) Solid solution hardening:-~ <there is a small effect of
substitutional solutes., which obey a linear law over the
limited range encountered. Interstitial solutes, i.e.

N., obey a Jconcentration law as expected theoretically.

B&th substitutional and interstitial solutes are detrimental

to impact properties, especially the interstisial solutes.
Solutes may have other effects such as altering thé ferrite
pearlite ratio; refining the ferrite grain size by decreasing the
transformation temperature on cooling (i.e. Mn); producing
precipitation effects (i.e. C and N); withdrawing interstitials
from solution (i.e. Al). This latter effect is very

beneficial to the impact properties hence excellent impact
properties are obtained in Al treated steels.

(iv) Dislocation density:~ the flow stress, i.e. yield stress
is related to the dislocation density (p) by:-

o kIF

In general, decreasing the transformation temperature by
either alloying or increasing the cooling rate, both refines
the grain size and increases the dislocation density. This
increased dislocation density increases yield stress by

about S50MN/m?. It is not possible to depress the
transformation temperature too much,otherwiseacicular bainitic
structures form which are very detrimental to the impact
properties. Thus both Mn and cooling rate are limited, and
the faster the cooling rate, the less manganese can be
accommodated. Also, interaction of dislocaticns with
interstitial solutes can cause added strengthening,
especially if the interstitial content is increased by faster
cooling rates. All these effects lead to a decrease in the im-
pact toughness.

(v) Precipitation effects:- markedly increase the strength, but
lower the impact resistance. More recent work has combined
precipitation hardening elements with grain refinement, i.e.
Nb, V or Ti. The effectiveness of these elements depends
on their solubility in austenite which controls how much can
be.dissolved and is thus availasle for precipitation.
Solubility data is available e.g.;:-

] 2 . —=&770 5.
9@3 o e[+ “'_NJ z —— + 2:26

In the amounts used, i.e. 0.03Nb or 0.10V, there are invariably
some undissolved particles at conventiocnal normalising
temperatures, which give grain refinement of the austenite
and thus, on transformation, a fine ferrite grain size.
These particles do not strengthen. On cooling V,Cj3; or
Nb(CN) precipitates at the ferrite-austenite interface
during the transformation, (interphase precipitation), which
produces rows of fine precipitates which strengthen. Due €0
the higher solubility of V,C; compared with NbC, Vanadium
steels can age harden from conventional normalising
temperatures such as 95000, wherecs giobium steels do not
because the solubility of NhC at 9507°C is too small. Thus
on normalising Nb steels are only grain refined, whilst V
steels are grain refined and prccipitation hardened.
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The
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Nb steels can precipitation harden if they are heated to
higher austenitising temperatures where more NbC is
dissolved, but this also dissolves the grain refining
precipitates (or coarsens them) so that the grain refinement
is no longer achieved. Thus, whilst the strength is ince-
reased the impact properties are very detrimentally )
affected. Hence Nb steels give precipitation strengthening
in the as rolled condition, and later it will be. shown how
controlled rolling is utilised to maintain a fine ferrite
grain size. T

\\

The cooling rate also affects the intensity of precipitation
strengthening. Fast cooling rates (still maintaining a )
ferrite-pearlite structure) can prevent precipitation. This
is used in controlled cooled strip, the Nb largely being
used to prevent grain coarsening on welding. Intermediate
cooling rates cause maximum age hardening, whilst slow cooling
rates give overageing which, together with the coarser grain
size produced by the high transformation temperature,
produce low strengths and poor impact proparties. If the
precipitation has been suppressed, it can be subsequently
induced during tempering at ~650°C, which will increase the
strength but impair the impact properties. For a steel
containing ~0.03%Nb, a maximum increase in yield stress due
to NbC precipitation is ~120MN/m?.

The composition of the steel with respect to the ratio

Nb/C (or Ti/C, V/C) is also important. The maximum
temperature dependence of the solubility of the precipitate
occurs at the stoichiometric composition, so that at this
composition, the maximum amount of precipitate will be
formed. In most structural steels, the ratio Nb/C, Ti/C or
V/C is much lower than the stoichiometric ratio, and
consequently increasing the metallic alloy addition will
increase the strengthening due to precipitation. This
explains why the yield stress increases with increasing
niobium content and in a Ti treated steel the remarkable
strengthening of 300MN/m? has been observed with a
stoichiometric Ti/C ratio and 0.12%C. However this may be
associated with very impaired impact properties. :

Design of HSLA Steels

The
(1)

(2)

The

criteria used are:-

High yield stress and low impact transition temperature.
Therefore alloying elements and microstructural parameters which
give the least increase in impact transition temperature per
unit inecrease in strength are required.

Good weldability, which is achieved by minimum depression of
MS temperature and low contents of liquitable solutes. Also
minimum non-metallic inclusion content is required to prevent
lamellar tearing.

Good formability for flat rolled thin sections which required
forming into structural members.

Minimum cost.

change in yiecld stress and impact transition temperature per

welght % of the varying alloying elements is given in the following
table:=-
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: Change per 1 wt % alloying element |
1 Element 5
Yield Stress (MN/m2?) | Tensile Strength (MN/m?) |I.T.T. C
C 0 +l,600 _ N +6,800 -
Ne |~ +h,600 ! n 46,800 +700 *
P +670 +670 +400
Sn +140 - +150
Si +85 1 +85 +44
Cu +39 | +9 -
Mn +32 +28 0
Mo +11 +45 -
Ni 0 +9 -
Cr _30 o8 ¥ -
Al 0 0 +75 f

* Not linear

4+ Al in solid solution only

1 Negative, possibly due to removal of interstitial solutes

The effects of varying microstructural and comp051tlona1 parameters
on the change in impact transition temperature per 15 MN/m? increase
in yield stress are as follows:- ’

Parameter. Change in I.T.T.°C per 15 MN/m?
increase in yield stress

Péarlite o K )

Dislocations + 6 Y} Microstructural

Precipitation U )

~Grain Refinement | - 10 )

Phosphorus + 53 )

Nitrogen + 30 %

Tin + 17 ) .

Carbon + 10 g Compositional

Silicon + 8 )

Manganese -5 %

Aluminium - 27 +)

* Does not 1ncrease yield stress.

I.T.T. by 44°¢.

. 20% Pearlite increases

{ Large negative factor due to removal of free nitrogen from
interstitial solid solution. '

‘The design criterion is for the change in I.T.T. per unit increase

in 7 .eld strength to have the largest negative value.

Consequently
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a low carbon, grain refined, high manganese steel is to be
preferred. Grain refinement by Al-N additions would give the best
impact properties because the Aluminium would remove virtually all
the free N as AIN. However there are limitations. For example,

too high a Mn content would result in the trangformation temperature
being so depressed that bainite would form. This would impair both
the yield stress (due to internal stresses) and the impact
properties. Consequently the manganese is generally limited to
v1.5%; less manganese being tolerated with higher carbon contents .
and faster cooling rates, and more with lower carbon contents -and. ..
slower cooling rates. Also, an aluminium grain refined steel is
killed, which makes it economically unattractive due to a low ingot
yield and relatively poor surface quality. Grain refinement can

be achieved by a cheap (because small) addition of Nb, and this can
be used in a balanced steel with economic attractions from the high
ingot yield. But grain refinement is only achieved in the normalised
condition. However, Nb can give precipitation strengthening, (which
is much to be preferred to dislocation strengthening or solid
solution strengthening), but only after high solution treatment
temperatures, i.e. in the as rolled condition. Consequently a
careful control of the rolling finishing temperature is required to
ensure both a fine ferrite grain size and the requisite precipita-
tion effect. This technique of CONTROLLED ROLLING will be discussed
later. On the other hand, Vanadium could be used to grain refine
and produce precipitation strengthening in the conventionally
normalised condition.

No development would use the solid solution hardening elements
because their effects on strength are small, they are expensive,
they increase the I.T.T. too rapidly and they so increase the
hardenability that bainite at even martensite would be formed
instead of polygonal ferrite at the faster cooling rates or in the
smaller section sizes. On the other hand, for specific purposes,
copper can be added to increase strength by precipitation, and
corrosion resistance, but there are likely to be production problems
involving surface quality and ingot break-up.

The criterion for maintaining a high level of weldability is really
the M_ temperature. Too low an M_ temperature leads to heat
affected zone or weld cracking. En empirical carbon equivalent 1is
frequently used, above which welding may be hazardous. Such an
equivalent, (there are many) is typified by:- '
- My SL Ne +Cu Cr +Mo
a + —— 4 =
C.E. c 6 '1q-+- s o

This is really a statement of the empirically observed effects of
these elements on the depression of the M_ temperature, and a
similar carbon equivalent derived from Ms depression data would be:-

- h_&‘ S: Nc+ (e Mo

The relative effectiveness of each element in both rzlationships is
apparent, and again the advantage of low carbon and  high manganese
stands out. :

Finally, a consideration of formability militates against the use
of carbon, which lowers both the total ductility and increases

the work hardening rate. The question of formability will be
considered later in more detail. Another important factor is the
non-metallic inclusion content. This should be kept to a minimum,
consistent with cost, as inclusions lower the total ductility. 1In
particular, sulphur should be as low as possible, not only to
minimise the occurrence of sulphides, but also to prevent liquation
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cracking and lamellar tearing during welding. - The cost of
producing low sulphur contents must be borne in mind.

(d) The Formability of HSLA Steels

Flat rolled ‘strip often requires to be cold formed into structural
members. The ability of steel to be formed by a variety of
processes depends on:- :

(1) The flow stress for a given strain, which governs -the
forming loads.

(ii) The work hardening rate.

(iii) The maximum uniform ductility prior to necking and plastic
instability.

(iv)  The total available ductility.

Many of the above parameters can be assessed from true stress -
true strain tensile data.

The form of the true stress-true strain curve is seldom described
by the classical equation:-

o= Keh where 6 = true stress
~and € = true strain

Rather, the relationship follows an equation of the type:-

& = o+ b€ «cE)

This conforms with the well known fact that the work hardening rate,
d’éé , decreases with increasing values of €.

For low carbon, ferrite~peaflite structures which are typical
of many lISLA stecls, the following relationships have been obtained:-

1. 0, (Mulet) = 1S4 [16+ 29(Mn) 5 () + 60CR) 4 11CSH) 4 244 (N,)
€-02 + 027(Pearlin) + 09T * ]

2. ald/ (Mwjed) = isu[2s + 12(8) + 30(P) + a-qS.) + 94.*015)
dee.-o.z +0:09 (. Pearlite) + l-0d ©

% . _
3. Maximum Uniform Strain, € - o271 - O-Olb(’/-pﬂa*"“—) - 0-015(Mn)
-o0.040(tw) - 0-06o(Sd) ~ I11(N)

4. Total Ductility €. = 113 =~ 0.020(/Pearlir) + 6:30(Mn) + 0:20(SD),
' T -34(8) - 44(P) + 029(sn) + 6.01Sd ?

These equations indicate that high carbon contents, 1.e. increasing
amounts of pearlite, increase the flow stress and work hardening

rate but decrease the ductility. Carbon is therefore undesirable from
the point of view of formability. Refinement of the grain size inc-
reases the flow stress and work hardening rate by about the same
extent. Because e¢* is the strain at whiche} = #$fe , grain size has
no effect on €%, but a refinement of the gPain size does improve

the total ductility at fracture. '

Solid solution hardening elements such as Si, Sn and P; together
with interstitially dissolved nitrogen, increase the flow stress
and work hardening rate, but have variable effects on the ductility
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parameters due to complex interactions involving the flow stress,
work hardening rate and fracture stress. The effect of sulphur-in
decreasing the total ductility reflects the effect of second phase
particles of MnS on the total ductility. A similar effect is
observed in the case of pearlite, and also oxide inclusions. The
effects are not linear as implied by the above equations which-
cover only a limited range in the variation of the S and C contents.
Rather the total ductility decreases exponentially with the
increasing volume fraction of second phase particles.

Consequentially it is essential that for good formability, the carbon
content (i.e. carbides) and the volume fraction of non-metallic
inclusions should be kept to a minimum. Low sulphur contents and
clean steel are essential.

In order to achieve a maximum level of strength together with good
formability, as for example measured by the extrusion pressure in
‘eold extrusion, a low increase in extrusion pressure for 4 given
increase in yield strength is required. The best strengthening
methods which can be used in this situation are a fine grain size
and dispersion or precipitation hardening. Carbon is to be avoided,
but for a given volume fraction of pearlite, better forming will be
~achieved by a spheroidising treatment, which in low carbon steels
should not greatly lower the yield stress. Clean steel, free from
inclusions, is also essential if good ductility and freedom from
cracking is required. This latter consideration will be discussed
further under the heading of inclusion shape control. ’
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A, Methods for producing'Impfoved HSLA Steels

(i) = Normalised Steels

Grain refining is essential and Al, V, Nb and Ti are possibi~
lities. Al and V are most effective grain refiners, followed
by Nb and lastly Ti. Al produces extra benefits on impact
toughness (removes N ), but implies economic dlsadvantages of
killed steels

Nb additions are used to produce grain refinement, and have

the added advantages of being applicable to balanced steels and of
produc1ng pre01p1tatlon strengthenlng. No precipitation hardenlng
is produced in the normalised condition in Nb steels but only

in the as rolled condition or after a high austenitising temp-
erature. The relevance of this with respect to controlled

rolling will be discussed later.

V can be used to give grain refinement and pre01p1tat10n
hardening in the normalised condition. The disadvantage is the
high cost.

Carbon contents must be low within any confines required by
specifications with respect to the ¥YS/TS ratio. Carbon is
necessary to increase the tensile strength. With low carbon
contents, the ferrite grain size is not refined so markedly,

but this can be rectified by the use of higher Mn contents which
lower the transformation temperature, and more Mn can be
accommodated without bainite formation at the lower carbon-
contents. The maximum Mn content:-

(a) decreases as the cooling rate increases

(b) decreases with decreasing section thickness

(¢c) increases with lower carbon content, and with lower
residual alloy contents.

Copper can also be used to give an added measure of precipita-
tion strengthening, but there are certain drawbacks.

Whilst Vanadium can be used to grain refine by VN particles,
this lowers the amount of vanadium available for precipitation
as V,Ci. Thus a combined addition of Al + V + N grain refines
by A1N, removes N to improve further the impact properties, and
. allows more of the V to be available for precipitation. Cer-
tain steels contain higher (V + N) additions to increase the
grain refinement and give more precipitation strengthening,"
resulting in excellent strength and impact properties.

The best normallsed HSLA steels can give yield strengths of
450~ 525 MN/m? with impact transition temperatures down to
-80°c¢.

(ii) As Rolled Steels and Controlled Rolling

Finer grain sizes can be achieved in as rolled steels than in
conventionally normalised steels, and the grain size decreases
with decreasing rolling finishing temperature. In Nb steels,
the precipitation effects can be achieved in the as rolled
condition, thus it is necessary tc combine this precipitation
strengthening with the finest possible grain 31zq ‘Two fac-
tors are important:-
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(a) the rate of recrysta1llsac1on, which increases with :
increasing temperature and deformatlon,vbut which can be
retarded by solutes or precipitates.

(b) the rate of grain gvowth, which increases with increasing
temperature but which can be retarded by precipitate
particles.

In plain C steels, recrystallisation is v1rtua%ly 1nstantan-x
eous during rolling at tempergtures above ~800°C, but occurs
1ncrea31ngly slowly below 800°C, at which temperatures ferrite
formation often precedes complete recrystalllsatlon.

Al, V and Ti addltlons slightly retard recrystallisation, but the
precipitate particles markedly inhibit grain growth after
recrystallisation. On the other hand, Nb markedly retards
recrystallisation and also the Nb(CN) particles inhibit grain
growth. Possible reasons for the effectiveness of Nb in
retarding recrystalllsaflon are solute drag and precipitation of
NbC on sub-boundaries, thus preventing their migration during -
recrystalllsatlon. Also during rolling, some strain induced
precipitation o NbC occurs, which does not cause precipitation
strengthenlng and yet decreases the amount of subsequent
pre01p1tatlon strengthening which can be achieved.

For a very fine ferrite grain size to be produced, it is essen«
tial to have a very fine austenite grain size prior to trans-
formation. The correct conposition and cooling rate is also
essential to achieve as low a transformation temperature as
possible within the ferrite-pearlite range. Too fast a
cooling rate, or too high a "hardenability",leads to bainite
formation, which is accentuated by any coarse un- recrystallised
austenite grains present at the end of rolllng. Such 1arge
un-recrystallised grains, if slole cooled or present in

steels of low "hardenability" glvc rise to high transformation
temperatures, ccarse ferrite grains and poor yield strength -
and impact propertlesu A

Consequently, in controllied rolled steels it is essential to
employ the correct amount of deformation and the correct low
finishing temperature in order to ensure fine, recrystallised
austenite grains. By retarding recrystallisation, Nb could
lead to coarse unrecrystallised grains of austenite, with
detrimental effects. However, providing the rolling finishing
temperature is low, &and that large deformations are used,

fine ferrite grains will be formed even though the austenlte
has not recrystalllsed This is because very thin elongated
austenite grains are produced and the ferrite nucleated at the
grain boundaries remains fine because of impingement:-

c@@”i;?:’h’ Z

Ferrite also nucleates on deformation sub-structures in the
austenite, and pdssibly on any secord phase particles.

- But if the deformation is light, the austenite gralns ave not
thln, and eitheér coarse ferrite grains or bainite is- the result,
with 1mpa1nmﬁ@t of the properties:~
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Thus heavy deformations and low rolling finishing tempera-
tures are essential. But too low finishing temperatures
allow ferrite to be formed during rolling, which is then .
deformed and incompletely recovered or recrystallised. This
greatly impairs the impact properties..

In commercial rolling practices for plain C-Mn non-grain
refiged steels, the low finishing rolling temperatures of

A850°C -are obtained by interrupting the rolling schedule by .
one br more holding periods, particularly for the thicker sec=-
tions.: This can lead to recrystallisation and coarse grain '
sizes-which may not undergo sufficient deformation to S
produce recrystallisation to fine austenite grains during
rolling after the interruption. Consequently it is essential
that an adequate amount of deformation is applied after the
interruption, and at a temperature below ~950°C, in order to
produce fine recrystallised austenite grains.

Because of the retardation of recrystallisation in Nb steels,
it is also possible to use interrupted rolling to achieve
the requisite low finishing temperature, providing the
unrecrystaliised grains after rolling are sufficiently thin,
i.e. they have again received adequate heavy deformation after the
rolling interruption. If rolling is interrupted at too high

a temperature in Nb steels, recrystallisation to a coarse aus-
tenite grain size c¢an occur, and if insufficient deformation is
given after the interruption, poor properties will result. '

o

A low finishing temperature can also be achieved by starting
with a thicker section such that a greater rolling time and
consequently greater cooling is obtained by the time the
final section size is reached.’ ' SRR

A low initial soaking temperature prior to rolling would also
give a low finishing temperature, but this would also lead to
less precipitation strengthening as not so much NbC would have
been dissolved, and!|therefore be available for subsequent
precipitation.

' ' 5
All these methods have their disadvantages, not least being
the increased rolling time associated with either interrupted
rolling or with initially thicker material.

The whole aim of controlled rolling therefore, partiCular}yv
with a Nb steel, is to produce in an economically attractive
balanced or semi-killed steel, a very fine ferrite grain size
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and yet to maintain a measure of dispersion strengthening by
NbC. The Nb in solid solution, and the strain induced NbC
precipitates, retard recrystallisation and the strain induced
NbC precipitates retard austenite grain growth. These strain
induced NbC precipitates do not strengthen, and so detract
from the potential dispersion strengthening. Nevertheless a
useful measure of NbC precipitation strengthening is achieved.

To summarise, controlled rolling requires that a fine
recrystallised austenite or a very heavily deformed austenite
is produced in order to give rise to the necessary very fine
ferrite grain size. Thjis requires heavy defornations at
temperatures below 1000 C, which must b8,continued until the
temperature during rolling is below 900°C. The advantages

of a balanced steel, very fine ferrite grain size, and NbC
precipitation strengthening, are economically very attractive,

particularly when associated with the fact that a given strength

level can be achieved with lower C and Mn contents, i.e.
lower carbon equivalents, which give better weldability and
formability. : )

Controlled Cooling

The rate of cooling is important, even in a ferrite-pearlite
structure, because it affects the transformation temperatures
and thus the ferrite grain size. Recent developments of
effective water cooling on rolling mill run-out tables, has
allowed strip up to lcm thick to be produced with a very fine
grain size and yield stresses up to 425MN/m?. To prevent

the accelerated cooling producing bainite, or other acicular
transformation products, the as rolled austenite grain size
must be very fine. The best results are therefore achieved
with grain refined steels which have been effectively con-
trolled rolled, and then accelerated cooled. Constraints on
the accelerated or controlled cooling process are concerned
mainly with the coiling temperature of the strip which:-

(a) must not be so high as to allow ferrite grain growth;
Nb prevents grain growth.

{b) must not be so high as to allow any precipitate (which
is causing strengthening) to overage; NbC overages less
readily than V,Cgj.

(¢) must not be so low that the acceleratec cooiing has
produced some bainite. ‘

As has been indicated, the cooling rate controls the intensity
of the precipitation strengthening. Also the faster cooling
rate can give a slight amount of dislocation strengthening.

If the precipitation is suppressed by a rapid cooling rate,
the strengthening is virtually all due to the fine ferrite
grain size, thus giving the best combination of strength and
toughness. Some ageing can then be caused to cccur during

a tempering treatment.

A controlled cooling treatment can also be used to improve the
properties by causing a further refinement of the ferrite
grain size in thick sections, either by ucing a fine water
spray or an air blast to lower the transformation temperature.
Care must be taken to prevent the surface from forming
martensite or bainite.

A controlled cooling treatment is now used fairly widely on
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strip mills to produce hot roiled strip with a yield stress
of ~U25MN/m? and good toughness and formability.

(iv) Some Preferred Compositions

The use of modern HSLA steels is widespread in the following
typical application:-

Ship plate, structural members (but controlled rolling is
difficult to apply to certain sections due to temperature
variations), plates, strip, etc. :

Preferred steels are:-

(1) Balanced - as rolled C-Mn~Nb (controlled rolled)

(ii) Balanced - normalised C-Mn-Nb; or C-Mn-V for higher
strength but at higher cost.

(iii) Killed C-Mn~Al~N - normalised for best impact
properties or controlled rolled. This steel is not
dispersion strengthened.

(iv) Killed C-Mn~-Al-V~-N -~ normalised or controlled\rolled
for best grain refinement, removal of Nf, and disper-
sion strengthening.

Inclusion Shape Control

A problenm in some HSLA steels is a lack of duetility which leads to
splitting during bending, lamellar tearing or lack of through
thickness ductility in- plates during welding, or poor impact
toughness in the through thickness direc¢tion in plates. It has
already been stated that the general ductility decreases exponen-
tially as the volume fraction of second phase particles, particularly
non-metallic inclusions, increases. The major detrimental effect is
produced when inclusions, particularly sulphides (MnS) are elongated
into stringers or tapes during the hot rolling process. This effect
is pronounced with very plastic inclusions, and whilst MnS is often
affected in this way, oxides can also behave similarly. When the
"inclusions occur in localised scgregates, as for example in the
case of type II MnS, the elongated planar arrays very considerably
impair the ductility'and toughness in transverse or through thickness
directions.

!
A recent method of combatting this problem has been the modification
of both sulphides and oxides by additions of Ca, Zr or Cerium (rare
earths). This mod:fication,most effective in the case of sulphides,
is brought about by the additions decreasinz the plasticity of
the inclusions with the result that they form rounded globules
rather than elongated tapes or planar arrays. The transverse or
through thickness ductility and toughness is then greatly improved,
as the material does not have an easy plane of fracture.

(a) The effect on ductility

During straining, voids are nucleated around sulphide (and

other) inclusions, whichk grow and link up to give rise to the
subsequent ductile fracture. Other inclusions, or even carbides,
can crack and thus give rise to void nucleation. .

Due to their low stress concentration factors in the transverse
direction, globular inclusions show much less rapid vqQid .growth
than do planar inclusions tested in the transverse direction.
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Control over inclusion shape is achieved by:-

(1) Calcium, which can globularise oxides and sulphides.
‘Due to its high vapour pressure, low solubility and
q-great reactivity, its effect is difficult to control

uring steelmaking.

(ii) Zirconium, which must be added in minimum amounts of
(6(%N) + %S) as it combines with both nitrogen and f,
sulphur. The Z» can enter the MnS and decrease its™
plasticity, or more often replaces MnS by a virtually
non-deformable zirconium sulphide.Zirconium cannot be
used as a sulphide modifying agent in steels which owe
their properties to high nitrogen contents, in which case
cerium additions are used. However Zr can be used with
Nb treated steels.

(iii) Cerium, which is very expensive, and requires a minimum
Ce/S ratio of 1.5 for complete sulphide modification.
Its recovery can be erratic.

Whilst Ce and Zr have been used mainly to produce sulphide

shape control, calcium is more frequently used for oxide
inclusion shape control. The major effect of these additions is
to increase the transverse, or through thickness ductility,

to values much more comparable with those in the longitudinal
direction.

(b) The effect on toughness

Inclusions markedly decrease the impact (Charpy) shelf energy
values, which are the ductile energy values occurring above

the impact transition temperature. This is particularly marked
inthe transverse testing direction, i.e. through the thickness
of plates. The use of inclusion shape control has been shown
almost to double the transverse shel! energy impact value, and
the ratio of longitudinal to transverse shelf energy approaches
unity. There 1is evidence that this ratio more nearly approaches
unity as the addition of Zr or cerium (rare earths) increases,
and the amounts required are similar to those needed for
optimum effects on ductility.

The effect of inclusions on the impact transition temperature is
by no means so clear cut. Various effects have been reported,

but as cracked carbides can initiate cleavage ciracks and increase
the impact transition temperature, there is some reason to

suspect that inclusions may crack and produce a similar result.
Experimental evidence on sulphides suggests that in both
longitudinal and transverse directions, an increase in the

MnS volume fraction first increases the impact transition
temperature (ITT) and then causes it to decrease at higher

MnS volume fractions. This may be due to firstly an increase in
the number of crack initiating sites, followed by an increase in
the number of crack arresting or crack dividing sulphide stringers
as the volume fraction of MnS increases. The effect is parti-
cularly evident in longitudinal tests when the crack has to
propagate across many inclusion fibres. Recent evidence indicates
that, by eliminating these inclusiog fibres, inclusion shape con-
trol by Zr can raise the ITT by ~50°C, i.e. by removing the

crack arresting characteristic. There is also evidence that if

Zr contents much greater than 6(%N) + (%S) are used, the excess
Zr forms ZrC and Zr,C,S,, which embrittle the steel and decrease
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the impact shelf energy. Whilst being beneficial to impact shelf
energy when carefully controlled, there is some doubt as to the
beneficial effect of inclusion shape control on the ITT.

Quenched and Tempered low alloy steels

It has been realir=d that by rapidly quenching low carbon, high
manganese, plain carbon steels,. an acicular ferrite structure can
be achieved which gives rise to very attractive properties. These
structures should not be confused with tempered higher carbon
martensites, as will be shown later. Grain refining, by the usual
additions or by controlled rolling, coupled with dispersion
strengthening by Nb or V can also be employed, and the quenching
often prevents precipitation which then can be induced to occur

by a tempering treatment. Quenching from the controlled rolling
temperature produces the best combination of strength and toughness.
The lower the finishing rolling temperature, the better are the
properties due to the finer prior austenite grain size which gives
rise to a very fine acircular ferrite grain size, and because of the
defect structure introduced by the deformation, which is not all
annealed out. This latter is very effective, strength-wise, when the
final rolling occurs at temperatures where the austenite-ferrite
transformation takes place in very low carbon steels, but the impact
properties may be impaired.

The carbon contents of these steels may be reduced very considerably
without the strength being impaired, because the acicular ferrite
has a high strength by virtue of its very fine grain size and high
dislocation density, coupled with good impact toughness. In some
recently developed steels, carbon contents as low as 0.04% are used
with high manganese contents to increase the "hardenability" so

that the acicular ferrite is produced even on air cooling after con-
trolled rolling.

Acigular ferrite is different from martensite, the latter owing most
of its strength to carbon in solution. Acicular ferrite owes its
properties to a very fine ferrite grain size and a high concentration

of mobile dislocations which give rise to good toughness and

ductility, though rather lower strength than martensite. 1In fact
these acicular ferrites may be regarded as very similar to very low
carbon bainite, as will be seen later. Also, precipitation of, for
example, NbC by tempering strengthens low carbon acicular ferrite
but reduces its toughness; precipitation of carbon from solution
in martensite by tempering decreases the strength but usually
increases the toughness. Thus the metallurgy and design philosophy
of these steels should not be compared with the standard gquenched
and tempered low alloy engineering steels.

Optimum properties for this type of steel, controlled rclled and
quenched and tempered at ~600°C, range upwards to 850MN/m?. They
invariably contain Nb or V, which not only promotes and maintains
the fine prior austenite grain size so necessary to achieve the
fine grained accular ferrite, but also allows some precipitation
strengthening during tempering. Hence the need for relatively
high tempering temperatures to produce the precipitation of NbC
or V,Ci. Whilst the yield strengths are much higher than those

obtainable in ferrite-pearlite structures, as the yield strength

increases from 550 to 825MN/m? the ITT increases from ~-100°C to
above room temperature. Thus the strength which can be achieved 1is
limited by the toughness rcquirements. At the lower level of
strength, the combination of properties is rather similar to those
in the highest strength ferrite-pearlite steels.
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The major drawbacks to these steels would seem to be economic:=

(1) They require expensive plant for quenching such product
forms as plate

(ii) They require a tempering treatment

(iii) The alloy content required is usually rather higher than for
the ferrite-pearlite steels in order to achieve the
required hardenability, particularly as the carbon contents
are usually lower. Thus the material may be more expensive.

In an attempt to overcome some of the economic disadvantages
associated with the quenching treatment, steels have been developed
with a composition which enables the acicular ferrite structure to be
produced by air cooling after controlled rolling. These steels,
containing ~0.0U4%C, require even more alloy additions to achieve

the "hardenability" necessary for the thicker sections. Two typical
examples are:-

(a) 0.04%C, 1.7%Mn, 0.25%Mo, 0.25%Cu, 0.21%Ni, 0.06%Nb.

(b) 0.03%C, 2.5 to 3.4%Mn, 0.05/0.10%Nb.

The structures and properties of such steels are very similar to,
in fact virtually an extension of, those of tainitie steels which

will be discussed later, but they employ considerably lower carbon
contents. _
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LECTURE 3

Medium - High Carbon Ferrite - Pearlite Steels

Steels which have predominantly pearlite structures are widely used for
such purposes as rails, wheels, tyres, axles, etc in railway engineering,-
and for drill rods, reinforcing bar, and rod for drawing into high tensile
wire. The increased pearlite content plays a useful role in increasing

the tensile strength and imparting a measure of wear resistance, but at the
expense of a deleterious »ffeect on the impact toughness and overall
ductility. Traditionally these steels have not been required to possess a
large measure of toughness, but recent failures have highlighted the need
for improved toughness. This could be achieved by lowering the carbon
content, but only at the expense of introducing ferrite into the structure
with a resulting loss of strength and wear resistance. Consequently,
systematic investigations into the factors controlling the strength and
toughness have led to a more complete understanding of the way in which the
properties may be optimised.

(a) The Yield and Tensile Strength

The following relationships are applicable to steels comprising the
whole range of pearlite contents up to eutectoid Comp081ulOnS.

1. Yield Stress (MN[W\) lSq{fd [23 +3:8(M) + radt] &
(- 4. )[u beo-255F | + u.c(s..)+.z7e\{('«7) }

2. Tensile Strength(Mulwl) 1S4 J£72 [45+7a 2J&) + I118ak tJ
(l _-L){_q-bf[ v 02357 4 63(5«)}

where_ﬁuz volume fraction of ferrite

d

grain diameter (mean linear intercept) of ferrite

and S interlamellar spacing of pearlite in mm.

The functions JL_ and (f‘JQ”) represent the ferrite and pearlite
contents, and the index of 1/3% is required because the yield and ten-
sile erengths vary non-linearly with pearlite content. At low
pearlite content the amount of pearlite does not influence the
strength, as shown in similar equations for low carbon steels
described earlier. As the pearlite content increases up to 100%,

its effect on the strength become increasingly predominant.

The yield stress depends on the ferrite grain size, but this gives

a smaller contribution to the strength as the pearlite content increases.,
As the eutectoid composition is approached, the pearlite influences

the strength more intensively, and the effect of the pearlite inter-
lamellar spacing is clearly apparent. Considering the more complex
analysis required to describe the strength, the various regression
coefficients are remarkably similar to those derived for low carbon
steels. The equation for the tensile strength shows very similar
features.

These otructure -property relationships were applicable to steels which
had been normalised from temperatures up to 1100°C, and were found

to hold irrespective of whether the steels had been treated with the.
grain refining additions Al-N, Nb or Ti, This was because the
solubility of NbC or TiC in these high carbon steels was so small
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that little or no Nb cor Ti was dissolved in the austenite, and thus
.there was no precipitation produced on transformation. For example,

less than 0.01%Nb can dissolve in 0.45%C austenite at 12500C. An
exception was observed in the case of vanadiun grain refined steels,
because of the increased solubility of V,C3. However the

precipitation strengthenlng wgg only of the order of 50 5OMN/m?

about half that obtained in low carbon steels. This is due to the higher
carbon content decreasing the solubility of V,C3, and also due to the
grain refinement by VN which causes a high transformation temperature
and allows the precipitated V,C; to average. It is interesting to note
that in the case of the yield stress, the Mn influences only the ferrite
contribution to the strength, whercas the nitrogen and silicon affect ih:
strength by virtue of their solid solution strengthening of both ferrite
and pearlite. In the case of the tensile strength, Mn in solid

solution has no effect whilst the effect of nitrogen is limited to

the ferrite in the structure.

(b) The Impact Toughness

The temperature at which an impact value of 27J is obtained IOC, is
glven by the equation:-

}*[kb—ubd'] +<l :[» X 3’SS+SQS -133P 3-4.8x10 t)
+ 487 (SO + 762 JV) .

where the symbols are the same as those used previously and:-

pearlite colony size in mm
pearlite cementite plate thickness in mm
£ free interstitially dissolved nitrogen

p
t
N

Again the similarity in the regression coefficients with those

observed for low carbon steels is apparent. It is clear that grain
refinement, low silicon contents and a low free nitrogen content should
be used for optimum impact properties. The detrimental effect of solid
solution strengthening is again evident. Just as a refined ferrite
graln size 1is beneficial tc the toughness, so is a small pearlitc colony
size; pearlite colony boundaries acting to impede crack propagatlon

The morphclogy of the pearlite has complex effects however, in that a
decrease in the interlamellar spacing is detrimental to the impact
properties, but the simultaneously observed decrease in the pearlite
cementite plate thickness is beneficial. There is thus a balance
between a decrease in the interlamellar spacing adversely

affecting impact resistance, probably through its effect in increasing
the strength, and the simultaneous decrease in carbide plate thickness
which improves the impact resistance, because the thinner carbide
plates can bend rather than crack and so initiate a cleavage failure.
Frequently these two opposing effects cancel one another, so there

is no overall effect of the pearlite morpholcgy, but either effect can
predominate causing either an improvement or deterioration in the imp-
act properties with decreasing interlamellar spacing. The effects are
further complicated by any changes which occur in the pearlite

colony size.

Because S _ and t have opposite effects on the impact resistance, there
will be an optimum interlamellar spacing for the best impact toughnessz.
It is also clear that the dilution of the peawli*e will be important,
because increasing the carbon content of the pearliite will elther
decrease the value of S_ or increase t, both of which will
the impact properties. “The pearlite CLLUCLOH factor is defined
as:-

-
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where fp = volume fraction of pearlite in the structure.
D will be unity for a fully pearlitic steel of eutectoid composition,

but will be greater than unity for a fully pearlitic hypo-eutectoid steel
such as can be produced by low transformation temperatures approaching
the nose of the pearlLLe C curve. It can be shown that the optimum
interlamellar spacing for the best impact properties is related to the.
dilution factor by:-

-6

2
S = 6.7 x 10 (D - 0.12)°

opt
This optimum interlamellar spacing increases as D increases, and the
impact toughness also increases (I C decreases) as D increases. Thus
a low carbon dilute pearlite is conducive to good impact resistance.
This of course is for a fully pearlitic structure, and it can be
concluded that increasing the pearlite content for a given carbon
content will be beneficial to toughness. However,the precise
effect will also depend on the balancing of the effects of the

ferrite and pearlite caused by a decrease in the ferrite content,
especially if the toughness of the ferrite is very high, i.e. it
has a very fine grain size. If this latter was the case, increasing
pearlite dilution could be detrimental to impact resistance. Some
of these complex interrelationships can lead to certain steels having
‘impact properties which are independent of the morphology of either
ferrite or pearlite. However, with the higher pearlite contents, the .
pearlite morphology plays a more dominant role.

It is also important to consider the effect of transformation
temperature, as controlled by alloy content, cooling rate and prior
austenite grain size, on the impact properties. In general it can
be concluded that lowering the transformation temperature is
detrimental because.of its major effect in decreaelng S but some
depression of the transformation temperature is essentlgl to cause
refinement of the ferrite grain size, and the pearlite colony size.

For an optimum combination of strength and toughness in these
predominantly pearlite steels, there should be:-

(1) a minimum carbon content consistent with the strengthv
requirements.

(ii) a minimum of solid solution hardening by Si, N etc., although
Si can be useful to promote wear resistance in lower carbon
materials. The nitrogen is useful in providing grain
refining precipitates, i.e. VN, but the nitrogen in solid
solution should be kept to a minimum.

(iii) increased manganese because it is beneficial in lowering the
transformation temperature and causing refinement of the
ferrite grain size and pearlite colony size, but this can
produce variable effects on the toughnes s through the
interactions between pearlite dilution, and t. 1In
general however the effects of Mangunese 8re self cancelling
and often have no effect on the impact resistance.

(iv) Grain refinement to produce a fine ferrite grain size and
pearlite colony zize. Vanadium is a preferred addition as 1t
can produce slight precipitation strengtherning even in these
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~ high carbon steels, which can also be achieved in the
normalised condition.

(v) A normalising treatment to give the required grain refinement,
either with or without grain refining additions.

It can also be shown that controlled rolling can produce similar
benefits to normalising by virtue of its grain refining effect,
but in controlled rolled steels there is likely to be rather more
free nitrogen, even though the steel is grain refined by Al or V
additions. Also, in sections such as rails, the control of the
temperature during controlled rolling is difficult due to very
great local variations in the section size. This can lead to roll
wear and difficulties in the preservation of accurate dimensions.

General Ductility Effects

Increasing the volume fraction of pearlite markedly decreases the
maximum uniform strain and the total strain at fracture. It also
increases the flow stress and the work hardening rate. These effects
are all detrimental in terms of the ductility of the steels.

Decreasing the interlamellar spacing of the pearlite causes both

the flow stress and the work hardening rate to increase. These
effects are self cancelling and do not affect the maximum uniform
strain. However, a fine interlamellar spacing is beneficial with
regard to the total ductility. The reason for this is that the
carbide lamellar are also fine and can bend or deform, whilst

coarser carbide lamellar crack and initiate ductile (or brittle)
fracture. This is the reason why a very fine pearlite, which is
produced by patenting treatments applied to wire rods, is capable

of more deformation during wire drawing than a softer annealed
structure in which the carbide lamellar are coarse. Thus a greater
total ductility is observed with a fine pearlite interlamellar spacing
because of the delayed fracture and cavitation as ductile fracture is
approached.

The general ductility of fully pearlitic steels can be considerably
improved by a spheroidising treatment. This produces a decrease in
the flow stress by increasing the ferrite free path as the lamellar
carbides are spheroidised. Thus the effect of spheroidisation is
beneficial not only on the maximum uniform strain, but also on

the total ductility. There are also mechanistic effects operative,
because whilst the cracking of lamellar and spheroidal carbides

are both stress dependent, and hence considerable strain is possible
before ductile fracture is nucleated, the strains required to crack
lamellar pearlite are smaller than those required to crack

spheroidal carbides. This is due to the higher flow stress in the
pearlitic carbide (lamellar). Once a pearlite carbide lamella cracks,
the strain is transmitted to adjacent lamellae so that rows of cracks
occur. These coalésce and give rise to sharp cracks across the pearlite
which cause large stress concentrations. These cracks grow rapidly
and fracture occurs at overall lower ductility than for spheroidised
carbides.

The Development of Fracture Tough Steels

The development of a fracture tough rail steel 1s a recent example of
how the principles described can be utilised. Many rail failures,
which may lead to derailments, occur by trittle cleavage fracture
from an initial fatigue or quench (braking) crack, ov other small
defect. In order to minimise the tendency for this to ocrur, it is
necessary to ensure that the steel shows freedem from briivile
fracture down to ~15°C, At the same time it is necessary to
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maintain an adequate level of tensile strength and wear resistance.

"Current rail steels contain ~1¢ Mn with 0.40/0.50%C in the high
nitrogen Bessemer steels or with 0.50/0.60%C in Open Hearth steels.
These compositions give 27J impact value temperatures approaching
+100°C, and impact values of only 7J at 20°C. They are "as rolled".

The current steels can be improved by either controlled rolling or
normalising, but not sufficiently to meet the required properties,
despite considerable refinement of the grain size which is produced.
Consequently a lower carbon, higher manganese base 1s used, namely
0.35%C, 1.5%Mn which leads to more dilute pearlite and hence better
impact resistance. In the controlled rolled condition the impact
criterion of 27J at -15°C are met, but the strength is slightly
below the required levels of TS = 680MN/m? and 0.2%PS = U50MN/m?.
Further grain refinement can be achieved by using aluminium or
vanadium grain refined steels in the normalised condition. This added
grain refinement allows all the required properties to be met, but
- in view of the high _cost of vanadium, a normalised Al grain r&fined
composition is preferred. The wear resistance however is slightly
inferior to that of the currently used steels, due to the lower carbon
content and the rather greater volume fraction of pearlite. However,
in the normalised aluminium grain refined steels, it is possible
to enhance the wear resistance by an addition of 1%Si, which 1is
cheap, and which can be tolerated despite its adverse effect on
impact resistance because of the very excellent impact properties of
the normalised Al grain refined steels. Slightly higher strengths at
somewhat higher costs could be obtained by controlled rolled or
normalised steels, grain refined by vanadium.

As in all developments, the cost of an improvement in properties
. has to be assessed. The developments described will undoubtedly
- be more expensive than currently used steels because:-

(1)  They are slightly more highly alloyed, i.e. Mn + Si, but this
: will be marginal.

(2) They must be normalised or controlled rolled which implies a
further heat treatment or a lower mill output. In addition
. any capital costs of a suitable normalising furnace have to be
" considered. :

(3) They will be "killed", i.e. will be piped and thus have a lower
ingot yield than previously used acid Bessemer steels which,
because of their higher nitrogen content, are "balanced" and
have a high ingot yield.

4y The grain refining additions, particularly'vanadium (0.01%)
will increase the base steel cost.

In assessing the feasibility of such a development replacing current
steels, the increased cost will have to be compared with an intangible
assurance of safety.
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LECTURE !

We have already seen that there is a limit to strength, with adequate

impact resistance, for ferrite-pearlite structures. In order to achieve
higher strengths, quenched and tempered structures may be necessary, but

at some economic disadvantage. Already we have seen that certain compo-
sitions have been developed, which can employ the more economical air
cooling after controlled rolling or normalising, in order to achieve the
acicular ferrite structure and the requisite properties. These latter
developments can be regarded as extensions of the low carbon bainitic steels
to very low carbon contents. '

The Development of the low carbon bainitic steels was designed, using a
0.10/0.15%C base composition, to attempt to produce a steel with procf
stress values which could extend upwards from 450 MN/m? to some 800 MN/m?

in a weldabable composition with adequate impact resistance. Moreover it
was intended that such properties should be attained in the as rolled or
normalised condition, and preferably without resort to tempering. Not all
these features were possible, as will be apparent.

(a) The requirements for bainitic steels

It ie fairly well known that the lower strength bainitic structures for

a given steel are often equal to or even slightly lower in strength than

the lowest temperature transformation products in the ferrite-pearlite
range. Bainites form at temperatures between the ferrite-pearlite reactions
and the martensite reaction. Consequently it should be possible to produce
-in bainite of a given composition, & range of strengths ranging between

the highest strength in the ferrite-pearlite structures, and the strength
of martensite.

The requirements and aims for the development c¢f a low carbon bainitic
steel are:- A

(1) to produce the bainitic structure by air cooling, thus eliminating
the economic. disadvantages of guenching and subsequent tempering.
Air cooling would also prevent quench cracking andminimise distortion
during heat treatment.

(ii) to use a low carbon content, and a low carbon equivalent, in order
to obtain good weldability and formability, although the latter
would tend to be restricted to bending rather than the more
severe cold forming processes.

(iii) to provide a range of tensile strengths from 600 MN/m to 1200 MM/m?®
with proof or yield stresses varying from 450 MN/m? to 900 MN/m .

.(iw) > to obtain the above properties in the air cooled condition either
directly after:-rolling or by the use of a simple normalising
freatment, it also being appreciated.that tempering might be required
at the hlgheot strength levels.

(v) to obtain the above properties with a minimum of variation over a:z
wide a range of section size, {(i.e. cooling rate) as possible, and
yet not form martensite vty becoming &ir hardening in the smaller
section sizes (i.e. at the faster cooling rates). This requires

a flat top to the Bainite Transformation "C" curve and the highest
pessible bainitie nardenavility counled with the lowest possitle
mertensite hardenability. '



- 2l -

(vi) to obtain the maximum impact properties counsistent with the strength.
Hence the low carbon content.

(b) The development of bainitic steels

The startlng point was a low carbon weldable steel contalnlng 0.10/0.15%C.
However it is not possible in plain carbon steels for bainite to be prod-
uced during continuous coollng because. the ferrlte-pearllt reactions. are
much faster than the bainite reaction. Thus air cooling (i.e.
normalising) simply results in a ferrite-pearlite structure. However it
was known that several low alloyed low carbon steels, particularly a
0.10/0.15%C, 0.5%Mo steel, produced a structure of polygonal ferrite

and bainite after normalising because the molybdenium retarded the

ferrite reaction sufficiently for the bainite "C" curve just to be inter-
sected during a continuous cooling treatment.

The problem was therefore to ensure that the separation, in terms of
temperature, between the ferrite and bainite transformation "C" curves,
was maintained, and to retard very greatly the polygonal ferrite
transformation without any retardation of the bainite reaction itself.

(@) 0127%C - (Ro12%.C; 087 M0 (©0:12%.¢,05%Ho~B.
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It was known that ar addition of 0.002% boron could improve the harden-
ability of the steel, _mainly by retarding the polygonal ferrite

"~ transformation which was nucleated at the austenite grain boundaries.
This boron had little effect on the rate of the bainite reaction, but did
retard the polygonal ferrite reaction, and produced just the type of
transformation characteristics which were required. During continuous
cooling, bainite formed over a wide range of cooling rates, and moreover
the Bainite "C" curve had a flat top so that the transformation
temperature was constant over a wide range of cooling rates. This led
to the result that the strengths were constant over a wide range of section
51zes, and there was little variation in strength across fairly large
air cooled secticns.

In the manufacture of boron steels, it is essential that the boron is in
solution in the austenite, because it owes its action to the fact that
it segregates to the austenite grain boundaries at which the polygonal
ferrite nucleates. Boron present as oxide or nitride is useless, and
therefore the steels must be Al-killed and often are treated with Ti
addltlons to prevent BN from forming and decreasing the amount of Boron
in solution. These bainitic steels therefore are killed, grain refined
steels. There 1is also an optimum boron content, above which the
retardation of the polygonal ferrite transformation bccomes variable and
less pronounced. This is because the boron prcduces Fe,B or M3 (CB)e
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precipitates at the aus@enite grain boundaries when the optimum boron

content is exceeded. These precipitates can nucleate for polygonal

ferrite formation. This optimum boron content decreases as the aust~ .

enite grain size increases. . '

- So effective was the boron addition to the low carbon -i%Mo steel, that
fully bainitic structures were obtained from i" dia to >20" dia aircooled
round bars. The maximum rate of transformation occurred at N650°C, S0
that the structure formed was low carbon upper bainite, and the transfor-
mation temperature was so constant with variation in cooling rate that
decreasing cooling rates from U450°C to 6°C/minute (3" dia to 25" dia air
cooled) only caused the proof stress to decrease from 500MN/m? to
45OMN/m?.

- It can be seen that the proof stress is as high as that obtained in many
fine grained ferrite-pearlite structures, and it was much higher than
the yield stress of 230-300MN/m? obtained in the low carbon-molybdenum

steel in the absence of boron.

{(c) The development of higher strength Bainitic Steels

It seemed reasonable to believe that, as the temperature at which the
bainitic structure was formed was dependent on the B_ (or more directly
the Bso) temperature, if the B_ could be depressed whRilst maintaining
a low carbon content, a weldable steel of higher strength could be
oroduced. The B_, like the M_, is depressed by most alloying elements,
and. Steven and Hgynes showed:=

(a) BSOC = 830 - 270(4C) - 90(#Mn) - 37(%Ni) - 70(%Cr) - 83(%Mo)
(b). Bso = By - 60°C

o - o
(e)- Bf = Bs 1207°C

It-was found that additions of C, Mn, Cr, Mo, W, Ni, Cu, V and Ti all
were capable of lowering the transformation temperature and producing
higher strength bainitic structures. By this means, alloying the low car-
bon 1%Mo-B base steel produced a range of strengths of:- :

Tensile Strength:- 530-1200MN/m?
0.2% Proof Stress:- U450-980MN/m?

These strength levels were alg obtained in the air cooled condition
after austenitising at 900/950°C, and could be achieved over a wide range
of cooling rates or section sizes, with very little variation. At the
same time, the temperature for the completion of transformation did not
become so low that the weldab%lity was impaired, i.e. transformation was
always complete above the 290 °C limit defined by Cottrell as that below
which heat affected zone cracking might be anticipated. The reason for
this was that martensite was not formed in the structures, which in all
cases were low carbon bainite. With decreasing transformation temper-
ature, the structures became finer and more acicular, and below a
transformation temperature of about 550°C the structure changed from
predominantly upper bainite to predominantly lower bainite.

Over the wh81e range of transformation temperatures observed, from 65000
dowrl to 450 °C, there was a linear increase in the strength as the 50%
transformation temperature decreased, providing the carbon content was
restricted to the range 0.05/0.20% and that the depression of the
transformation temperature was brought zbout by metallic alloying
additions. It was also found that the tensile strength could be related
to the composition by an empirical equation of the type:-
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TS.(w[2) = IS4 [eb+ 125 Cr€) + IS(/Hu+7.C) 4 1202 N + 6(7. W)
' + 8(uN) + 4 (20)) + 28 (Avs 7.11-')]

The reason for this type of relationship is that the strength is linearly
related to the transformation temperature, which is linearly related to the
B_. (or Bso) temperatures, which in turn is linearly related to the

clemical composition, i.e. the alloy content. Consequently there is a
linear relationship between tensile strength and alloy content.

(d) The choice of alloying additions

This is governed by the combination of properties required, and also by
economics.  The primary requisites are weldability, formability and
good impact properties. For good welding, a maximum carbon equivalent
may be required, in which case alloying elements which are required to

achieve a high level of strength may require to be compensated by a
. 8light decrease in the carbon content. :

The important mechanical properties are strength, ductility and impact
resistance. The ductility is largely dependent on the level of strength
irrespective of the alloying elements used, whilst the impact resistance
depends on a complex of interactions involving strength, transformation
temperature, austenite grain size, tempering treatment and composition.
This will be discussed later, but for the btest impact properties it would
be necessary to start with a high level of strength produced by a
depression of the transformation temperature by Nickel, with the carbon
kept to a minimum. This would require a large amount of nickel,

because it has a relatively small effect in depressing the Bs temperature,
and for all but the most special applications the cost would be quite
uneconomical. Such a high strength structure would require to be
tempered, incurring further costs.

/Onthe basis of simple alloying costs, Mn and Cr are the most acceptable
elements and in fact are used in the higher strength bainitic steels. A
sound metallurgical principle is to develop maximum strength without
~dimpairing weldability. This requires that the additions made should give-
‘mgximum depression of the B_ temperature for a minimum depression of
- the M_ temperature, which w1l prevent heat affected zone cracking during
weldigg. Thus the ratio, Depression of B_ : Depression of Ms’ per
wt % alloy addition, should be a maximum,

Depression Bs/wt %

Eiement Ratio Depression Mc/wt %
Carbon 0.57
Manganese 2.72
Chromium b,11
Nickel 2.18
Molybdemum - 3.19

Carbon is obviously undesirable, even though it 1s. cheap; thus increased
strength is not achieved by increasing the caroon content - it would
also be disastrous to the impact resistance.

On the basis of the above table, Crr, Mo and Mn are the obvious choices.

Of these, 1% Mo must be present to achieve the bainitic structure by control
of the transformation diagram. Because Mo is expensive, there is no .
incentive to €ise more. Consequently the preferred elements to produce high
strength are Mn and Cr, both of which are relatively inexpensive. These
elements are in fact used in two commercial compositions:-

(a) 0.12%C, 0.5%Mo-B + 1%Mn + 1%Cr
(b) 0.12%C, 0.5%Mo-B + 1}%Mn + 2%Cr
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of theée, the second more highly alloyed composition. gives a tensile
strength of 1100-1200MN/m* with a 0.2% Proof Stress of 900MN/m? in the
air-cooled condition. ‘ ' ‘

.......

The tensile strength increases linearly as the transformation temperature
decreases, as has already been shown, and it is observed that the proof
stress increases linearly with increasing tensile strength according to:-

0-2%Ps(Mn|nt) = 06T +0-55 TS (nosfut).

-However, as the tensile strength increases, the ratio of 0,.2%PS:TS decreases
from ~0,.70/0.75 at TS = U50MN/m? to ~0.65 at TS = 120CMN/m?. This is due to
internal stresses caused by the lower transformation temperatures required
to produce the higher strengths. Relief of such stresses by tempering at
4Y00OC does not cause any change in the tensile strength, but causes the
ratio 0.2%PS:TS to increase to 0.75/0.80 irrespective of the initial tensile
strength. '

The tensile ductility of these low carbon bainitic structures is closely
related to their strength, both the % Elongation and the % Reduction of
Area decreasing as the strength increases, and the ductility values
generally lie within a band defined by similar relationships obtained for
tempered martensitic structures. There seems to be no systematic effect of
alloy addition on the tensile ductility. The results, particularly for %
Elongation, lie in a fairly narrow band so that a knowledge of the compo-
sition would enable the tensile strength to be calculated and the tensile
ductility then to be estimated. :

The impact properties are influenced by many factors, and before dis-
cussing them it is necessary to consider the bainitic microstructure and
the strengthening mechanisms which are operative.

(f) The Microstructure of Bainite and the Strengthening Mechanisms
'+ Involved

Bainite is a tranzformation prcduet which occurs at temperatures between
the lower part of the ferrite (or pearlite) reaction and the Mg temper-
ature. It is 'a shear transformation, the first formed nucleus generally
being considered to be ferrite. This is true in lower carbon steels but
may be questionable at higher carbon contents. The growth of the shear
transformation product is diffusion controlled. There are two clearly
defined forms of bainite, distinguished both morphologically.and by the
orientation relationship between the ferrite and the carbide. In the
"lower carbon steels the carbide is FesC, but in higher carbon steels at
%ow transformation temperatures there is some evidence that e-carbide may
orm.

(i) Upper Bainite

The ferrite forms by shear as plates or laths, which co-operatively nucleate
side-by=-side in packets. It occurs at temperatures above 3500C in steels
containing >0.6%C, but at somewhat higher temperatures in lower carbon
steels, i.e. the temperature above which predominantly upper bainite forms
seems to depend on the carbon content. At the temperatures at which it
forms, carbon is sufficiently mobile to diffuse in the austenite in front

of the growing bainite ferrite. Thus carbon enriched austenite is entrapped
between the bainitic ferrite laths. This carbon enriched austenite can be
retained, can form high carbon martensite or cdn form Fe;C between the
ferrite laths depending upon the composition, degree of carbon enrichment,
rate of cocling or transformation temperature. If the structure contains
retained austenite or martensite it may be termed granular bainite. The
general structure comprises carbide films or elongated particles lying
between the bainitic ferrite laths, i.e. at the lath boundaries. This
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carbide has an orientation relationship with the ferrite derived from the
wutual individual relationships between the ferrite and the austenite and
the carbide (Fe;sC) and the austenite. The activation energy for the trans-
formation is that for carbon diffusion in austenite. The lower the trans-
formation temperature, the finer are the bainitic ferrite laths and the
smaller and more numerous are the carbides at the lath boundaries. The
higher the carbon content, the finer are the bainitic ferrite laths and the
more numerous and continuous are the carbide films between the ferrite
laths, so that the structure takes on a. pearlitic aspect.

(i1) Lower Bainite

Forming at lower transformation temperatures, the initial ferrite plates
iare supersaturated with carbon, because carbon cannot sc readily diffuse
away from the growing ferrite. To maintain the driving force for the
reaction, the carbon must precipitate within the bainitic ferrite laths,
which do not form so readily as side~by-side nucleated bainitic ferrite
packets. Thus the carbide precipitates as small plates within the ferrite
laths, at a characteristic angle of ~55° to the long axis of the lath.
This Fe3C has an orientation relationship with the ferrite in which it
prec1p1tates. The activation energy for the process is that for carbon
diffusion in ferrite. The lower the transformation temperature or the
hlgher the carbon content, the finer are the bainitic ferrite laths, and
the finer and more numerous are the carbide particles. :

In both upper and lower bainite, the boundaries between the bainitic ferrite
laths within a packet are low angle boundaries, which are obstacles for
dislocation movement but not fer crack propagatvon. The boundaries between
packets, or the prior austenite grain boundaries, are high angle boundaries
which impede crack propagation.

(iii) Strengthening Mechanisms

The strengthening mechanisms which are operative in bainite are:-

l. A fine ferrite grain size, i.e. lath si ze, which gives the usual Petch
relatlonshlp with strength The length orf lath depends on the austenite
. grain or patch size. The width of laths decreases with decrea51u5 ‘
. transformation temperature, as also do2s the overall bainitic ferrite
grain size.

2. The dislocation density., which increases as the transformation temp-
erature decreases. These dislocations are due to the transformation
stralns, but also the more numerous the carbides the greater is the
dislocation density.

3. The carbide dispersion which is increasingly effective with increasing
carbon content and with decreasing cransformation temperature.

4. The carbon dissolved in the bainitic ferrite, which increases with
decreasing transformation temperature. This causes solid solution
strengthening, and strengthening by interaction with dislocations.,

It can be seecn that all these strengthening mechanisms increase in intensity
as the transformaticn temperature decreas~s, but at present it is not
possible theoretically to explain the linear increase in strength with
decreasing transformation temperatir:z.

A recent analysis shows that:-
- L
©-27%PS (Mulm") : l'S-a-Ela-é. +13d * 4098 h"J

where d bainitic lath size (mean linear intercept) in mm

number of carbides per mm? intersecting a plane section.

noH
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This egquation only applies for relatively finely dispersed carbides, and
carbide dispersion only becomes significant as a strengthening mechanism
if the carbide spacing is less than that of the bzinitie ferrite lath grain
size. Thus in low carbon upper bainite, the strength is v1rbually com-
pletely controlled by the bainitic ferrite lath size. Only in the lower
bainites, and in certain cases in higher carbon upper bainite, is there a
significant contribution from carbide dispersion strengthening. In upper
bainite the dislocation strengthening is incorporated in the grain size
effect, as the dislocations largely form the bainitic ferrite lath
boundaries, but in lower bainite dislocation strengthening tends to be
incorporated into the carbide dispersion affect.

Kelly has attempted to break down the contributions from the individual
strengthening mechanisms in lower bainites. Whilst an overall equation
relating microstructure to proof stress was not described, 1t was

shown that reasonable values of austenite grain size, dislocation density
and carbide interparticle spacing can account in general terms for the
strengths observed. By manipulating his various relationships, an
equation of the following type is obtained:-

0-27Ps(MN) = Q-8 (604 12Smbnt 4 2316 %/F)

2

where n = number of carbides per mm* on a planar section
# = shear modulus
b = burgers vector
p = dislocation density in lines per mm?

The constant (60) incorporates an austenite grain size term, but there is
no term for the bainitic ferrite grain size, probably because the carbide
interparticle spacing is much smaller than the bainitic ferrite grain size
and thus eliminates the latter as a major strength controlllng

mechanism.,

On the other hand, Smith and Heheman produce an equation:-
— - -'
O-ZZPS(MWM‘) - bso + la-Sxao?'uJ 'y alxlo;‘)\
where  is the average bainitic plate width

and ) is the average planar interparticle carbide spdolng, both being
measured in mm.

- )
It will be observed that this latter equation does not follow the d 2
relationship, nor does it include the dislocation density.
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" 'LECTURE 5

Much confusion has existed concerning the relative merits of bainite

and tempered martensite from the pointof view of impact toughness. This
has been largely due to an inadequate basis for comparison, often a lower
carbon bainite being claimed to be superior in toughness to a similar
strength tempered martensite which was invariably of higher carbon content.
When equivalent carbon contents are compared, there is some evidence that
igothermally transformed high carbon bainites are superior to tempered
martensite. The reason for this might be concerned with the freedom from
‘quench cracking in the bainite compared with the tempered martensite.

- However, there is no doubt at all that, in low carbon steels, upper

bainite has inferior impact resistance compared with lower bainite. As

the strength of low carbon bainite increases, the impact transition

temperature increases, as expected. At a ten511e strength of ~900MN/m?,

the transformation temperature being A550°C, the structure of 0.10/0. 1570

bainite changes from the upper to the lower form, and there is an abrupt

decrease in the I.T.T. With increasing strength in the lower bainite

structure, the Impact Transition Temperature again increases. Thus, for

a comparable strength, upper bainite has lower impact toughness than

lower bainite, and this behaviour is observed in bainites of many

different compositions, although the actual level of Impact Transition Tem-

perature varies with composition, i.e. Ni gives generally lower Impact

Transition Temperature values. Also, the change from upper to lower

bainite is accompanied by a change in the shape of the impact transition

curve from an upright type to one with a much wider and less distinct

transition range.
Upp(f‘ gd\n’nr{
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The reasons for this behaviour are:-~

(a) in upper bainite, the large carbides or high carbon martensite areas
erack, and once initiated the cleavage crack is not obstructed by
the low angle bailinite ferrite bounaarles, but only by the higher
angle "packet" boundaries or prior austenite boundarles. Thus the
crack propagates rapidly.

(b) 1in lower bainite, the smaller carbides do not crack and thus there
is no easy brittle failure initiation. Once a cleavage crack is
initiated however, the propagation is obstructed by the many carbides
and increaced dislocation density. Thus, although the cracks initiate
at higher temperatures because of the higher strength, they do not
propagate so easily. In fact they fr equenuly are arresbed and have
to be re-initiated; hence the extended impact transition temperature
region, and the very sloping transition curve. Due to the form of the
curves, there are temperatures at which lower bainites have higher
impact values than lower strength upper bainites.

These features have consequences upon the design of bainitic steels. Upper
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bainites can only be improved in lmpact resistance by refining the prior
austenite grain-~size, which will lcwer the Impact Transitior Tewperature.
The steel is already grain refined by the (Al + Ti) addition, «nd so resort
must be made to controlled rolling to lower the finishing temperature and
refine the prior austenite grain size. This can only be achieved in the
lower strength steels, because such a fine austenite grain size is required
in the higher strength upper bainites that a sufficiently low rolling
finishing temperature cannot be achieved. Tempering cannot be used in
upper bainite because no softening (and hence benefit on the Impact
Transition Temperature) is achieved until very high tempering temperatures,
when ferrite grain growth occurs which still further impairs the impact
properties.

In lower bainites, because of their gcod initizl impact resistance, a
reduction of the strength by tempering will produce a lowering of the Impact
Transition Temperature, the beneficial dispersion of carbides is still being
maintained. Thus tempering a high strength lower balnite progressively
lowers the Impact Transition Temperature. At the highest tempering
temperatures however, ferrite grain growth occurs which increases the

Impact Transition Temperature. A band of results is thus obtained for
Impact Transition Temperature against the tempered strength, the lowest
Impact Transition Temperature values in the band being obtained with
expensive nickel steels. The optimum combination of strength and toughness
is an Impact Transition Temperature of =40CC at a 0.2%PS value of

530MN/m? .

(b) Methods of Improving Bainitic Steels, and thelr Applications

(i) Very low normalising temperatures and rapid austenitising rates.
This gives the best impact properties, and high strength.

(ii) Very low finishirgrolling temperatures, as in thin strip.
Finishing rolling as low as 600°C has given excellent impact resistance
and high strength in upper bainitic structures.

(1ii) Ausformineg,but the effect is smaller 23 the transformation
temperature increases, due to self anneallng effects.

(iv) Precipitation hardening in the air ccoled condition. Nb can be used
but the strength increase is small at the high strength levels involved
i.e. 75MN/m”, and therefore only gives a marginal improvement. Copper
additions can give 150MN/m? increase in yield stress, which is appreciable,
and can be made to occur in the air cooled condition without a separate
ageing treatment 1f 3%Cu is added.

(v) Bainitic steels can be used in the gquenched and tempered condition,
but only with detriment to their economic attraction. Nevertheless such
material would not be so susceptible to loss of properties if slack-

quenched, and would give mors uniform properties across thicker sections.

Various alternative low carbon bainitic steels have been developed:-~

(i) 0.10/0.15%C, 1%W-B, which is more expensive than }%Mo-B steel.

(ii) Semi-bainitic steels using combinations of Cr + Mo, without Boron.
These produce ferrite and bainite structures. To obtain the best

properties they are guerched and tempered, gilving good Impact toughness.

(iii) Ni—Mo~B steels with only 1%Mo. These have excellent impact
properties, but are expensive.

(iv) Very low carbon (G.02%) 3%Ni, 2%Mo steels grain refined by Nb or
(A1+N). These steels give strengths of the same order of magnitude as the
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}1%Mo-B higher strength bainitic steels, but because of their very low
carbon content and high nickel content, they show excellent impact proper-
ties. However, with such high Ni and Mo contents they are extremely
expensive.

(v) The "Fama" steels containing 0.03%C with 2.5=3.5%Mn, and 0.05-0.10%Nb
As might be expected, these steels show excellent strength, but require
to be quenched to achieve the best impact properties.

(vi) Recently developed 0.03%C, 1.7%Mn, 0.25%Mo, 0.06%Nb steels for gas
and oil pipe lines, containing also 0.2%Ni + 0.2%Cu, to acquire the necess-
ary hardenability and depression of the transformation temperature. These
are used in the controlled rolled condition, and employ inclusion shape
control, but currently it is doubtful whether they will take over from

the controlled rolled fine grained ferrite-pearlite steels for pipe-lines,
due to their extra cost. Even the low carbon content increases the cost
considerably.

Applications for low carbon bainitic steels include pressure vessels,
boilers, cranes and lifting equipment, pipes for gas and oil transportation,
earth moving vehicles, structural members of light weight bridges, mine
supports, fans, strong structural components in aircraft engineering, engine
mounts, plates for heavy engineering applications etc.

(c) High Carbon Bainitic Steels

Weldability requirements have limited the carbon content of all the
previous steels considered, and this also limits the strength to little
more than 1150MN/m? unless precipitation hardening is used, because this
is the tensile strength of 0.10/0.15%C martensite. For applications where
weldability is nct essential, higher carbon can be used, and higher
strengths are possible. The objective in the development of higher carbon
bainitic steels is to lower the B_ temperature even further so as to
obtain lower transformation tempe?atures and higher strengths, and to
produce bainite over a wide range of cooling rates without the formation
of’ martensite, which in these higher carbon steels could give quench
cracking and infericr impact resistance due to mixed bainite-martensite
structures.

The increased strengths obtainable are due to:-
(i) 1Increased carbide dispersion strengthening.
(ii) Further refinement of the bainitic ferrite grain size.

(iii) Increased dislocation density due to the lower transformation
temperatures. '

(iv) 1Increased interstitial carbon content due to lower the transformation
temperatures.

The base compositions used for these developments were the high strength

low carbon steels, containing up to 1% Cr with 11%Mn + }1%Mo-B, with

carbon additions of up to 1.0%. It must be appreciated that as the

carbon content increases to the entectoid composition, the effect of boron
on the hardenability decreases to zero, and so at the highest carbon contenv,
boron has little value.

With a 0.5%Mo-B base composition, fully bainitic structures are obtained
in the austenitised and air cooled condition with up to 0.8%/1.0%C. The
maximum strength with 0.8%C, is about 1300MN/m? tensile strength, which

can be achieved in air cooled section sizes from 1" to 12" diameter.
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This is a more restricted range of section sizes than 13 possible with

low carbon bainitic structures, and the reason for this will be discussed
later. Little change of strength occurs on tempering up to 500°C, but there
is a progressive loss of strength on tempering further to 550/700°C.

In the }7%Mo-B steels, the transformation temperature is stili high in the
bainitic range at ~550°C, but lower transformation temperatures and higher
strengths can be achieved by 1ncrea51ng the Mn or Cr contents to 1%-11%.
Tensile strengths of >1500MN/m? can then be dcqleved in 0.6%C steels, the
transformation temperature being depressed to 450°C. Due to the lower carbor
content compared with the 3%Mo steels, those Cr-Mn-Mo-B steels form bainite
over a wider range of section sizes, i.e. up to 25" diameter alr cooled.

If the austenitising temperature 1s increased to dissolve all the carbides,
even higher strengths:of 1750NN/m can be obtained. The higher the

tensile strength, the lower is the proof ratio, being only 0.65 at 1550NN/m
tensile strength. As in the case of the low carbon bainitic steels,
tempering at 400/500°C increases the proof ratio to 0.80/0.85 and proc?f
stress values of 1100MN/m? are obtained. Up to about a tensile strength
of 1050MN/m?, the tensile elongation is superior to that in martensite
tempered to an equal strength, but at higher strengths the elongation is
inferior to that of tempered martensite. At all strength levels, the
reduction of area values are lower than those for equivalent strengths in
tempered martensite. These etfects probably are due to the higher carton
contents of the bainitic structures compared with those of the tempered
martensitic steels. This is also reflected by the impact properties which
are relatlvely poor for the bainitic steels, although they can be improved
“ﬂsomewhat“by“temperlng,ﬂ albelt at the expense .of some loss of strength.

Major llml*atlons to the apD71caulon of - hlgner carbon bainitic steels are
produced by the fact that, with both increasing carbon and alloy contents
the bainite reaction is considerably retarded. Martensite thus forms at
slower rates of cooling, i.e. the martensitic hardenability i1s increased.
Also at the higher carbon contents, the steels are hyper-eutectoid, which
together with the lack of an effect of boron, causes the pearlite reaction
actually to be accelerated.
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The result is a limitation of the range of rates of cooling over which
bainite can form during continuous cooling, becausc martensite forms at-
~ever slower coollng rates and pear—.ite at ever faster coocling rates. An
example of this is shown by the fact that in a 1.0%C, 1%Cr, l%Mo-B

steel, bainite will only 7orm in air coolea sectiocns of 2 to. 5 inches
diameter. Afir cooled bars less than 2 inches diameter form martensite

and greater than 5 inches diameter form pearlite. Such a steel has a very
limited range of use.

The design of the steels with respect to the choice of alloying elementis
18 thus very ilmportent., What is required is ar alloying element wnich
greatly depresses Bs but which does not markedly retard the bainite
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reaction at higher carbon contents.

transformation temperature, i.e. the
minimum carbon content to be used so
properties would be optimised. Also
range of cooling rates, particularly

This would give the lowest

highest strength, and also allow a
that the ductility and impact
bainites would form over a wide

if the steel was not hyper-eutectoid,

so that the pearlite reaction was retarded rather than accelerated. Mn
and Cr are the chedpest, and virtually the most effective elements for
depressing the B_ temperature. Little is known guantitatively about the
effect of alloyiflg elements in retarding the bainite reaction,
particularly at high carbon contents, but from general hardenability
effects coupled with cheapness, manganese would be expected to be
preferred to chromium. Obviously carbon should be kept to a minimum
consistent with the strength level required, as it markedly retards the
bainite reaction and particularly lowers the Ms temperature, thus running
the risk of quench cracking. In addition high carbon lowers impact
toughness and ductility. Finally, the higher the tensile strength of the
bainite, the lower the proof ratio, but this can be increased by tempering,
which also can improve both toughness and ductility.

Applications for these steels are likely to be in large section sizes
where they would be in competition with quenched and tempered martensitic
steels. Being air cooled, they would be free from distortion and quench
cracking, nor would they require elaborate and expensive quenching
equipment., In a large section size, a quenched and tempered steel would
require much more alloying additions to achieve the necessary hardenability
(martensitic), because the bainite reaction together with the ferrite-
pearlite reactions would need to be greatly retarded. Undoubtedly the
bainitic steel would be cheaper as it would be much less alloyed, but

the bainitic steel would contain higher carbon contents. Thus, where
welding and high fracture toughness are less essential, high carbon
bainitic steels can possess economic advantages, and particularly would
be useful in wear resistant applications.

Some typical applications are large die blocks, mandrel bars, back-up
rolls and high strength statically loaded machine parts. In addition
potential uses could include drill rods, very high strength reinfcrcing
bars, and wear resisting wheels and tyres. However, it must be
appreciated that their uses are likely to be much more restricted than
those of the low carbon bainitic steels.
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LECTURE 6

*Ultra High Strength Steels

Ultra high strength steels usually are considered to have C.2% Proof
stress values greater than 1400MN/m?. The major uses are in applications
such as aircraft undercarriages, high strength bolts and fasteners,
¢ertain types of pressure vessel, rocket motor cases, missile bodies,
springs, hlgh speed rotors, bearings and shafts, machine parts and in any
weight saving application where a high strength:weight ratio is essentizl.
The impetus for their development arose from aero-space and aircraft
requirements, initially, in response to the develcpment c¢f the highest
strength aluminium alloys which however could not match steels with
respect to elastic modulus, impact resistance and elevated temperature
properties.

The major requirements for this type of steel are:-

(i) the requisite strength

(ii) adequate ductility

(iii) 1impact resistance and toughness

(iv)  fatigue strength

(v) some measure of weldability, particularly in sheet for rocket
motors and missile casings.

Apart from the metallurgical principles on which their design is based,
and which will be considered later, the adequate fatigue strength and
ductility are best guaranteed by freedom from non-metallic Wnclu51ons.
These play an increasing role as the strength exceeds 1200MN/m?, because
the material then becomes increasingly notch sensitive and any stres§
raisers are particularly detrimental. There is therefore an increasing
tendency to use ultra-pure materials and vacuum melting in the producticn
of these steels, both of which greatly add to the cost. For good
weldability, purlby is essential, particularly freedom from sulphur and
phosphorus. The higher the Cdrbon content, the greater the welding
proklens, so hydrocen must be kert to an absolute minimum. Hydregen
embrittlement is a particular problem, and electro-plating to give
corrosion resistance has resulted in delayed brittle failure of aircraft
undercarriages.

The strength of a martensitic steel depends mainly on the carbon content,
and is relatively little affected by metallic alloying elements proviced
the steel is fully martensitic and untempered. Metallic alloying
elements cause very slight solid solution hardening, but can slightly
increase the hardness by depressing the MS, causiling less auto-tempering,
and thus allowing the carbon content to exert its full hardening in the
martensite.

The major strengthening therefore must generally be by carbon, except in
the marageing or precipitation hardening steels, but the carbon should be
as low as possible, consistent with the strength requirement, because:~

(i) there is a need for some degree of weldability, particularly in
sheet

(1i) there is a need to maintain the ductility and toughness as hign as
possible

(1ii) the higher the carbon, the lower the Mg and the more likely there
is for qguench cracklng to occur

(iv) the decrease of hardness during tempering is more r=pid with higher
carbon contents, and sc the tempering treatment wouid be more
difficult to control. '
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Because cquenched martensite is brittle a tempering treatment is required.
The alloying elemenis are therelore selected to provide poth adequate
hardenability for the section size to be treated, and the requisite level
of tempering resistance.

There are two main methods by which ultra-high strengths can be achieved
in conventionally heat treated steels:- '

‘(a);?by using low tempering temperatures up to 350°C
(b) by using a secondary hardenin% reaction and tempering at tempera-
tures in the range 550°9-650

The latter method has the advantage that the strength can be maintained
to higher service temperatures, but has the economic disadvantage. of
requiring a more highly alloyed steel.

Other methods of inducing ultra high strengths, which will be considered,
are:-

(1) thermo-mechanical treatments

(ii) rapid austenitising treatments

(iii) cold working or strain ageing of martensite

(iv) cold drawing pearlite

(v) age hardening very low carbon martensites, i1.e. the Marageing
Steels.

(a) Steels tempered at low temperatures

To obtain tensile strengths of 1500-2100MN/m?, carbon contents of 0.3/
0.4% are needed even when temperlng is carried out at ~200°C. This
carbon content is therefeore the minimum which can be used. The tempering
temperatuire should te as high as possible so-as to restore as much
ductility and toughness, consistent with the strength requirements. 1In
unalloyed 0.3/0.4%C ma”ten51te, it should be possible to temper at
300/350°C and still maintain a tensile strength higher than 1500MN/m?
However the hlgher tempering temperatures in this range cannot be used
because there is a decrernoce in the impact resistance when martensite
steels are tempered at 250°/300°C., 1If tempering temperatures lower than
250°C are used to avoid this embrittlement, the general ductility will
be very poor due to insufficient tempering of the martensite. If-
tempering is carried out above 350°C in order to achieve adequate impact
resistance and ductility, the strength requirements are no longer
obtained.

Several mechanlisms have been suggested tooexplain the embrittlement which
occurs in martensites tempered at 250/300°C:-

(i)  the formation of cementite films at martensite plate boundaries.

(ii) ferrite films associated with cementite films at martensite plate
boundaries. It is a well known phenomena that thin ferrite
networks in a strong tempered martensite matrix, lead to marked
embrittlement.

(iii) impurity elements, in particular embrittling elements such as
Sn and P which raise the impact transition temperature and also
induce intergranular embrittlement.

(iv) embrittlement produced by coarsening carbides whilst the dis-
location density and matrix strength remains high. The em-
brittlement thus occurs at a temperature high enough to cause
the martensite plate boundary carbides to coarsen and become
sites at which cracking may initiate, but where the temperature
is not hlgh enough to anneal out the dislocation and 30 the
matrix is still hard and has not recovered sufficic. t tough-
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It is clear that if the tempering resistance can be increased by the use

of alloying elements which retard carbide formation, then it should be
possible to temper at temperatures above BOOOC thus avoiding the em-
brittlement region but still obtalnlng the requﬂslte strength level because
of the increased tempering resistance introduced by the alloying. 'An
element which can produce this effect is silicon which markedly retards
tempering at temperatures above 200°C. Other elements, for example, Al

or P, also behave similarly, as do the stronger carbide formers, W and V.
The choice of a suitable combination of alloying elements will require
that:-

(1) the correct level of hardenability is obtained.

(ii) there is the required degree of retardation of tempering at
temperatures above 300°C.

(iii) the Mg should not be depressed too much, otherwise quench cracking
may occur. As low a carbon content as possible is advisable
from this point of view, consistent with meeting the strength
regquirements.

(iv) the steel shall be as cheap as pcssible.

On the basis of these requirements, the ratio of the retardation of
tempering per weight per cent alloy addition to the depression of the Mg
per welght per cent alloy addition, should be a maximum. Appropriate
data is:-

Element Retardation of Depression of Retardation
tempering per Mg per wel%ht Ratio of Tempering
weight per cent | per cent (“C) | ‘Depression of
(HV) - Mg

Carbcn =4+ b7y -12

Manganese 8 33 0.24

Silicon 20 11 1.8

Chromium 0 17 0

Nickel 8 17 0.48

Tungsten 10 - 11 0.9

Molybdenum . 17 21 0.8

Vanadium 30 ? >1

Cobalt 8 Small Rise >8

% + + W ~AAn ~ : o e ;b o e
Ncte that carbon accelerates tempering

It can te concluded that:-
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(i) Carbon is detrimental and should be as low as possible consistent
with the strength level required. About 0.2/0.4%C is necessary.

(ii) Cr contents should be limited, although about 1% may be necessary
for the required hardenability.

(iii) Additions of Si and Co are very effective and beneficial.

(iv) Of the elements Mo, W and V, Mo is preferred to W on a cost basis,
and Mo is also preferred to V because it does not require such
high austenitising temperatures to dissolve the carbides prior
to quenching. A high austenitising temperature would produce a
coarse austenite grain size and much impaired impact properties.

Several high Silicon steels have been developed such as:-

(i) Modified SAE 4330 or 4340, 0.30/0.40%C, 0.7/0.9%Mn, 1.8%Ni,
0.85%Cr, 0.20/0.40%Mo with up to 13%Si.

(1i) Various higher silicon, 0.3/0.4%C, Ni-Cr-Mo or Cr-Mo-V steels
containing up to 23%ui.

(iii) SAE 4137 + Co containing 0.4%C, 1%Si, 1%Cr, 1%Co, 0.25%Mo, 0.15%V.
Note the presence of both 1%Si and 1%Co.

All these steeWS glve 0.2% proof stress values of 1550 1700MN/m? when temp-
ered above 300° C, 1.e. above the toughness minimum. It should also be
noted that two othev types of alloy have been developed:-

(a) a high carbon-high cobalt steel was developed in USA, but does not
seem to have been extensively used commercially.

(b) a 0.35%C, 2.25%Si, 1%Mo, 0.2%V, 2%Cu steel was developed in an
attempt to minimise the transformation:-strains during martensite
formation, and thus to minimise distortion and the tendency for
quench cracking. The Copper not only improves hardenability, but
can also glve some added pre01p1tatlon hardening after ageing at
W450-500"C This steel however is not widely used.

(b) Secondary Hardened’Steels‘Tempered‘at'550—6500C

A carbon content of 0.30/0,.40% is Stlll required in order to produce proof
stress values of more than 1550MN/ If a hirher tempering temperature
is required so that the properties can be maintained at higher service
temperatures, the problem is to increase the tempering resistance so that
the requ1s1te properties are achieved after tempering in the range

550 -650°C. This means that a secondary hardening reaction must be used,
involving the precipitation of alloy carbides during tempering.

Primarily it is required to assess the chromium contert which will give
the required hardenability, in the appropriate section sizes, and the
necessary corrosion and oxidation resistance at the service temperatures.
Alsc the cffect ¢f Cr on the tempering resistance must be considered. It
can be shown that 6%Cr can impart reasonable Lemperlng resistance, without
causing secondary hardening, but more than 6%Cr gives little added
advantage c¢n temnelldg at 550°C and above. A well known 5%Cr steel is
used as a hot work die steel, and this can be employed as a base compo-
sition, although we shall see later how the Cr content can be reduced
with advantage. The carbide precipitated in 0.3/0.4%C, 5%Cr steels is
Cr7C3. This steel shows retarded tempering but no true secondary harden-
ing, and Cr,C; overageb rapldlyo The maximum retardation of tempering
occurs at about 500°C but chromium is less effective as the tempering
temperature increases to 700°C.

Secondary hardening by Mo and V additions markedly increases the tempering
resistance. More than 1%Mo is needed to give the necessary secondary
hardening, but little extra benefit is gaincd by more than 3%Mo. Arn
eptimum ecoromic additicn is about 2/21%Mo, secondary hardening beinj Zue
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to Mo,C precipitation, which is formed in 5%Cr steels in preference to
Cr;Cy3 due to the strong carbide forming tendency of Mo.

The use of 1%V can also produce adequate secondary hardening, V,C; being
formed. The addition of 1%V tO a 2%Mo steel is not sufficient to form
V4yCi33 the V dissolving in the Mo,C and stabilising this carbide so that

it forms at higher temperatures and overages less rapidly. This increases
the tempering resistance. 7V,C3 would begin to form with additions of
greater than 1%V, but only if the vanadium-rich carbide was completely
dissolved by the use of high austenitising temperatures. This would lead
to austenite grain growth and a loss of ductility and impact resistance.
Thus vanadium additions are limited to ~}%.

These steels, which cortain Cr, Mo and V, have sufficient hardenability

for all conceivable applications; in fact they are somewhat over-alloyed
with respect to hardenability but require the alloying additions to promote
the required tempering resistance. They are therefore expensive. Two
typical examples of such steels are:=-

Analysis (wt%) = . Tempered 600°C 1h

C Mn Si Cr Mo v .U.T.8S. 0.2%PS ZE1

0.30 | 0.60 | 0.35 | 3.00}2.00 |0.50 || 1750MN/m? | 1320MN/m? | 19
0.4010.60|0.35|5.001}|2.00 |0.50 ||2000 " " | 1560 " " | 13

The criteria used in deciding the carbide forming elements are:-

(1) the increasing carbide forming tendency Cr-Mo-V.
(ii) the increasing resistance tc carbide growth and overageing,
CI’7C3"*M02 C"VgCg .
(iii) the temperature at which maximum retardation of softening occurs drinz
tempering, or at which secondary hardenlng occurs, namely
Cr.Cs (500°C); Mo,C (575°C); V.C; (600/625°C).
Certain general principles governing the intensity of secondary hardening
can be employed to improve the properties still further. It can be seen
that improved tempering resistance, and thus higher strength at a given
tempering temperature (or the use of a higher tempering temperature to
achieve a given strength and thereby a better ductility) can be precduced
by raising the whole level of the tempering curve (A), increasing the
intensity of secondary hardening (B), decreasing the rate of overageing
of the secondary hardening carbide (C), or by increasing the temperature
of secondary hardening (D).

Hardness

Base Stael,

T‘éw\pem.nj TZZMPQ frasiure o{:_
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Increasing the whole level of the curve (A) couid be achicved simply by
increasing the carbon content, but this would drasticalily -educe the
toughness and ductility, to say nothing of weldability, 2as well as
tending to increase the rate of overageing. Carbon cannot therefore

be used. Other substitutional solutes are also ruled out due to the
very large and expensive additions required for any appreciable effect.
However the intensity of secondary hardening can be increased by
increasing the mis-match between precipitate and matrix. Whilst this
tends to causemore rapid overageing the nett effect is beneficial, so
that a higher strength after tempering is achieved. Increased

mismatch is produced by:-

(1) increasing the lattice parameter of the carbide precipitate.
(ii) decreasing the lattice parameter of the matrix.

The carbide, Mo,C, can dissolve both Cr and V. Cr, being a smaller atom
than Mo, reduces the lattice parameter of Mo,C, but V increases it.
Chromium therefore tends to decrease the intensity of secondary
hardening and moreover causes the Mo,C to be less stable, i.e. to give
maximum secondary hardening at lower tempering temperatures and also to
accelerate overageing. Cr is therefore not desirable, but between 1%
and 2% is required for the necessary hardenability and in this amount
does not greatly impair the tempered hardness. More than 2%Cr is
detrimental. On the other hand, V increases the lattice parameter of
Mo,C and stabilises the carbide. The result is a greater intendity of
secondary hardening which occurs at higher tempering temperatures. Thus
the tempering resistance is increased by vanadium, which therefore is
beneficial. However, too much vanadium cannot be used due to its low
solubility and the need for high austenitising temperatures, and so the
vanadium must be limited to ~}1%.

Many elements increase the lattice parameter of the matrix ferrite, but
silicon is one of the few elements which decrease it. It has the added
advantage of cheapness. Silicon thus increases the intensity of secon-
dary hardening, but also causes overageing to be more rapid and the
maximum hardness to occur at rather lower tempering temperatures. The
overall effect is however beneficial, giving a higher hardness after
tempering at 550-650°C., An addition of 1%Si is therefore useful, and
cheap. Too much silicon will however tend to make overageing too rapid
for easy control, and so about O.75%Si is about the optimum.

Using the above concepts, a steel has been developed containing 0.4%C,
0.75%81i, 1.5%Cr, 2%Mo, 27V which g*ves a tensile strength of 1*OOMD/m
after temperlng at 6OO C, and 1560MN/m? after tempering at 6500°C. This
steel has the added advantage that the improved tempering resistance
allows the use cf marginally lower carbon contents, which together with
the lower Chromium content give a lower Mg and less tendency fc. quench
cracking. The hardenability is quite sufficient for most purposes.

As might be expected, these steels which are texpered at temperatures of
600/6SO°C maintain their strength up to service tempzratures of '
500/550 C. However if the steels are tempered at the temperatures of
maximum secondary hardening, in order to give the maximum strength, this
is accompanied by a minimum in the impact resistance. Consequently the
steels are always tempered to produce slignt overag..ng, which whilst
giving slightly lower strength produces much improved impact --s¢5uance,
i.e. a better combination of properties.

It has already been indicated that the tendency LOL nJu "0,
embrittlement, and their sensitivity to irnur.ty elem: . W3ty Tz
ultra high strength steels often being vocuul wmel of, Soet. . 7oA
increased cost. however, vacuum melting .ag the wul  advaiiai. -
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lowering the inclusicn ccntent, which gives mucih improved fatigue
resistance. Steels with tensile strengths above 1550MN/m? tend to

become increasingly ncctch sensitive, particularly with respect to fatigue
resistance. Up to tensile strengths of about 1550MN/m2 the fatigue
ratio remains constant at abouht 0.5, but deéecrenses to O.4 with higher
tensile strengths. Thus the effect of inclusiong, which act as notches
or stress raisers, can be very marked in these steels and 1t may well be
_that steels of 1860MN/m? tensile strength will have equal or even worse
fatigue limits compared with steels of 1550MN/m? tensile strength. An
example of this effect of inclusions impairing fatigue resistance is

the development of special decoxidation techniques to produce clean steels
of the 1%9C-Cr type for roller bearings. - A very good correlation has been
obtained between the fatigue 1life and inclusion content in such steels.
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LECTURE 7

(a) Thernio-Mechanical Treabtments

(i) Low Temperature Thermo-Mcchanical Treatment (LTMT)

This is basically "Ausforming" - in which the metastable austenite is
deformed below Ae,;, after austenitising at conventional temperatures..
Quenching is carried out directly after the deformation, followed by
tempering of the martensite. The requirements for such a process are
that there is an adequate metastable austenite bay in which deformaticn
can be carried out, that the period of induction is sufficiently long for
the deformation to be effected, and that the transformations are not
accelerated very greatly by the deformation. The steel must obviously
have adequate hardenability for the section sizes involved.

The quenching of the deformed metastable austenite occurs before any
recrystallisation has taken place, and even recovery may only be partial
due to the low temperatures at which the deformation occurs. The main
drawbacks to the process are:-

(1) Deformations tend to be restricted because high loads are
involved. Some control difficulties are experienced with regard
to dimensions.

(2) General control of the process, i.e. preventing transformation
during the deformation, is difficult.

(3) The process cannot be applied to carbon or very low alloy steels
because of inadequate periods of induction.

(1) The process is expensive, special processing being required which
prevents normal utilisation of plant, or even the installation
of special plant. '

The usual deformation temperatures are in the range U5O—6OOOC, and in
order to obtain significant strengthening, >70% reduction is necessary.
It is found that:-

(1) The strength increases linearly with increasing reduction, at a
rate of about 6MN/m? per percent.

(2) The strength increases with increasing carbon content, but it is
probable that the actual increase in strength due to ausforming
is largely independent of carbon content.

(3) The ductility decreases as the carbon content increases.

(4) The strength tends to increase more or less linearly as the
ausforming temperature decreases.

The choice of alloying elements is dictated by the need to obtain
sufficient metastability of the austenite for the deformation to be
accomplished. Silicon is reported to be beneficial as it inhibits
recovery, as also does molybdenum, whilst nickel improves the impact
strength. Chromium is reported to be detrimental tc the response to
ausforming. The prior austenitising temperature should be just
sufficient to dissolve the carbides. Because higher strengths are
obtained in ausformed steels, a slightly lower carton conftent can be
accommodated which gives rise to vetter ductility and toughriess and less
tendency for quench cracking.
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It is oftcen claimed thot aukforwﬁd steels have superior toughness and duc-
tility compared with conventionally treated sSeels. There seems some
confusion concerning this effect, but it appears that when a strict
comparison is made at the same carbon and strength levels, ausformed steels
containing less than 0.45%C have poorer ductility than conventionally treabt-
ed steels. The reverse seems to be the case for steels contalning more

than 0. U57C ‘Without doubt, very high strength levels, approachlng

300MN/m? tensile strength can be achieved by ausformlﬂg -

Yield Stress MN/m?
Carbon Content

0.30% { 0.40% | 0.5C0% |0.60%

Conventionally Treated | 1700 1900 2080 2280
Ausformed 91% @ su40°c | 2080 | 2320 |2620 {2880

Ausformed steels are also able to hold their strength rather better than
conventionally treated steels even at the highest tempering temperatures,
but at high tempering temperatures the strengths of ausformed and
conventionally treated steels do tend to approach one another. Ausforming
can also be applied to bainitic steels, providing the deformation is
applied above the By temperature. The strengthening achieved is 1less

when the bainitic transformatlon occurs at high temperatures compared

with low temperatures, due to some annealing out of dislocations from

the deformed austenite, thus giving a lower dislocation density in the
bainite.

The strengthening effects in ausformed steels are now believed to be due
“mainly to:-

(1) Very fine martensite plate sizes; deformation of the austenite
inhibits the growth of the martensite plates. This is a relatively
slight effect.

(2) Fine carbides which are induced to form in the austenite by the
deformation, and which pin dislocations. Thus the austenite is
able to recover less readily and shows greater strain hardening which
is retained in the transformation product. Thus steels which
precipitate carbides give greater response to ausforming:-

% Carbon 0.30 } 0.40 1] 0.50 | 0.60

% increase in Yield Stress | 22% 22% 26% 27%

In the pigher carbori steels, these fine carbide precipitates lower the
carbon in solution in the martensite, give less tetragonality, and
probably contribute to the better ductilities in the higher carbon
steels,

(3) A high @islocation density retained in the transformed product due
to the increased dislocation density in the strained austenite prior
to transformation.

‘Previous suggestions that strain induced carbide precipitation, preferred
orientation e¢ffects and depression of the M. were responsible for
strengthening, are now believed to be of minor importance.
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Applications of ausformed steels include springs for trucks and cars,
torsion bars, cold heading punches, various tools, dies, rocket motor
cases, armour plate, rifle and mortar barrels, high strength fasteners,
etc. ' The usage has not been great  due to the processing costs involved

and ‘the processing ¢ontrecl difficulties. Alsc, resir.cted steel compogitions

only can be used for opt imum effects, and plant loads are very high. The
weaf%%n rolls and extrusion dies is also great, and there is considerable
‘difflculty in the final machining of ausformed compcnents. The machining
problem may be overcome by "cryoforming" in which the steel composition is
so adjusted that the M_ is below room temperature. The austenite carn then
be deformed at or abové rocom temperature, providing the M, is not too high,
the components machined at room temperature and then hardened by refrig-
eration followed by tempering. The problems, apart from the higher cost
of the more highly alloyed material, are associated with the multiple
processing involved, and dimensional instability and distortion during and
after the transformation.

(ii) High Temperature Thermo-Mechanical Treatment (HTMT)

High temperature thermo-mechanical treatments are an extension of conven-
tional rolling or hot deformation to lower than conventional finishing
temperatures. They are in fact a controlled rolling treatment followed

by quenching directly fromthe rolling finishing temperature, tempering
then being carried cut. The hot working is not usually carried down to
below the Ae; temperature, and the main advantage is to cause considerable
refinement of the prior austenite grain size. This is accelerated if
elements such as Nb, Mo or Si are present, which retard recrystallisation.

The strength increases with increasing amounts of deformation, which
should be 25-30% reduction in a single pass to achieve recrystallisation,
and with decreasing deformation temperature. 1In fact there is no reason
why the properties should not be continuous with those produced by
ausforming:-

‘ Finishing Temperature 0.2%P.S. | r.s. ! ZE1
Conventional Rclling 2000MN/m? 2510MN/m? -
- 750°C 2110 " 2570 M 4,0
730°¢C * 2130 " 2590 " 4.0
680°C | 2130 " 2610 " 4.8
650°C 2170 " 2630 " 5.0
Ausformed | 2280 " 2880 " 3.0

The above properties are achieved with a constant reduction in a 0.6%C
1.4%8i, 0.6%Mo, 0.2%V steel.

It is suggested thatthe HTMT process can be quite effective if the steel
is allowed to recrystallise between each pass, provided the 25/30%
reduction is achieved during the final pass. This indicates that this
reduction is necessary in order to obtain recrystallisation to a fine
grained auvstenite. Whilst a certain amount of strengthening 1is due to
the smaller martensite plates brought about by the finer prior

austenite grain size, there is also likely to bte incomplete annealing
out of dislocations as the finishing temperature is lowered, and these
are inherited by the transofmration product. In fact Russian workers, who
have been very active in this field, claim that if some short delay is
allowed pricr to quenching, extra recovery cccurs which leads to the
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developrent of higher ductilitlec, although at rather lower strength
levels.

Very little work has been done on the effect of alloy composition, but
again Russian workers indicate that secondary hardzsning steels containing
Mo, V and Nb give the best response, and that in particular the strengons
are maintained at higher service temperatures. The reason for this may
be the precipitation of strain induced alloy carbides during the lower
temperature deformation. It is also claimed that improved fatigue
resistance can be obtained by the HTMT process, but there are some doubts
whether this is the case when large deformations are used.

The major advantage of HTMT processing, compared with ausforming, 1s that
there are no restrictions imposed by the transformation characteristics,
because in general the deformation is carried out in the stable austensite
range. This 1s not always the case however, as HTMT processes can be
carried out as low as 650°C. The process is not very widely used, the
major investigations having been conducted in the USSR. Service trials
using HTMT processing for tools and dies have indicated useful increases
in service life compared with conventionally treated steels.

(b) Rapid Austenitising Treatments

The advantage of a small prior austenite grain gize is due to the small
martensite plate size produced during transformation. This produces not
only increased strength, but also improved ductility and toughness.

A method of refining the prior austenite grain size considerably is to
use a very rapid heating rate to the austenitising temperature, coupled
with very short holding times Jjust above the Ac; temperature. A short
flash superheat is then used to dissolve the carbides, but is in-
sufficient to coarsen the austenite grain size,

The proof stress is increased by such treatments by about 10%, as a result
of grain refinement of the martensite and by an increased dislocation
density produced during quenching. The reason for the latter effect is not
tlear, but temporing at temperatures below 200°C is insufficient to anncal
out these dislocations and poor impact properties are produced. Higher
tempering temperatures do anneal out the dislocations, and the properties
are then contreclied mainly by the very fine martensite (or tempered
martensite) plate size. Thus the impact properties are improved by rapid
heat treatments when tempering temperatures above 400°C are used. The
effect is however, relatively small. There is also evidence that rapid
heat treatment vrior to ausforming, whilst giving only slight increases
in strength compared with conventional austenitising prior to ausforming,
does produce quite substantial increases in toughness. This is in large
measure due to the increased grain refinement produced by the rapid
austenitising process.

The use of rapid auctenitising treatments in order to produce marked
improvements in the strength and toughness of ultra high strength steels has
largely been confined to laboratory studies. There are consilderable control
problems, and capital plant would be required for commercial heat %treatment
practice. Also there are limitations imposed on the section size of
components which could be heat treated in this way, due to the thermal
constants of steel, unless the properties are only required in a thin sur-
face layer (i.e. induction hardening).

(¢) Other methods of treating Ultra-High Strength Martensite Steels

Various rather speclal methods have been investigated for increasing the
ctrengtih of martepsite or tempered martensite, with a view to producing
extremely high strengths. HNone cf the following have apparently yet
found ccmmercial application, not only because c¢f the processing
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difficulties encountered, but also because of the rather restricted sizes
or section snupcs woich may be processed., )

(i) Cold Working

Cold working of martensite by cold drawing can give very hlgh strengths,
but even with tempered martensitic structuresz the drawing reductions ‘are
limited to about 10%. Wear on the dies is of course a major problem,

as also is the dlfflCULty of obtaining uniform properties across all but
the smallest section sizes. Using a O. MOﬁC ~Ni-Cr-Mo, SAE 4340, steel,
tempered to give a prcof stress of 1660MN/m?, the following propertles
can be achieved after ccld drawing:-

% Reduction 0.2 P.S. T.S. E1 %R of A
during cold drawing MN /m?2 . MN/m?

0 1660 2110 9.0 35.3

3 2370 2540 | 5.5 | 31.5

6 2560 2730 4,5 25.5

9 L2670 . .. |. 2750 2.0 10.5

It can be seen that a mere 10% reduction increases the proof stress by
over 60%, but only at the expense of a considerable decrease in
ductility. The sizes in which such properties have been produced are
about 1l2mm diameter. '

(ii) Strain Ageing

By cold draw ing martensite or tempered martensite at temperatures of
100~ BOO’C, strain ageing effects can be produced which result in very
high strength levels, but this process hes not proceeded beyond
labvoratory studies.

(@) Structure - Property Relationships in Tempered Martensite

Many workers have identified the strengtheninege mechanisms which contribute
to the high strength of martensite. These include:=

(1) Carbon in solid solution.:

(ii) A high dislocation density, particularly in lath martensite.

(1iii) Precipitation of zones or actval carbide particles, the latter
being the case in tempered structures. :

(iv) Restriction of the dislocation free path by twin boundaries in
internally twinned high carbon martensite.

(v) Interaction between carbon atoms and dislocations. -

(vi) The fine martensite plate ur lath size.

Whilst attempts have been made to quantify the contributions from each

of the various mechanisms to the overall strength of martensite, and
tempered martensite, relatively little pregress has been made 1in relating
the propervies to microstructural parameters in the same way that
ferrite-pearlite, and to a less extent bainite structures have been
treated.

In tempered martensitic structures, recent attempts to relate the flow |
or 0.2% Proof stress to measurable microstructional parameters have led
to the following types of equation being used with some success:i-

1 1
(1) flow stress (MN/m?) = 16.3 x 10 (p? + AU s 101w
where o dislocation density, lines/cm?
A inter-precipitate spacing, A°
W welght % carbon in solution
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It can be seen that the rrain size does not enter into the
relationship, because this is controlled by the interparticle
spacing, i.e. the precipitaies pin the tempeéred martensisic
ferrite grain boundaries, and in fact A is the control.ing
parameter as it is invariably less than the mean linear intercept
of the grain size.

3 s
(i1) 0.2% P.S. (MN/m2?) = 342 + 9,8 (‘;g"‘z)-“-;)"' é}./’j

- 1
Again the strength depends on X ' and p?, b being the Burgers
Vector of the dislocations.
(iii) 0.2% P.S. (MN/m?) = 550 + 1.23 x 10 'w~ ' + 4.1 x 10 a7
where w is the martensite plate size.

(e) Cold Drawn Pearlitic Steels

A very common method of producing ultra high strengths of considerably
more than 1600MN/m? tensile strength is by cold drawing eutectoid carbon
steel into wires. Many thousands of tons of such material is produced
each year for such applications as high strength wire rope, springs,
pre-stressed concrete wire etc.

The strengths available by this process depend on the initial strength
prior to drawing, and on the wire drawing reduction. The initial
microstructure must be capable of being drawn readily without fracture,
and therefore must be patented to give the finest interlamellar spacing
of the pegarlite. This allows the pearlitic carbide plates to be very
thin and to bend during wire drawing, rather than to break and thus
initiate failure. A minimum pearlite spacing of the order of 1000A~ is
achieved during lead patenting. A further advantage of the use of the
finest pearlite interlammellar spacing is that the strength prior to
drawing is high and thus less drawing reduction is required to achieve

a given level of tensile strength. Also, the higher the initial strength,
the greater is the work hardening rate, due to the smaller interlameilar
spacing, so that this contributes to a lower wire drawing reduction in
order to achieve a given strength level. : '

During wire drawing, the ferrite first work hardens and then the pearlitic
carbide deforms by two processes:-

(i) initially pearlitic carbide lamellae allign themselves parallel to
the direction of drawing, and often show kinking where slip bands
¢ross them.

(ii) later the pearlitic carbide lamellae may deform and also become
closer together as the ferrite slips cut from between them. This
gives a much increased work hardening rate.

The general relationships between the drawn tensile strength and patented
tensile strength for varying reductions are shown schematically:-

Incnmun_e) Draw;ua
Ecz olescTiowm

-

As Drawa
kanﬁ\’\\

Palewled Stwwqih,
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The actual tensile strength which can be achieved increases with decreasing
final wire size. TFor example about 987 reduction to produce 0.15mnm dia
wire can give a tensile strenpgth of 3000MN/m?, but this reduction could not
be achieved to produce 5mm dia. wire because the starting size would
require to be too great and the drawing forczs wculd be unacceptably high.
Consequent y the limiting strength in Smm dia. wire would be about
1650MN/m?. The maximum strengths achievable appear to be of the order of
4600MN/m? in specially produced 0.08mm dia. wire in eutectoid steel. The
alignment of the carbide lamellar in such material probably result in some
fibre strengthening. The ductilities are very low, usually much less than
2% elongation. Alegc, the drawn tensile Sb"ﬁ”gth ircreases with increasing
rate of wire drawing. Thus the larger number of dies used to produce
a given reduction, the lower is the tensile strength.

In wire which has been heavily cold drawn to a high tensile strength, the
proof stress is qulte low, giving a proof ratio of 0.7/0.8. Ageing at
room temperature gives an increase in the proof stress, but the effect is
not too predictatle. Secondary heat treatments, or stress relieving at
'IOO - U50°C are used to give more predlptable movements in both proof
stress and tensile strength, which increases the usable elastic range.
For example, stress relief at 200°C in a O. 8%4C, 0.37mm dia. wire causeq
a strain agelng effect which raises the tenSLle strength from l7OOMN/m
to 1850MN/m? but the prcof stress increases from 1150MN/m? to 17OOWN/m
albeit at the expense' of a decrease in ductility. Due to these strain
ageing effects, wire must be kept reasonably cool during drawing. A
process has been developed in which the steel is drawn at temperatures of
about 300°C, called stabilising, which increases both proof and tensile
strength at the expense of ductility.

(f) Marageing Steels

An alternative method of producing ultra-high strength with much improved
ductility, and particularly toughness, is the development of the

Marageing Steels. The concept uses high purity, vacuum melted, very low
carbon steels, which are highly alloyed with nickel. This gives the steel
the ability to transform to a very low carbon martensite, even at very sow
cooling raves. The very low carbon content, high purity and high nickel
convent produce excellent impact resistance and fracture toughness,

which also is a result of the fine grain or lath size of the martensite.
This martensite contains a high dislocation density, but in general the
martensite is relatively weaik, with typical properties.

0.2 P.S. T.S. E1% R of A% H,V.
650-800MN/m?  §50-1050MN/m? 17-19 70=75  250-320

The strength of this low carbon martensite then is increased by age
hardening with intermetallic compuvunds, the mest usual additions being
cobalt and molybdenum with a little titenium and aluminium, or higher
titanium and aluminium additicns alone. Three main types of Marageing
steel have been developed:-

(i) 18%Ni Steels

These steels are predominantly Fe-18%Ni alloys which are age hardened
by large amounts of Mo and Co with minor amounts of Ti and Al. Three
alloys have been develoved of this type to give yield or proof stresses
of 1350, 1650 and 1950MN/m? Typical compositions are given in the
following table, and all uontain a very low impurity content, are single
or dcuble vacuum melted and contain additions of 0.003%ZB, 0.02%Zr and
0.05%Ca to scavenge impurities and help improve hot workability. The
steels. are inherently fine grained. '




Nominal FVANGLYSIS W o o oo
Yield Stress - T B
- MN/m? . C .. |Mn . Si..AJS,.. 4P ANL ..ch Mo . JAL T
A .

i M i v )
1350 <0.03{<0.10} <0.10}{<C. 01‘<o .01117-19{8 -5 |3 =3} }0.10(0.2C
1650 <0.03|<0,101<0,10[<0.01<0,01 17~19‘7 ~83|4.6-5,1 c.1500. k0 |
1950 <0.03}<0.10{<0.10/<0. 01!<o 01117-19]83-93{4.7-5.2 o.15%o.6o

~Note the low impurity contents and the fact that as the strength increases,

go doeg the Mo and Ti cortents. The precipitaticn hardening phase 1is
predominantily ngno {(ortho- 1nomoio) which forms as small plates, but some
NisTi is alsc precipitated. In the heavily overaged condition,

Fe,Mo has been reported. The role of cobalt is to intensify the precipi-
tation hardening due to NisMo, but Molybdenum is the major age hardening

addition. All the alloy additions, with the exception of Cobalt, depress the

' temperature. A particularly useful function of the cobalt is to raise
tﬁe Mg temperature and thus keep the Mg of the alloy above room tempera-
ture, so that it is fully transformed. Solutiorn treatment temperatures
are 850/87000 followed by air cooling or water quenching, and ageing
is carried out at 480°C for 3h. The ageing temperature or time can be
adjusted to produce a range of strengths, but too high an ageing
temperature results in re-austenitisation, the austenite often being so
stable as to be retained as such because it is sufficiently alloyed for
its Mg to be below room temperature. Should higher strengths be required,
it is possible to cold work the initial low carbon martensite by about
50% reduction prior to ageing. Typical properties are:-

Nominal 0.2 P.S. T.S. ZE1 %R of A | Impact value

Strength | MN/m? MN/m2. | at 20°C-J
1350MN/m? | 1290-1430 | 1350-1500 | 14~16 | 65-70 81-149
1650 " 1650-1850 | 1730-1900 | 10-12 | 48=~52 24-35
‘1950 11950—2080 20L0-2100] 12 60 14-27

The impact properties are excellent at the high tensile strengths produced,
and in fact the alloys notch strengthen so that the ratio of notched tensile
strengtq tensile strength is in the range 1.35-1.65. Cold working 50%
prior to ageing can increase the yield or proof stresses to 1700, 2000 and
2100MN/m? for the three nominal strengths discussed.

(ii) 20%Ni Steels

The base analysis is similar in terms of impurity levels to the 18%Ni-Mo-Cc
alloys, but the Ni is increased to 20%. Instead of Mo + Co additions,
precipitation hardening is produced by about 1.5%Ti, 0.25%A1 and 0.5%Nb,

The M_ temperature ic rather lower than for the 18%Ni steel, but the

alloy is substantially transformed after solution treatment and cooling

to room temperature; should transformation be incomplete, it may be
completed by refrigeration at -78°C or by cold working, which raises the

Mg temperature. Ageing is then carried out at 480°C for 3h, either with
or without refrigeration, which has little effect on the strength

because the alloy is largely transformed prior to refrigeration. Increaszd
streogth is produced if the alloy is cold worked prior to ageing. The
precipitates responsible for the age hardening are Ni;(A1Ti) and NisNb.
Typical properties are:-
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S.T, 820°C s.T, 820°c

+ 4809C-%h ¢.W Se Vo

. + 4800C-3h
Tensile Strength M\T/m2 1750 1880
Yield Stress MN/m 1700 1850
ZE1 i1 12
%R of A ‘ ks - 57
Impact value at 20°¢C-J 20-27 -

This alloy has never been widely accepted commercially, as is very expensive

(111) 25%Ni Steels

This 25%Ni base steel contains about 1.5%Ti, 0.25%A1 and/or O. 57Nb The Mg
temperature is below or very close to room temperature, and it is largely
austenitic after solution treatment. Prior to age hardening it is
necessary to transform the alloy to martensite, and two treatments have
been used. These treatments, designed tc transform the austenlte to
martensite, are:-

(1) Ausapgeing

The austenite is aged at 700°C to precipitate Nis(A1Ti) and/or Ning.
This lowers the solute ccntent of the austenite, thereby increasing the
M -temperature so that on subsequently cooling to room temperature the
alloy transforms predominantly to martensitic. Full transformation can
be ensured by subsequent refrigeration at -78°C prlor to the age
hardening treatment at 480°C for 3h. The ausageing at 700°C will age
harden the aastenltc, by the formation cof Y,ng(Al Ti),but this y' will
louse c¢oherency as the austenite transforms to marten31te. However less
Ti + Al will be available for subsequent age hardening of the martensite
and thus the strength is lower as shown in the properties given later.

(2) Cold Work and Refrigeration

The austenite must bhe cold worked at least 25% reduction in order to
raise the Mg ~ My range sufficiently for full transformation to occur at
-78°C. A lower refrigeration temperature of -196°C is optional. This
cold work and refrigeration treatment allows the full intensity of
precipitation hardening to be developed from the alloy additions, thus
the strengths achieved are higher than in the ausaged condition.

This alloy is very expensive to make, prroccess and heat treat, and has
been little used commercially. Typical properties are:-

S.T + Ausage S.T + CW €0%

at 700°C Refrigerate -78°C
Refrigerate -78°CAge 480°C-3h

Age UBCOC~3n

Tensile Strength MN/m? 1850 : 2000
Yield Stress MN/m? : 1730 1950
%E1 - 12 13
3R of A , : 53 58

(iv) Alternative Marageing Steels

In view of the high cost of the marageing steels, attempts nave been made
to produce cheaper versions based on:-

"(a) Alternative base compositions in which the Nickel is partially or
wholly replaced by Mn, Co or Cr.



- 51 =

(b) Alternative and cheaper age hardening additions to the normal
Co-Mo combination.

Whilst alternative and cheaper base compositions can be found, which give
similar strength levels to the Fe-Ni base alloy, this i1g only at the
expense of a marked decrease in ductility, and especially in toughness.

In fact the toughness may sometimes be inferior to that of conventional
ultra high strength steels. Also suitable alternative precipitation
hardening additions can also be found which will give equivalent strengths.
to the Co-Mo combination. Strong age hardening is produced by Al-Ti, Ti

or Be; moderage age hardening by Al, Nb, Mn, Si, Ta, V and W; weak age
hardening by Cu, Co and Zr. Of these the cheaper additions are AL, Al-Ti, Si
and Cu, but the strengths can only be achieved at the expense of loss of
toughness. Particularly interesting are the precipitation effects observed
with Si and Be additions. The precipitates are body centred cubic, and

due to a very small misfit with the o-Fe matrix, occur as small coherent
spherical particles which resist growth. NiBe is an example of this type
of precipitate, being capable of imparting high strengths. The amount of
Be required is small (0.2%) but the cost is high.

The 18%-25%Ni marageing steels are not corrosion resistant, which tends
to limit their use. Consequently alloys have been developed in which Cr
partially replaces some of the Nickel. Two typical alloys are:-

(i) 0.02%C, 10%Ni, 10%Cr, 2%Mo, 0.3%Al, 0.2%Ti. "
This alloy is not heavily age hardened and only achieves yield
strengths of ll7O—lMOOMN/m2, but does have impact values comparable
with those of 18%Ni-Co-Mo steels at similar strength levels.

(ii) 0.02%C, 7%Ni, 10%Cr, 10%Co, 5.5%Mo.
This alloy is considerably more highly alloyed and expensive, but
shows marked age hardening which gives yield strengths of the
) order of 1500-1600MN/m?2.
Both alloys have very much improved corrosion resistance, and the higher
fr content chances the precipitating phase in the second steel from Nigho
to the Cr-Co-Mo compound, R phase, which is similar to the phase
precipitating in 12%Cr-Co-Mo steels which will be discussed later.

(v) General Properties and Applications

Generally, alternative marageing steel compositions do not lead to v
properties which are superior to the standard 18%Cr-SMo-Co composition. The
general properties of this composition over a range of strengths are:-

Tensile Strength 0.2% P.S Impact Value at 20°¢C

MN /m?2 MN /m?2 J

770 620 190

920 790 136

1080 950 108

1230 ‘ 1130 68

1540 1460 27

1850 1800 20

2000 1950 15

The cost of the marageing steels is high, not only because of the cost of
the alloying elements involved, but also because of the high purity mat-
erials required to ensure the test fracture toughness anc the need to
single or double vacuum melt. In addition, the multiple processing, i.=.
heat treatments, required in some of the alloys, further increase ths cost.
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‘The 18%Ni-5%Mo-8%Co alloy is the only alloy which has achieved commercial
‘application to any significant extent. It possesses very much superior .
"toughness compared with conventional quenched and tempered steels, having
at least a U450MN/m? advantage in yield strength for the same impact
transition temperature, At the same yield strernpgth, the oot temperatire
impact values may be ‘two or three times as high as those of conventional
ultra high strength steels. This is not surprising in view of the

very low carbon, high purity, high Ni, vacuum melted, compositions.

The major uses are for ultra-high strength, light weight structures where
toughness is essential and cost no major limitation. Typical

applications have been in light weight military bridges, rocket ca31ngs,
highly stressed jigs and fixtures, extrusion rams and diles, special high
duty gears and shafts, die casting moulds, indexing plates on automatic
tools, holders for dies and light weight high strength fasteners. As with
all ultra-high strength steels, machining is a problem, but no more so
than with conventional quenched and tempered steels.
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LECTURE 8

" Stainless Steels

(a) Introduction

The first and most important property of the high chromlum stainless
steels is their corrosion resistance. Without this essential property,
these steels would find little commercial use as their general level of
mechanical properties and forming characteristics can be equalled or
exceeded by many other types of steel at much lower cost.

Above 12%Cr also provides a considerable measure of oxidation resistance.
Thus the stainless steels are also used for high temperature creep
resisting or heat resisting applications, the temperature of application
increasing with increasing chromium content. For creep resisting
applications, the steels must be suitably alloyed to produce the required
creep strength.

The important factors which must be considered in the design of the
various types of stainless steel are:-

(i) the corrosion and oxidation resistance in the operating environment.
(ii) the mechanical and physical properties.

(iii) the fabrication characteristics from the point of view of both hot
and cold working.

(iv) welding, as many of the stainless steels require to be readily
weldable, and welding must not impair either the corrosion resis-
tance, creep resistance or general mechanical properties.

(v) cost, particularly in relation to the prime material cost compared
with maintenance, fabrication and installation costs., Also, as
these steels are frequently employed in critical components, the
complex series ol costs incurred when such & component falls must
also be considered.

There are many different stainless steels, and the main types which will
be considered are:-

(1) Martensitic steels containing 12-17%Cr and 0.1%-1.0%C. These are
often alloyed to produce the required tempering resistanceoand
strength. They are austenitic at temperatures of 950-10007C but
transform to martensite on cooling. They have high hardenability,
and are martensitic air hardenabie even iIn large section sizes.
This can lead to difficulty in softening for machining and
fabrication, particularly as they are frequently alloyed to
produce a high degree of tempering resistance. The steels are
usually tempered to produce useful combinations of strength,
ductility and toughness, and may also be precipitation hardened.

(ii) Controlled Transformation Stainless Steels, which contain rather
higher Cr contents in the range 1U4-17%, together with some nickel.
These are austenite at the solution treatment temperature, but have
Mg temreratures which can be adjusted by various thermal and
mechanical trecatments sc that they can be either metastable austenii:
or martensite at room temperature. In many respects they are the
tainless Steel analogues of the 257Ni marageing steels, end were
developed rather earlier. The fransformation to martensite then
reguires the steels to be tempers=d, during wvhich an zage havdening
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reaction can be introduced.

(1ii) Ferritic steels containing 15-30%Cr with very low carbon, no nickel
and often some Mo, Nb or Ti. These are highly corrosion resistant,
show little or no transformation and, being fully ferritic, are
reasonable formable.. Despite certain drawbacks, they can in some
circumstances replace the more expensive austenitic stainless steels.

(iv) Austenitic Steels, which contain 18-25%Cr with 8-20%Ni and low carbon
contents. These steels often contain additions of Mo, Nb or Ti,

and are predominantly austenitic at all temperatures, although if the
ferrite forming elemecnts are high, some delta ferrite may be

present at high temperatures. The austenite may have varying degrees
of stability, being transformed by ccld work at room temperature in
some compositions, whilst other compositions are stable down to
-196-C and are not transformed even by the most severe deformation.

(b) Low Carbon Martensitic 12%Cr Stainless Steels

(i) Constitution

Above about 121%Cr suffices to close the loop in the Fe-Cr system, but
the loop is extended by carbon and other austenite forming elements such
as nickel, reaching about 18%Cr at 0.6%C. As the steels are primarily
used as stainless high strength structural steels, it is necessary that
they are weldable, formable and have good impact toughness. Hence the
carbon content is kept to about 0.1%C, and it can be seen from the Fe-Cr
phase diagram that at 0.1%C_the 12%Cr steel..is borderline for forming
delta ferrite at about 1050°cC.

In order to develop the maximum strength, the steel should compromise
100% austenite at the solution treatment temperature of 1050°C, i.e. be
fully martensitic after air cooling, because any delta ferrite detracts from
the strength which can be achieved. However the strength of 0.1%C
martensite is limited to about 1300MN/m tensile strength, and as the
steel must be tempered it is necessary to alloy to increase the tempering
resistance and thereby acnieve the highest ievel of strength which is
possible. The most effective alloying additions, as will be shown later,
are the ferrite formers such as Mo and V. These will however tend to
produce delta ferrite in the structure at IOSOOC, and thus lower the
strength obtainable. Therefore it is necessary to balance the constitu-
tion by additions of austenite forming elements such as Ni, Co, Mn or Cu.
In this way a fully austenitic structure is achieved at 1050°C which
results in a fully martensitic structure prior to tempering. In order to
assess the constitutional balance the amount of delta ferrite introduced
by unit weight per cent of alloying addition requires to be known. For
0.1%C, 12%Cr steels, this data is as follows:-
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Element Change in delta ferrite % per
wt % alloying addition ... ..
N -220
C -210
Ni -20
Co -7
Cu -7
Mn -
Si +6
Mo : +5
Cr +14
v +18
Al R +54 .

The effect of elements such as Ti and Nb are difficult to assess as they
are not only ferrite formers, but also combine with and remove the
austenite formers C and N from solution. Approximate values for their
ferrite forming effects are +12% and +14% delta ferrite respectively

per wt % Nb and Ti.

The cheapest austenite forming addition would be carbon, but this is
unacceptable as a higher carbon content would decrease the toughness and
weldability, and require higher solution treatment temperatures to diss-
olve the carbides,with a consequent coarser austenite grain size and low
toughness., Nlckel is the most potent austenite former after carbon and
nitrogen, and despite its cost suffers from fewer disadvantages than some
of the other austenite forming elements; also less is required for a given
balance to be achieved. As will be seen later, the use of nickel is also
limited.

(ii) Transformation Effects

The Mg temperature of 0.1%C, 12%Cr steels 1s about BOOOC, with the Mg
temperafure in. the range lOO 150°C. Any alloying to improve the tempering
resistance and balance the constitution, with the exception of expensive
cobalt, will further depress the M s~M¢ range so that there will be a
tendency for retained austenite to be produced which will lead to:-

(i) possible distortion effects as it transforms;
(ii) lower strengths prior to tempering;

(iii) the formation of untempered martensite after the tempering
treatment, because carbide precipitation will have raised the
martensite range of the retained austenite to above room
temperature.

Thus the alloy additions must be controlled in order to ensure that the
Mg temperature is not below room temperature. Typical effects of various
alloying elements in depressing the M_. temperature are:-

s
Element Depression of Mg®C per wt %
C =474
Mn =33
Ni -17
Cr -17
Mo =21
W -11
Si ~-11
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Obviously, carbon is to be avoided, as also is Manganese, but Nickel can
be used as it is very effective in lowering the delta ferrite content
without depressing the Mg temperature too much. In fact a good criterion
for a suitable element is for the ratio, decrease in delta ferrite per

wt %:decrease in Mg temperature per wt % to be a maximum. Ni obviously
fulfills this criterion.

However, Ni will decrease the Ac; temperature and thus limit the upper
temperature at which tempering can be carried out without re-
austenitisation (and either retained austenite or untempered martensite)
occurring. As will be shown later, it is necessary to temper at as high
a temperature as possible to achieve the best toughness and ductility
for a given strength level, (hence the need to increase the tempering
resistance), and also to give the best resistance to stress corrosion
cracking. The effect of alloying elements in raising or lowering the
Ac,; temperature are as follows:- '

Element Change of Ac,°C per wt %

Ni ~-30

~ Mn -25
Co -5
Si +25
Al . +30
Mo +25
v +50

It can be seen that no more than 3%Ni can _be accommodated if the steels
are to be capable of being tempered at 650°C, and if reaustenitisation
must not occur below 700°C, 2%Ni is the limit. In this respect it is
fortunate that the elements which impart tempering resistanee, Mo and V,
increase the Ac; and thus offset the effect of nickel.

(iii) Tempering Resistance

The tempering of an unalloyed 0.1%C-12%Cr steel shows a marked retardation
of softening up to tempering temperatures of the order of 500°C, followed
by pronounced softening. The retardation of softening, rather than a
pronounced secondary hardening, is produced by the formation of small
precipitates of Cr,Cj3;, but alsc there is scme M,X phase which likewise
occurs as fine precipitates and has a close packed hexagonal structure
based presumably on Cr; (CN). The presence of nitrogen causes M;X to
increase at the expense of Cr,C;, and the presence of Mo and V also
accentuate M,X formation with the result that true secondary hardening is
produced. In the overaged condition, M,3Ce forms progressively larger
particles as the MyX is replaced by the more stable carbide. Mo and V
stabilise the M,X, making its replacement by M;3Ce less rapid so that the
tempering resistance igs increased. The principles employed are analogous
to those already described for the secondary hardening ultra=high

strength steels, and molybdenum is preferred to vanadium as an alloying
addition to increase the tempering resistance. The M,X formed in 12%Cr-Mo-V
steels is of the type (Cr.Mo.V),(CN). Molybdenum is also a less effective
ferrite former than vanadium, and hence requires to be offset by less
nickel. This is advantageous because nickel accelerates overageing and
lowers the tempering resistance.

(iv) The design of high strength low carbon 12%Cr Steels

The design criteria for these high strength structural stainless steels
can be summarised as follows, in that they require:-
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1. A maximum tempering resistance.
2. The absence of delta ferrite.

3. An M, temperature above room temperature.

£
4, An Ac, temperature as high as possible.

The reasons for these criteria have already been outlined. The uses of
such steels are in petro-chemical and chemical plant construction, gas
turbine engines, electrical generation plant, turbine blades, compressors
and discs, and in a variety of aircraft structural and engine applications.

The combination of properties for these exacting applications is critical;
toughness and ductility are a prime requisite together with the maximum
strength possible. Accepting that the carbon, for obvious reasons, must
be kept to 0.1%, and that the steel should be as cheap as possible, i.e.
contain a minimum of the expensive alloying elements Ni, Mo and V, it is
useful to consider the variation in properties which can be obtained by
tempering at various temperatures.

From the general tempering curves it is clear that high strengths can be
achieved by tempering at temperatures below L00°C, although the ductility
and toughness might not be very great. Tempering at the temperature for
maximum secondary hardening could produce rather higher strength, but as
in secondary hardening ultra-high strength steels, the impact values are then
& minimum and in addition the proof stress is very low due to the internal
stresses associated with the secondary hardening. Tempering to the
overaged condition restores the proof stress to a high level, and also
causes a marked increase in the impact toughness, and in order to combat
stress corrosion in many of the applications envisaged, the higher the
tempering temperature the better. There are thus very good reasons for
requiring the optimum tempering resistance. Consequently, these steels
can be tempered eitner at low temperatures ora 300°C to give the highest
strength, but lower toughness and resistance to stress corrosion, or at
higher teorperaturecs of the crder of 600/650°C to produce good toughness

at lower strength, but the optimum stress corrosion resistance. '

The principles on which the design of these low carbon 12%Cr steels are
based demand a careful balancing of the composition, and this tends to
impose certain limitations on the compogition variables which can be used.
An optimum composition which has been developed is:-

G.1%C, 12%Cr, 2%Ni, Ii%Mo, O.3%V.

This is solution treated at 1050°C and tempered either at 300°C or 65000
for 1 h. If improved impact properties are required, at the expense of
some loss of strength, a 0.1%C, 12%Cr, 1i%Ni, 11%Mo steel can be used.
Note that less nickel is recuired in this steel due to the absence of
vanadium. Typical properties of these steels are:-

Steel 0.1%C, 12%Cr, 2%Ni 0.1%C, 12%Cr, 117%Ni
11%Mo, 0.3%V 11%Mo

Tempering Temperature |300°C - 1h [650°C - 1h |300°C - 1h [650°C - 1n

Tensile Strength MN/m?[{1310 - 1390{925 - 1000 ;1250 - 1330|77C - 850

(!
O

0.2%P.S. MN/m? - 9LG - 1040|740 - 820 25 - 1000 {57C -~ 650
% Elong. 16 - 20} 17 - 21 18 - 221 21 - 24

o - RN SRR B . o _ e i
Impact Value at 207C Jth) minimum {5 minimurm |68 mirioaun {105 minimurn. !

- [ __. i
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(e¢) The development of higher strengths in low carbon 12%Cr Steels
Various methods are available:=

(i) The Intensificatiori of Secondary Hardening

The intensity of the secondary hardening reaction, and causing it to occur
at higher tempering temperatures, will increase the tempering resistance
and thus the strength for any given tempering treatment. Such an
intensification of secondary hardening by increasing the amount of M;X
precipitation can be achieved by slightly increasing the carbon content,
and by increasing the nitrogen content. The use of increased carbon is
obviously limited, as also is the use of nitrogen due to solubility
considerations which can lead to porosity in the ingots. Nevertheless
some improvement can be made, and after tempering at 650 C - 1h the
0.2%P.S is given by:-

0.2%P.S. MN/m? = 710 + 770 (C + 2N)

0.2%P.S. values of 900MN/m? can be achieved in 0.15%C, 0.05%N, steels,
but at the expense of a lower impact value of 41J, at 20°cC.

It is also possible to apply the same principles for increasing the
secondary hardening intensity as are used in secondary hardening ultra-
high strength steels, i.e. by increasing the lattice parameter of the MyX
and decreasing the lattice parameter of the matrix. This can be done by
increasing the Mo + V to the 1limit, adding 1%Si and balancing the
constiturion and transformation characteristics by Ni, N, and Co. Cobalt
is particularly useful as it does not depress the Ac, temperature and
actually raises the M, temperature. Some Nb can be used to increase the
stability of the M,X "and refine the prior austenite grain size, which
improves the ductility and toughness, or rather does not allow them to
deteriorate so markedly as the increase in strength might indicate. An
alloy of composition:- 0.12%C, 1.2%Si, 12%Cr, 2%Ni, 3%Mo, 0.35%V,
0.4%Nb, 4%Co and 0.05%N, will give the following properties afte
tempering at 650°C-1h:- '

Tensile strength:- 1350MN/m?
0.2% Proof Stress:- 1100MN/m?2
% Elongation:- _ 18%
%4 R of A:- huq
Impact Value at 20°C:- 8.J

The Co also gives slight solid solution hardening.

(ii) The Introduction of Precipitation Hardening Reactions

Various precipitation hardening additions can be used to increase the
strength, although with an accompanying decrease in impact resistance.

Some typical age nardening additions are Copper, which precipitates

copper and at 3% to 4% Cu can increase the proof stress by a maximum of
75-150MN/m?, or Aluminium and/or Titanium when accompanied by somewhat
increased nickel contents. There are problems with such compositions,
because whilst age hardening can be made to occur by the precipitation of o
Cu, NiTi or NiAl, the maximum effect usually occurs on tempering atw 500°C
which is too low for good toughness. Therefore higher tempering or agcing
temperatures result in marked overageing and loss of strength. However,
the main difficulty is to maintain the constitutional palance and the
correct transformation characteristics. Consequently such steels are not
widely used in commercial practice.

However, by increasing the Mo content and talancing the ferrite forming
tendency with Co, which does not depress the MS temperature, precipitatior
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reactions can be made to occur at hlgher temperatures, thus allowing
tempering temperatures of 600/650”C to be used. With increasing Mo and

Co contents, the whole level of the tempering curve is raised and the
normal secondary hardening by M,X is gradually replaced by the precipitation,
of an intermetallic compcund based on the Mo-Cr-Co phase, R.phase. This
intermetallic precipitation occurs in the presence of more than 4%Mo

and theomaximum hardness occurs on tempering at 600/650°C, compared with
500/550°C for My;X. This type of precipitation does not depend on the
carbon content, which can be lowered to 0.03/0.04% in order to maintain
the ductility and toughness at the much higher strength levels achieved.

A disadvantage with this type of reactionis that overageing tends to
produce large particles of Fe,Mo (Laves phase) or chi phase (a molybdenum
variant of sigma phase); these cause embrittlement. However, an analogous
age hardening reaction can be produced by substituting W for Mo, but
rather more W than Mo is required. The advantage of W is that it is less
liable to form large intermetallic compounds during overageing, and thus
gives better impact properties at tensile strengths up to 1400MN/m? than
does molybdenum.

Steels can thus be achieved with the correctly balanced constitution,

Mg and Ac, temperatures, each capable of very high strength levels, based
on Mo-Co and on Mo-W addltlons. The compositions and properties after
tempering at 650°C for 1h are as follows:-

Analysis wt % ... ... |Properties

C Cr Mo |Co N W | TS(MN/m2) | 0.2PS(MN/m2) | 2 E1 |J at 20°C
o.0b ! 12.2!6.3 |10.0 |0.05 1 - |1800 1300 10 14

0.10 | 12.0 ] - 5 0.03 | 6 | 1450 1100 15 |20

It can be seen that the Co-Mo steel gives the higher strength, but a greater
strength can be achieved in the Co-W steel by increasing both the W and

Co contents. Two commercial steels of this type have been developed,
employing rather higher Co contents and lower Mo contents:i-

AFC 77:- 0.16%C, 14%Cr, 5%Mo, 13%Co
AFC 260:- 0.08%C, 15%Cr, U4}%Mo, 13%Co, 2Ni

AFC 260 has better impact resistance than AFC 77, and even better impact
properties can be achieved by employing grain refinement by Nb, and by
producing retained austenite after the approprlate tempering treatnent
Such steels are, of course, very expensive.

Other, and less important methods of increasing the strength of 1low
carbon 12%Cr steels are by:-

1. Ausforming.

2. Double ftempering, which allows further precipitation to occur at lower
tempering temperatures than the initial tempering temperatures.
This can often increase the proof stress bya 150MN/m?, and the
treatment is usually employed to steels which prec*nltate M,X. The
impact strength however is markedly reduced.

(d) Higher Carbon 12%Cr steels

Increcasling the carvon content of 12%Cr steels increase the strength, and
as this means there will be more carbides present, theie i1: be a need ot
properties

hiph austenitising temperatures and a tendency for lower impach
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The weldabilityv #nd toushness will obviously be impaired by the higher
carbon content. Such alloys are used for steam and oil refinery pumps:
and valves. The well known cutlery stainless contains 0.3%C-12%Cr, and
is tempered to a hardness of about 400HV. This steel may also be used
for gears, stainless bearings, needle valves and for general components
for elevated temperature use. However, the higher carbon ¢ontent results
in the precipitation of Cr;3;Ceat the prlor austenite grain on heating at
550°C and above. This can cause localised Cr impoverishment and a loss
of corrosion resistance which leads to pitting corrosion, well seen in
stainlegs knives with brazed handles.

A further increase in carbon to 0.6/0.7% produces a marked increase in
hardness and such steels are widely used as stainless razor blades, not
because of their stainless characteristics but because they have -
sufficient tempering resistance to allow the coatings which are used to

be cured without the blades losing hardness or cutting ability. Even
higher carbon contents of 1% can be used, but this removes so much
chromium as carbide that the chromium content has to be increased to
16/17% to restore adequate corrosion resistance. These steels are
hardened and tempered to 600/700HV, for use as stainless ball bearings for
high temperatures, stainless surgical implements, scalpels, coal hammers
etc. These alloys then overlap further with increasing carbon contents up
to 2% into the field of tool steels.

(e) Higher Chromium Steels

Should greater corrosion resistance be required, for example in marine
atmospheres or seawater environments, the Cr content may be increased to
16/17%. This will introduce delta ferrite into the microstructure and

to keep the steel fully transformable it will be necessary to balance the
constitution by nickel; 2% being a common addition. More Nickel cannot

be used as the M temperature is then so depressed that some austenite

is retained at room temperature. Such austenite, which can be in very large
amounts, may be transformed by various means as in the Controlled
Tran)formation Steels, which contain®~ U%ZNi, and modifications of such steels
have led to the development of the TRIP, (transformation induced plasticity)
steels, both of which will be discussed later.
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- LECTURE 9

" Controlled Transformation Stainless Stecls

(a) Introduction

The original demand which gave rise to the development of the controlled
transformation steels was the requirement of the aircraft industry foro

a steel of high strength which could operate at temperatures above 2007°C

in the skin of high speed aircraft. Such a steel had to be capable of easy
fabrication and welding, and yet maintain its strength in the welded
condition and at temperatures as high as 400°C. In order to have a
strength:weight ratio equivalent to the highest strength aluminium allcys,
it would require a minimum tensile strength of 1100MN/m?. Such strengths
could be achieved in 12%Cr transformable steels, which were difficult to
fabricate in the heat treated condition, and even more difficult to heat
treat after fabrication to complex shapes in the softened condition. On
the other hand, cold worked austenitic or ferritic steels could produce the
required strength, but would suffer from varying strength when fabricated,
and would lose strength after welding or on prolonged service at 400°C.

What was required, therefore, was a steel which would be soft and ductile
when in sheet form, and which could then be hardened uniformly after
fabrication. This could be obtained by an age hardening austenitic
steel, but the strengths achievable were not quite high enough, and they
often required very high solution treatment temperatures, besides being
very expensive. Attention was thus turned to an austenitic structure
capable of belng transformed to martensite after fabrication by a fairly
low temperature heat treatment which would not cause distortion in a
complex component. Thz steel must then be capable of being strengthered
further by a low temperature precipitation hardening treatment of the
martensite.

(b) The basis for the design of Controlled Transformation Stainless
Steels

The basic requirements are:-

(1) A steel which nhas an austenitic structure after solution treatment
' and air cooling from temperatures not exceeding 1050°C.

(ii) An Mg temperature sufficiently below room temperature that
transformation does not occur to any major extent during
fabrication, but not so low that it is impossible to transform the
austenite to martensite by relatively simple treatments.

(iii) Sufficient tempering resistance to maintain the strength to
temperatures of W L0O0C,

(iv) The ability to introduce precipitation hardening at relatively low
temperatures of less than 500°C.

(v) A low carbon content for maximum formability and resistance to
corrosion by weld decay. If possible the composition should be
capable of accepting the addition of some Ti or Nb to minimise
weld decay.

(vi) Sufficient chromium to give adequate corrosion resistance.

(vii) As low a cost as possible.

Theze design requirements are very severe.
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(e¢) The development of Controlled Transformation Stainless Steels

The need for low carbon contents and 16-19%Cr means that in order to

produce a structure substantially free from delta ferrite at the

solution treatment temperature of 1050 C, considerable amounts of the
austenitising elements Ni, Co, Mn, Cu are required. The M temperature

is already low because of the high chromium content, and 1B is essential
that the austenite forming elements should not depress the M_ temperature
too far below room temperature. In addition, the elements which provide
temperlng resistance, i.e. Mo, V etc., also depress the M_ temperature,

and they are ferrite formers which thus require a balan01§g addition of
austenite formers. The problem of producing a balanced constitution with
very little delta ferrite, and a suitably controlled Mg temperature requires
careful control of the composition. It is essential to know how the various
alloying elements affect the amount of delta ferrite, and how they affect

the M, temperature. This data is for 17%Cr-U%Ni base steels:-

Element Change in % delta Change in Mg
ferrite per wt % | ©C per wt %°

Nitrogen -200 -450

Carbon -180 -450

Nickel =10 -20

Cobalt -6 +107?

Copper -3 -35

Manganese -1 -30

Tungsten +8 -36

Silicon +8 -50

Molybdenum +11 -45

Chromium : +15 -20

Vanadium +19 46

Aluminium . +38 . =53

As carbon and nitrogen cannot be used for obvious reasons, to balance the
constitution with recpect to delta ferrite, nickel must be used as it is
the next most effective austenite former. But nickel is expensive, and
is by no means the most effective depresser of the Mg temperature. Thus
if Ni alone was used to adJust the Mg temperature, too much would be
required, with an excessive cost. Thus ‘a2 cheap element such as

Manganese is used to control and adjust the M s~Mg temperature range.

Various ccmbinations of alloying addlulons can be used to achieve the
correctly balanced constitution and the* approprlate Mg temperature, tbut
.w1th1n any one composition-the~analysis control is very eritical in order
to"achieéve the controlled transformation characteristics. Consequently,
the steels are difficult to manufacture, and expensive not only due tc the
alloys used but. also because due economic consideration has to be taken

of the poselbllny of*produclng mlsf t casts.

In order to prov1de the correct temperlng re51stance£ so that proof stress
values of »1100MN/m? and tens11e strengths >1250MN/m® ~can_be achieved
after tempering at 400-450°C, the steels are alloyed with molybdenum or
vanadium. Precipitation hardening reactions are then added by means of
alloying further with Co + Mo, Cu, Al or Ti. All these elements
complicate the constitution and Mg contrel, resulting in a very

difficult alloy design problem.

A number of typical compositions which have been developed to give Controlle:
Transformation behaviour, together with varying amounts of ageing, are:-



Alloy Analysis wt %
C Mn Si Cr N1 Mo. v Cu Co Al Ti

Armco 17.4P.H.(a) 1 0.04 10.5 {0.2 116.5 | 3.5 (=~ - 3.51 - - -

(b) 10,10 0.5 ;0.2 {17.0 j4.0 | = - 2.0} - - -
A.M.350 0.10 0.5 (0.2 117.0 t4.,2 12.75 1 - - - - -
U.s.8. (a) 0.10 {3.,0 |0.2 [17.0 (4.0 |~ - - - - -
U.5.S5. (b) 0.10 |0.5 {0.2 |16.0 |6.0 |- 1.0
U.S.S.Stainliess.W j 0.07 0.5 {0.2 {17.0 | 7.0 | - - - - 0.21 0.7
Armo 17-7 P.H. 0.07 :0.5 0.2 117.0 7.0 | - - - - 1.1
Armco 15-7 P.H. 0.07 0.5 {0.2 {15.0 [7.0 {2.5 - - - 1.2
F.V. 520 0.07 12.0 {1.0 {16.0 {5.,0 |2.0 - - - - 0.5
S.F. 80T . Y0-07,.2rO yO,E..lTrO. 3.5 12.0 .}~ 1.212.04 - -

A number of variations of composition around the basic analyses of FV 520
and SF 80T have been developed.

(d) Methods of Achieving Transformation

It is necessary to transform the austenite to form the low carbon martensite
structure with a proof stress of~ 1100MN/m2, which is subsequently tempered
or age hardened. There are two main methods:-

(1) Refrigeration

The M -My range is of the order of 100-140°C, and if the M8 temperatures
just below room temperature, the Mg will be at -80 to =120°C, A readily
obtained sub-zero temperature is -78°C, and refrigeration at this tem-
perature will cause substantially complete transformation in many cases.
Refrigeration at =-196°C is more difficult and expensive to carry out, but
does ensure complete transformation. Transformation by refrigeration allows
the full carbon content of the austenitic to be available to cause
strengthening in the martensite. Consequently a steel transformed by
?efrigeration gives the highest strength level.

(ii) Primary Tempering at 700°C
g

Tempering the austenite at 700°C allows quite extensive precipitation of
M, 3C¢ carbide to occur. This withdraws Cr and C from the austenite, and
in so doing raises the My temperature so that on subsequent cooling to
room temperature trom thé primary tempering temperature, the steel is
substantially transformed to martensite. By lowering the carbon content
of the austenite, and therefore of the martensite formed from it, the
strengths achieved are somewhat lower than those obtained by refrigeration
treatments.

The M23C¢ carbides form mainly at the austenite grain boundaries, but if
delta ferrite is present in the microstructure the delta ferrite-

austenite interfaces are very effective nuclei for precipitation of the car-
bide, as high chromium ferrite is in contact with high carbon austenite.
Consequently the rate of precipitation of M;3C¢ is faster, and the primary
tempering process is more effective in promoting transformation. In steels
which are to be transformed by primary tempering ata 700°C, therefore, it

is advisable to design the steel so as to contain about 10% delta ferrite

in as finely divided form as possible, as this will facilitate carbide
precipitation and thus transformation of the austenite.

(iii) Cold Work

Cold work can markedly increase the Mg temperature, and thus the austenite
can be transformed by cold working. This process however Iz not normaily
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used as it cannot be relied upon to produce uniform transfermation in a
structure which has been fabricated by cold working. It can however be
applied to flat sheet or wire, and because the deformation is inherited

by the martensite, very high strength levels can be achieved, For

example, 2 steel containing 0,1%ZC, 17%Cr, MﬁNl 29Mn after more or less

fully transforming by 40% reductlon had a 0.2% Proof Stress of 1700MN/m?

(110 tsi). An interesting application of transformation by cold work will be

discussed in the development of the TRIP steels.

(e) The Effect of Austenltlslnp Temperature

It has been shown that the simultaneous control of both the constitution
and the M. temperature poses a difficult metallurgical problem. However,
this control problem can te somewhat allecviated by varying the
austenitising or solution treatment temperature to produce some measure
of control over the Mg temperature. By lowering the solution treatment
temperature, not all the M, 3C¢ carbides are dissolved, and the lower the
solution treatment temperature the .more carbide is 1eft out of solution,
This M;3Ce carbide, being chromium rich, causes a lower Cr and C content
in the austenite which therefore has a higher M_ temperature. The lower
the solution treatment temperature, therefore, the higher the M
temperature. Thus varying the solution treatment temperature can be used
as a measure of control over the transformation characteristics, but it
should be realised that the lower the solution treatment temperature the
lower will be the strength developed even when transformation is achieved
by refrigeration.

So critical can the effect of composition be on the Mg temperature, that in
manufacturing controlled transformation stainless steels it is found that
the correct solution treatment temperature to obtain the appropriate M
temperature varies from cast to cast, and may have to be determined
individually for each cast. This can lead to varying properties from cast
to cast. For this reason, many steels no longer try to apply the controlled
transformation principles and are produced simply as fully transformable,
high chromium, high strength stainless steels.

(f) The coffcet of Seccondary Tompering and/or Ageing

In order to improve the ductility, and also to produce a high proof stress
and proof ratio, the martensite produced by the transformation of the
austenite must be tempered. Such tempering should be at as high a
temperature as possible so as to restore as much ductility as possible

to the structure, and thus elements such as Mo and V, which retard
tempering, are used. If, as is the case, the steels must maintain their
properties to about 400°C, then tempering must be carried out at 400°C or
above. The upper limit of temperature at which tempering can be carried
out is, however, much reduced by the presence of the high Ni_and Mn
contents, both of which lower the Ac, temperature (by~ 25/30°C per wt %).
As there is cften 6~7% (Ni + Mn) present, the Ac; temperature may be as
low_as 500°C, and consequently it is often not possible to temper at above
5007C without we—austenltlsatlon occurring., Usually the steels are
tempered at 400/L50° C, and it is fortunate that in martensite, many of

the age hardening reactions occur at about this temperature range.

The required retardation of tempering which is brought about by Mo, and
also by V, is due to the precipitation of MX, as in the 12%Cr steels al-
ready discussed. The addition of Co may intensify this M,X precipitation,
but usually 1t is not possible to accommodate the higher Mo contents
needed to produce intermetallic age hardening by the Mo-Co-Cr compound,

R phase, due to difficulties in controlling the constitution and the

Mg temperature.
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Age hardening by additions of 1% or 2% Cu are widely used, giving incrpases

of strength when tempered (i.e. aged) at 450/500°C of about 150 MN/m?
The precipitating phase is metallic copper. Age hardening can also be
produced by Al additions, usually about 1%,and occur at 400°C to 500°C.
This age hardening is perhaps slightly more effective than that due to
copper. The age hardening precipitate is small spherical partlcles of
Ni Al, which are coherent with the b.c.c. matrix and of very similar
lattice parameter. An analogous age hardening by b.c.c. Ni Ti in
titanium bearing steels also occurs.

(g) Some Typical Properties and Uses

The transformation must be substantially complete in order to achieve the
highest strength, and in particular if more than about 10% of retained
austenite is present after the transformation treatment, the proof stress
proof ratio tends to be low. This might be due to:-

(1) the retained austenite itself, or

(ii) the secondary tempering treatment precipitating carbides and so de-
stabilising the retained austenite that it transforms to martensite
on cooling to room temperature.

Also, in order to achieve the maximum strength no delta ferrite should bhe

present, but as already indicated, in some steels about 10% delta ferrite

may be necessary to promote transformatlon by primary tempering.

Some typical properties are:-

Composition Heat Treatment | T.sMN/m?) | 0.2PS MN/m? % El
0.1C, 17Cr, 4Ni, 3Mn 925 C, T450-3h 950 620 10
9250C C.W.20%, T450-3h 1340 1300 5
(Showing efiect of cold 925°C, C.W.40%, T450-3h 1700 1670 3.5
wOrxing}
0.1%C, 17Cr, 4Ni, 3Mn QSOEC, 700-2h 450-2h 1280 1110 15
9257¢C, —78 c, 400 C-1h 1440 1200 19
0.1C, 17%Cr, 3Ni, 3Mn, 2Cu | 1050, 700-2h, 400-24h 1120 940 5
975, =78, 400-24h 1500 1260 11
0.1C, 17%Cr, 4Ni, 3Mn, 1A1 | 950, -78, 450-4h 1450 1260 13
0.1C, 17Cxr, 4Ni, 2Mo, 2Co 1000, -78, 450-6h 1340 1150 23
0.06C, 16%Cr, 2Mn, 5Ni, 1050, 700-2h, 450-4h 1430 1270 3
1kMo, 2Co, 1Al 950, -78, 450-4h 1520 1240 21
0.07C, 17%Cr, 3Ni, 2Mn, 1050, 700-2h, 450-4h 1250 1110 10
2Mo, 2Co, 1lCu 950, -78, 450-4h 1360 1240 20

It can be seen that these typical properties illustrate that
refrigeration generally produces greater strength than transformation by
primary tempering. Primary tempering also invariably produces lower
ductility due to the embrittling effect of carbides precipitated at the
prior austenite grain boundaries.

Much of the application of Lontrolled Transformation Stainless steels
has beern in the aercspace industrics, for such applications as the skins

and
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of supersonic aircraft, and rocket casings. Other uses i1nvolve light

weight high strength components for use in corrosive environments, such as
filters (wire mesh), or moving parts in weaving machines. However the
general use has not been great, despite the very high strengths which can be
achieved, due to the major difficulties in the control of composition needed
to ensure the correct constitution and transrormation chdrgcteristics. :
Consequently, many of the basic compositions have been modified 8o as to be
used as fully transformed, age hardening 17%Cr steels, without any use being
made of the controlled transformation behaviour. They then extend the uses
of the 12%Cr, high strength structural steels to more corrosive environments.
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LECTURE 10

" Ferritic Stainless Steels

The ferritic stainless steels, whilst not being classed as nigh strength
steels, nevertheless form an 1ncrea51ng¢y 1mportant groups of materials.
They particularly are presenting an ever increasing ¢hallenge to the
established austenitic stainless steels in areas where the highest
corrosion resistance is not required, and despite certain drawbacks such as
lower corrosion resistance, less formability and brittleness in impact at
low temperatures, they have the very considerable advantage over the
austenitic stainless steels of cheapness,

(a) General Characteristics and Compositions

The Chromium contents range from 11-25%, but more generally from 17-25%,
and the steels are essentially free from nickel. Fe-Cr alloys of this
composition would be entirely ferritic up to their melting points, i.e.
show no transformation to austenite. In the presence of 0.1%ZC, the
17%Cr steels consist of ferrite with a little austenite at temperatures
of about 1000°C. The amount of austenite depends critically on the
carbon and nitrogen contents, but also on the relative amounts of
austenite and ferrite forming elements. As the steel 1s heated, the
amount of austenite first increases, and then decreases at the highest
temperatures as the allcy passes through the edge of the gamma loop. At
temperatures above about 1150°C, the 17%Cr steels usually become
completely ferritic. On cooling, however, the austenite often
precipitates as a network at the ferrite grain boundaries and as laths in
a Widmanstatten structure within the grains. This has considerable
relevance to the welding of these alloys. Any austenite present at the
solution treatment temperature, or formed during cooling, transforms to
martensite on cooling to room temperature. This martensite can then be
tempered by annealing at temperatures up t0A17800C, at which austenite
reforms. The tempering of the martensite produces ferrite and carbide.
At the higher Cr contents and higher temperatures Cr;:Cs is the stable
carbide, but Cr-,Ci; tends to form at lower temperatures and lower Cr con-
tents, Whilst it would appear from the equilibrium diagram, that sigma
phase would only form at Cr contents‘>35%, in commercial steels this
embrittling intermetallic compound based on FeCr can form at considerably
lower Cr contents, and another form of embrittlement can occur due to the
formation of a chromium-rich sclid solution.

ol

At chromium contents‘>20%, commercial steels are fully ferritic, but a 17%Cr
steel containing very low carbon and nitrogen will also be fully ferritic
especially if it contains additions of Mo, Ti or Nb. Many 17/18%Cr ferritic
stainless steels contain such additions and hence show no allotropic
transformation.

There are a number of standard ferritic steels, the AISI Loo serles, which
contain varying additicns. Of these additions,

(i) Mo is a strong ferrite former, as are Si and Al.

(ii) C and N are austenite formers, as also to a less extent is Mn. The
major austenite forming element, Ni, is virtually absent from these
steels.

(iii) Nb and Ti are strong ferrite formers, and alsc remove carbon and
nitrogen from solution as insoluble carbides and nitrides. This
further stabilises the ferrite.

Some typical standard, and proprietary compositions are as follows:
3 .
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Designaticn Analysis wt 9

C. 181 Mn U ICr .. Mo} Nb Ti Al
AISTI U430 0.06 {0.40 { 0,40 {17.0C - - - -
AISI 4320 Ti 0,07 [0.25 [ G.LO {17.0 - - 0.50 { -
AISI 430 Nb 0.0 1C.25 {0.~0 | 17.0 - 0,501 - -
ATSI 434 0.05 [0.25 {0.40 117.0 0.90 § - - -
ATSI 436 0,05 |0.25 { 0,40 |17.0 0.90 § 0,50 ¢ =~ -
AIST 4yo= 0.08 {0.25 "0.40 121.0 - - - -
AISI Llug* 0.08 |0.25 | 0.40 1 25.0 |~ - - -
Sichromal 10* 1 0,1C {1.00 | 0.40 {18.0 - - - 1.0
188R* 0.05 [1.00 |{0.50 {18,0 - - - 2.0
HWT* 0.07 10,40 0., 40 (18,25 |~ - 0.85 | -
18/2 0.02 {0.40 [ 0.40 }18.0 2.0 - - -
E-Brite 26-1 0,02 1- .. .| - 26,0 . ] 1.0 .} - - -

* These higher Cr alloys, containing also high Si, Al or Ti, are heat
resisting grades.

Mo is added to increase the corrosion resistance, whilst Nb and Ti1 are

added to stabilise the steel against intergranuled corrosion by lowering

the (C + N) dissolved in the steel. Also this will tend to improve the
ductility and impact resistance, the latter making the steels more useful
for the manufacture of chemical vessels. Modern steelmaking techniques for
these ferrite stainless steels are designed to produce very low interstitial
contents, i.e. C and N, by the use of argon~oxygen or even electron beam
refining. Until recently, the higher chromium steels were used exclusively
for heat resisting purposes. -

(b) The Processing of Ferritic Stainless Steels

Whilst many processing variations are used, the following is a general
summary of the major processing routes which are used:-~

(i) The stz2els are melted in electric arc furnaces, often with argon-
oxygen blowing to lower the (C + N) contents. Basic oxygen
furnaces are also being used, which keeps the nitrogen low.
However, tapping and teeming in air allows pick=-up of nitrogern,
particularly due to the high Cr content. The general interstitial
levels obtained are:-

cs NE o CaNz
Basic Electric Arc 0.05 0.0% 0.08
Argon-~0Oxygen 0.01/0.02 0.02 0.04
Electron Beam 0.002 0.008 0.01

(ii) The ingote are coarse grained and brittle, and must not be ~
subjected to thermal sheck. Rolling to slab starts at 1220/13307°C
and finishes about lOSOOC, followed by air cooling. 17%Cr steels
are notoriously soft and easily marked during rolling, hence the
slabs are ground, slowly reheated to 10C0-110C°C and roclled to hot
band, finishing at 950/1000°C or even lower. The hot rolled coils
are annealed, usually in batches, edge trimmed and pickled in
HF/HNO; acids.

(iii) Cold rolling to intermediate gauges is follicwed by surface grinding
and bright annealing at 820/860°C.Conventicnal annealing 1s followed
by descaling in electrolytic HNO; baths. Final cold reduction is
often done on a Zendzimir mill followed vy bright annealing &b
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820/86000, using a final planish or pinch pass. The sheet is then
ready for subsequent forming.

e A TV Y dn L RO IR

roperty Relaticnships

(¢) Mechanical Properties and Structure-P

The yield stress of ferritic stainless steel is greater than that of
austenitic stainless steel, being 310-460MN/m? compared with 230MN/m?
~for austenitic steels. PFerritic steels however work harden mu-h less
rapidly than do the austenitic steels, but the tensile ductility and esp-
ecially the impact resistance of ferritic stainless steels are lower than
for austenitic steels. High chromium ferrite is notoriously brittle, and
exhibits a ductile-brittle transition.

The structure-property relationships are complex and not yet fully
understood or quantified. These factors are important:

(i) Grain Size

Refinement of the ferrite grain size increases the yield and tensile
strengths according to the Petch relationship, i.e. the strength is a
linear function of d~3. However, the measured ferrite macro-grain size
may not be the controlling one, because high chromium ferrite grains
contain many sub grains which themselves influence the strength.
Consequently the yield and tensile strength depends on the sub-grain
size, but because the sub=-grain boundaries do not impede the propagation
of cleavage cracks the impact properties depend on the coarse, more
readily observed macro-grain size.

As already stated, ferritic stainless steels show a brittle-ductile
transition, the impact-transition temperature being considerably higher
than that for mild steel due to the embrittling effect of chromium

dissolved in ferrite. As the grain size decreases, so the impact transiticn
temperature decreases, and the rather coarse grain sizes in these steels

due to their non=-transformable nature, is a major problem.

(ii) Solid Soluﬁion Effects

Solid solution hardening effects in fully ferritic stainless steels are
similar to those in low carbon steels, but when there is some austenite
(martensite) in the structure the effects also depend on the nature of the
alloying element. Austenite forming elements increase the strength rapidly
by increasing the amount of austenite, which transforms to martensite.
Ferrite forming elements however first decrease the strength by decreasing
the amount of austenite, and only when the structure is wholly ferrite.
does normal sclid solution hardening become apparent. The interstitial
solutes appear to increase the strength linearly, and nitrogen is more
effective than carbon because it 1s more readily soluble. Both
interstitial and substitutional solutes decrease the ductility and
increase the impact transition temperature, the interstitial solutes
being particularly detrimental to the impact properties.

(iii) Martensite

Increasing amounts of austenite, which have transformed to martensite, cause
a linear increase in tensile strength. Increasing amounts of martensite
however first lower the yield stress, due to internal stresses, but more
than 15/20% martensite then causes the proof or yield stress to increase.
However, increasing amounts of austenite at the solution treatment or
annealing temperature also cause a refinement of the ferrite grain size.
This grain refinement complicates the strengthening effects and also

tends to coffset the detrimental effects of martensite on the impact.
properties, The effects of martensite on the tensile ductility are complex.
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(d) Embrittlement Effects

Chromium rich ferrite is naturally brittle, but in addition, 17-25%Cr
steels suffer from 485°C embrittlement when heated to temperatures of this
order. Thls embrittlement lowers the general ductility and markedly
impairs the impact properties. U485°C embrittlement is due to the
precipitation of zones of Cr-rich ferrite, which cause some precipitation
strengthening.

Also, the higher Cr ferritic steels may form sigma phase (FeCr), which
markedly embrittles the alloy. Sigma can form in commercial steels not
containing chromium contents in the sigma phase field of the equilibrium
diagram, due to Mo and Ti also forming phases of the sigma type, and
accentuating sigma formation. Austenitic stainless steels also form sigma
phase, but do not suffer from 485°C embrittlement.

(e) Welding
Welding is generally considered to be a major problem because:-

(1) The absence of a phase transformation allows very coarse grains
to develop in the weld and heat affected zone. This causes
brittleness.

(ii) If the steel passes through the edge of the gamma loop on heating,
the ferrite grains grow at temperatures above the gamma loop.
On subsequent cooling a coarse Widmanstatten structure of
austenite forms, the austenite then transforming to martensite.
This results in very marked embrittlement.

Post weld annealing can alleviate the martensite embrittlement by tempering,
but cannot refine the ferrite grain size. Post weld annealing can however
precipitate carbides which may both harden and embrittle. The ferrite grain
size can be prevented from growing during welding by Nb or Ti additions
which produce undissolved carbo-nitrides. However, post weld annealing of
Nb or Ti steels may precipitate NbC or TiC, again causing hardening and
embrittlement, although Ti seems less detrimental than Nb in this respect.

Generally, because the weld is very coarse grained and brittle, an austenitic
filler metal is used. .If a post weld heat treatment is used, the filler

must be stabilised to prevent intergranular carbide precipitation. Thin
sheet of ferritic stainless steel can be autogenously welded, but the grain
size is again coarse. Nitrogen in the shielding gas is reported to refine
the weld metal grain size by the formation of nitrides.

Although welding is not easy, the ferritic stainless steels can be
adequately welded using the appropriate precautions. A problem when using
austenitic filler metal is that the different coefficients of expansion of
ferrite and austenite can lead to distortion and thermal fatigue during
thermal cycling.

(f) Formability

Ferritic stainless steels can be formed by most methods, but are not so
formable as the austenitic stainless steels due to their higher initial
strength and lower general ductility. In such applications as kitchen
sinks, domestic catering equipment, etc., the designs must have shallower
depths of draw and more generous radii than for austenitic steels.

Their low work hardening rate makes them suitable for deformations which
emphasise metal flow, and in this they are similar to mild steel. They are
readily coined, embossed, cold headed, cold forged, rcll formed and spun.
Austenitic steels, on the other hand, are better than ferritic steels vnere
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stretch forming is required,

Being ferritic, the steels exhibit stretcher strains during drawing or
stretching, unless skin passed after final annealing, A more serious
problem is POPING which produces markings not unlike stretcher strains,
However rope markings are not due to a yield phenomenon, but due to a
crystallographic textural effect, the rope marks being parallel to the
rolling direction and thus differentiated from stretcher strains, The
unfavourable texture producing roping is developed during hot working,
which must be carefully controlled. The main methods of minimising roping
involve:-

(1) Low soaking temperatures and heavy deformation schedules. This
places restrictions on plant, but is the cheapest remedy.

(ii) Alloying to promote austenite formation so as to accelerate
recrystallisation and obtain a random texture. The formation of
martensite, and the general hardness then become a problem, and
the material must be annealed very thoroughly. This all adds to the
costs especially if Ni is used to promote austenite formation.

(iii) ©Nb additions to produce Nb(CN), thus promoting recrystallisation
and a random texture of fine grain size. About 1%Nb is required
and is thus expensive,

(iv) The use of powder metallurgy processes, which are costly and involve
the installation of special plant.

Despite the drawbacks compared with austenitic steels, ferritic stainless
steels can be formed adequately, but require rather more simple designs.

(g) Corrosion

Under the most severe corrosive conditions ferritic stainless steels are less
corrosion resistant than austenitic stainless steels. For many applications
under atmospheric or mild domestic corrosion conditions, the 17%Cr steels

are however perfectly adequate, and are much more economic than austenitic
stainless steels. The corrosion resistance increases markedly with
increasing Cr content, and with increasing Mo which is particularly
beneficial with respect to pitting corrosion in chloride environments.

In general, 17%Cr steels will suffer little corrosive attack under atmospheri:
conditions, but regular washing is needed especially in marine atmocspheres.
The main form of corrosicn is tarnishing.

The ferritic stainless steels are susceptible to intergranular corrcsion,:
for example in the heat affected zone of a weld. This is due to the
precipitation of Cr carbides at the ferrite grain boundaries, which produces
local Cr impoverishment and thus preferential corrosive attack. The
phenomenon is analogous to that occurring in austenitic steels, but

whereas austenitic steels are sensitised on heating at 6500/70000, the
ferritic steels only sensitise on heating to above 900°C. At these higher
temperatures, the solubility of C and N in the high Cr ferrite is
sufficiently high that on cooling chromium carbides are precipitated at the
ferrite grain boundaries. The problem can be overcome by annealing at
650°9/850°C which allows Cr diffusion into the Cr-impoverished regions, or
by stabilising the steel by additions of Nb or Ti. These combine with

the carbon and nitrogen to form insoluble carbides and nitrides and

so prevent chromium carbide precipitation. Ti however 1s not a very
effective addition to prevent intergranular corrosion in oxidising acids,
because TiC and TiN are vigorously attvacked, and often occur at the ferrite
grain boundaries.

In contrast to austenitic stainless steels, one ofthe major advantages of
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ferritic stainless stecls is their resistance to and in fact virtual

immunity from chloride induced transgranular stress corrosion cracking.

This would make them very suiltable for certain chemical vessels were it not
for their poor impact toughness and welding characteristics, because it

is well known that the presence of a grain boundary network of martensite,
such as occurs in the heat affected zone of a weld, leads to stress

corrosion cracking through the martensite. Also, the presence of Cr

carbides at the ferrite grain boundaries can lead to a form of stress induced
intergranular corrosion, which can give severe cracking in ferritic stainless
steels.

(h) Developments and Current Status of Ferritic Stainless Steels

The main requirement in ferritic stalinless steels is for improved toughness,
ductility, corrosion resistance and weldability. Considerable progress
"towards meeting these requirements can be achieved by lowering the
interstitial solute contents, i.e. (C + N). This is the main aim of
current developments, where total interstitial levels of 0.01/0.03% are
being aimed for. However, the lower the interstitial content, the lower is
the strength due to a lcss of interstitial solid solution strengthening

and also due to a coarser grain size broughtabout by the absence of

grain boundary pinning particles. Thus it is necessary to refine the grain
size, particularly as the impact transition temperature is very dependent
on the ferrite grain size. In fact, the benefits brought about by

a decrease in the interstitial content can be completely offset by the
coarse grain size which can result, and the lack of interstitial solutes
means that it is difficult to produce the particles of Ti(CN) or Nb(CN)

to give grain refinement when Ti or Nb additions are made. The

possibility of using a controlled rolling treatment is currently being
investigated.

Another advantage produced by decreasing the interstitial solute content
is less tendency for intergranular corrosion. Alsoc there is reported to
be less tendency for 485°C embrittlement because thepe is less (C + N)
to interact with Cr and thus produce Cr-rich zones. Finally lower
interstitial contents lead to less pitting corrosion, and in this
respect the addition of Mo and extra Cr is beneficiegl. Thus current
developments include low interstitial 18Cr-2Mo and 26Cr-1Mo steels. In
addition, non-metallic inclusions and impurities in the steel impair the
corrosilon resistance. Hence some current developments make use of very
expensive electron beam refining techniques, although such techniques are
likely to be restricted due to economic limitations.

There has been littlec emphasis on the development of high strength levels
in the fully ferritic stainless steels. This is probably because the
steels have mainly been used for forming and corrosion resistant
applications, and because they have not had the impact toughness which
would be required in a structural application in which higher strengths
would be required. This situation may be altered by ‘the current
developments which are designed to increase the ftoughness by reducing the
interstitial content and refining the grain size. In view of the import-
ance of the sub-grain size on strength, it is doubtful whether grain
refinement will produce other than a minor strength increase, but the )
improved impact properties may allow the use of more powerful strengthening
mechanisms. A considerable amount of work has been done to investigate
precipitation hardening in fully ferritic high chromium steels and very
considerable increments in hardness can be achieved by various age harden-
ing reactions, particularly those involving inter-metallic compcunds.

Some typical age hardening systems involve the additions of Co-Mo, P,
Ni-Al, Ni~Ti, or Ni-A1-Ti. It is probable that the precipitates based on
the formation of b.c.c. phases such as NiTi, NiAl or Ni(AlTi) will prove
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to be most suitable, as very high hardness values can be achileved.
Unfortunatcly the ductilities and toughness are very poor. The steels seem
able to accommodate the U4ZNi necessary to produce the appropriate
‘precipitates, even when they contain as little as 17%Cr, due to the very
great ferrite forming potential of the 1-3% Al or Ti which is required.
The reason for the very high strengths which can be developed is that the
b.c.c. precipitate has a very similar lattice parameter to the b.¢.c.
ferrite matrix, and has thus little misfit and so forms small spherical
coherent zones and precipitates which are very slow to grow. Also, the
volume fraction of precipitate is large. So far these developments of-
high strength in ferritic stainless steels have been solely confined to
laboratory investigations.

The current status of ferritic stainless steels is that their corrosion
resistance is adequate in any but the most severely corrosive

environments. In domestic, atmospheric and catering type environments,
they would be very adequate replacements for the austenitic stainless steels,
besides being considerably cheaper. Currently they are used in some
kitchenware applications such as washing machine tubs, sinks, and

drainers, holloware etc. '

These steels do not currently possess the toughness for pressure vessel
applications, particularly for cryogenic use. They are more than adequate
however for automobile trim, stainless bumpers, and domestic and
architectural trim. A fully ferritic 12%Cr-Ti steel= which is quite
weldable, is used for transport container frameworks and is sufficilently
ductile to be used for coinage. The 17%Cr steels are used for nitrogen
fixation vessels and certain chemical vessels not subject to high stress.
Alloying with 1%Mo increases the corrosion resistance almost up to that

of austenitic steels in all but the most severe corrosive conditions.
However, for applications involving forming the greatest problem is the
roping phenomenon in the ferritic stainless steels, although methods now
seem to be available for minimising this. A major advantage of the steels it
their virtual freedom from stress corrosion cracking compared with the
austenitic stainless steels, although this may be offset to some extent

by their less overall corrosion resistance.
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LECTURE 11

Austenitic Stainless Steels I

(a) The Constitution of Austenitic Steels

The addition of Ni to 18%Cr steels en¢arges very considerably the gamma
loop. 1Increasing nickel has two main effects on the constitution and
microstructure:=-

(&) it increases the amount of austenite present at the solution
treatment temperature, but at low nickel contents ofw5%, this
austenite may transform wholly or partially to martensite.

(ii) 1t decreases the My temperature, so that with about 8%Ni the Mg
temperature is Just below room temperaLure, and stable austenlte is
retained after cooling from the solution treatment temperature to
room temperature.

An 18%Cr, 8%Ni steel is borderline with respect to a fully austenitic
structure, and may contain a little delta ferrite. In a carbon-free
steel, about 12%Ni is required to produce a fully austenitic structure at
solutlon treatment temperatures of about 1050 C. However because carbon
is a powerful austenite forming element, in the presence of 0.1%C an
18Cr-08Ni alloy is fully austenitic above about 900°C, although the Mg
temperature is only just below room temperature so that the austenlte
would transform partially to martensite either during a refrigeration
treatment or during cold working. The interaction between Cr and Ni in
promoting the formation of stable austenite in 0.1%C steels, after
cooling from a typical solution treatment temperature of 1050/1100°C, is
therefore of the utmost importance. Some of the main effects are:-

(1) at low Cr contents, Cr acts as an austenite stabiliser by
expanding the gamma phase field up to the minimum in the gamma
loop. ‘

(ii) at about 18%Cr, a minimum nickel content is required to promote a
fully austenitic structure which is stable at room temperature.

(iii) with more than 18%Cr, the ferrite forming tendencies of Cr begin

: to assert themselves and require increasing amounts of Ni to
eliminate delta ferrite and produce a fully austenitic structure,
although the austenite itself is increasingly stable with respect
to martensite formation.

A final point with respect to the constitution is concerned with carbon,
which results_in the formation of Cr,,C, carbide at temperatures below
about 800/850°C. This can have marked effects on the corrosion properties.

(b) The Processing of Austenitic Stainless Steels

The main uses of austenitic Stainless Steels are in the form of flat rolled
products, i.e. plate and strip or sheet. Plate is usually produced hot
rolled, with perhaps a softening treatment produced by solution treatment
at 1050°C. Strip and sheet products involve cold rolling treatments.

(1) Plate

The ingots are rolled to slab, and the slab then rolled to plate. The
plate may then be soclution treated and descaled. Alternatively, to
achieve specific properties, the plate may be controlled rolled to
'temperatures below 900°C and even as low as 700°C. Such "econtrolled
rolled" materials are not softened, but & certain amcunt of stress relief
can be allowed if the steel is alloyed with Nb or Ti to retard cr inhibift
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recrystallisation.

(ii) Strip and Sheet

Strip and sheet material is usually hot rolled to coiled hot band,
surface ground, cold rolled, annealed and descaled (or controlled atmos-
phere annealed). '

The strip or sheet is then cold rolled to size. It may then be supplied
with varying degrees of cold working, giving a range of strength values,
or it can be supplied:-

(1) Dbright annealed for forming applications

(2) cold rolled, softened by a rapid solution treatment at lOSOOC, and
descaled; this also is used for forming applications

(3) bright polished for applications requiring slight forming or for
decorative trim.

A consideration of processing would be incomplete without considering
the hot working of austenitic stainless steels. It is a common feature
that whilst fully austenitic structures are readily hot workable, the
presence of delta ferrite markedly impairs the hot workability. This
delta ferrite is formed during solidification, the amount depending on
the composition and temperature at which any subsequent reheating has
occurred. '

It seems that™5% delta ferrite at room temperature, which corresponds
to very much larger amounts at the hot working temperature, is
particularly detrimental to hot workability, and there is evidence which
indicates that a maximum?%*interfacial area is the cause of this.

Some steels which contain Ti or Nb may also exhibit strain induced
precipitation of TiC or NbC during hot working, which leads to streng-
thening and low ductility. This may lead to cracking, especially with very
slow strain rates during hot deformation, by pressing, spinning or dishing.
Also, Nb containing steels often contain NbC eutectics which can liquate 1if
the hot working temperature is too high, and thus lead to cracking. ‘

(¢) Structure - Property Relationships

Excellent correlations‘have been obtained between compositional and
microstructural parameters and the tensile strength and proof stress
values. The equations which have been derived to predict the strength
are:- .

5 u{u.u + 23(C) + 1.3(Si) + 0.24(Cr)

0.2% Proof Stress (MN/m ) = 15.
+ 0.94(Mo) + 1.2(V) + 0.29(W) + 2.6(NDb)
+ 1.7(Ti),+ 0.82(Al) + 32(N) + 0.16(8-ferrite)
+ 0.46d72} |
i

Tensile Strength (MN/m ) = 15. {29 + 35(C) + 55(N) + 2.4(si) + 0.11(N1)
+ 1.2(Mo) + 5.0(Nb) + S.O(Ti) + 1.2(A1)
+ 0.14(§-ferrite) + O.82t'5}

where S-ferrite
d
t

%2 delta ferrite
mean linear intercept of grain diameter (mm)
twin spacing (mm)

Wi

A similar type of relationship for the reduction of area in a tensile

test is much less successful in explaining the variation in this property,
as the effects of alloying elements are not linear, as will be shewn
later. However, the relationship obtained was:-
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4 R of A = 77 + 0.81(Si) + 0.94(Mn) + 1.3(Cu) + 1.6(Al) - 0.20(Ni)

- 6.6(Nb) + 0.99t72 - 1.0d7z

The points of interest are as follows:=-

(1)

(ii)

(iii)

c(iv)

(v)

The twin spacing does not affect the proof stress. This is
because the stacking fault energy, which controls the work
hardening rate, has little or no effect because work hardening
does not have any great influence at the low strains at which the
proof stress is measured.

The twin spacing is much more important than the grain size in
affecting the tensile strength, because the effect of stacking
fault energy on the work hardening rate, and hence on the tensile
strength, is quite significant.

Increasing the grain size decreases the proof stress value.

Delta ferrite increases the proof stress and tensile strength

values by a dispersion strengthening effect. The ferrite has a
higher yield stress than the austenite, and a recent analysis of the
effects of delta ferrite indicates that it is due to strain
concentration in the softer austenite phase which thus work

hardens to a strain greater than the nominal 0.2%, and therefore
gives a higher proof stress value. In the case of the tensile
strength, about 80% of the strenghening due to delta ferrite is

due to partitioning of C and N to the austenite, thereby

increasing the work hardening rate.

The interstitial solutes C and N have the greatest solid solution
strengthening effects, followed by the ferrite forming substitu-
tional solutes, whilst the austenite forming substitutional

solutes have very little solid solution strengthening effect. The
solid solution strengthening effects also reflect the atomic diameter
of the solute relative to that of iron.

The effect of martensite formation in metastable austenite 1is also
important, mainly because of its effect on the ductility, as will be shown

later.

However martensite also influences the strength. There are two

mo@es of occurrence of the martensite, namely that which is already present
prior to straining, and that which is produced during the straining in a
tensile test. The following effects are observed:-

(1)

(ii)

(iii)

(iv)

Up to 35% martensite present prior to straining does not materially
affect the 0.2% Proof Stress due to the internal stressed produced.
In fact, up to 20% martensite prior to straining may actually lower
the 0.2% Proof Stress.

Due to the low strains involved at the proof stress, very little
martensite forms during straining to this strain level, and thus it
has little effect on the proof stress.

More than 35% martensite prior to straining means that the
martensite becomes the load bearing phase, and the 0.2% Proof Stress
then increases with increasing martensite content prior to straining.

The effect of martensite on the tensile strength is comnlex. In
steels which contain martensite prior to testing, theremay or may not
be more martensite formed during straining, depending on the stability
of the austenite. The tensile strength of such steels increases
linearly with increasing amounts of martensite prior to straining,
according to an equation:-

4
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Tensile Stress (MN/m ) = lS.U{?C + 12 + 0.82(%wa

where T . is the tensile strength calculated from the previously
describéd regression equation, and %M is the percentage of martensite
prior to tensile testing.

This equation can be re-written:
SY (MN/m ) = 185 + 9.84 (7%M)

where §Y is the difference between the observed and calculated
tensile strengths. The intercept of 185MN/m at 0% prior martensite
in these relatively unstable steels, probably represents the
strengthening produced by martensite which is formed during
straining up to the maximum uniform strain, i.e. the strain at,
which the tensile strength is measured.

(d) Cold Working and Cold Formability

Many applications of austenitic stainless steels involve cold working by
either stretch forming or deep drawing. For improved stretch forming it
is necessary to have a high maximum uniform strain, whilst for deep
drawing softness, the correct textures and 'r' values are important. Much
development work has been concentrated on improving the stretch forming
characteristics, because stable and well softened austenitic steels
generally have good deep drawing properties.

The maximum uniform elongation in a tensile test, a high value of which is
very beneficial to good stretch forming propertles, is defined as the
strain at which the flow stress and the work hardening rate are

numerically equal. Thus increasing the work hardening rate relative to the
flow stress will increase the maximum uniform elongation and thus will also
improve the stretch formability. In considering the cold formability of
austenitic steels, two types of steel must be considered:-

(1) Stable Austenitic steels which do not transform to martensite
during straining.

(ii) Unstable Austenitic steels which transform to martensite during
straining.

(i) Stable Steels

In a stable austenitic steel which does not form martensite during
straining, the Mg temperature has not been raised sufficiently for the Mg
temperature to be at or above the temperature of straining, usually room
temperature. In such a steel the value of the work hardening rate
decreases continually as the strain increases, and the steel usually
contains fairly high concentrations of Ni, Mn, C, Np etc, all of which
markedly depress the Mg temperature as also do other elements such as

Cr, Mo ete. The M is generally considered to be depressed linearly with
increasing allojlng element content.

For the best cold formability in a stable steel, there should be a low proof
stress and a low work hardening rate so that the steel does not harden
appreciably and the forming loads are low. The work hardening rate

depends on the stacking fault energy ., ,Jowering the stacking fault energy
increasing the work hardening rate. The stacking fault energy is
decreased by such elements as Cr, C, N, Mo, Co and Si, whilst it is inc-
reased by Ni and Cu. Thus in a stable austenitic steel, as high a stacking
fault energy as possible is required in order to keep the forming loads
low, and allow maximum deformation for a given forming load. But it is
also necessary to consider how a high stacking fault energy and a low

work hardening rate would affect ductility. In general, a decrease in the
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wock hardening rate will lower the maximum uniform ductility and be
detrimental to the stretch forming characteristics unless there 1s a corres-
ponding decrease in the level of the flow stress. This latter effect can

be achieved by lowering the initial proof stress value by:-

{1} a coarse grain size

(2) using alloying elements which increase the stacking fault energy
but have as small a solid solution strengthening as possible,

On the other hand the total ductility at fracture will depend on the level
of the flow stress relative to the fracture stress. A coarse grain size
and a high work hardening rate will again be beneficial as the flow sftress
will be low and thus the total ductility at fracture will be high,
assuming that the fracture stress is constant.

Hence for a stable austenitic steel to be capable of the optimum formability,
the following acquiremernits are needed:-

(1) the grain size should be coarse, i.e. the steel should be well
annealed :

(2) there should be a low work hardening rate, i.e. a high stacking
fault energy. This can be achieved by high Ni or Cu contents, and by
keeping Ny, and C to a minimum.

(3) so0lid solution hardening should be at a minimum
(4). low flow stress levels are required.

High Ni contents are not economic, and it is perhaps not surprising that
recent stable steels developed for good formability contain high Mn + Cu
contents replacing some of the nickel. In normal austenitic steels,
replacement oif Ni by Mn doesnot greatly alter the stacking fault energy, and
in fact slightly lowers the work hardening rate. 1In the Mn replacement .
stainless steels however, a high nitrogen is used to assist the Mn in
replacing larger amounts of Ni, and this nitrogen markedly increases the flow
stress and work hardening rate, so giving less general formability than in
the Cr-Ni austenitic stainless steels. It must also be appreciated that the
crystallographic texture is important in controlling the deep drawing and
pressing characteristics of stable austenitic stainless steels.

(ii) Unstable steels which form Martensite during Straining

When the My temperature is high enough for martensite to form during
straining, this produces a transformation strain which augments the applied
strain. The result is a low work hardening rate compared with a stable steel.
As 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. This produces an increase
in the work hardening rate to a level much above that for a stable steel at
the same strain. The high work hardening produced by the martensite being
deformed, more than counterbalances the transformation induced strain, i.e.
the transformation plasticity. The effects are shown in the following
diagram. '
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Therefore a steel which forms martensite as soon as strain is applied has

an initial work hardening rate below that -of a stable steel, but the work
hardening rapidly increases to a maximum as more martensite is formed,

and then decreases as the formation of strain induced martensite ceases. It
can be seen that the maximum uniform strain for an unstable steel is
considerably greater than that for a stable steel because of the higher

work hardening rate at intermediate strain values. This greatly improves
the stretch forming characteristics. :

It can also be appreciated that any given alloying element will not have a
unique effect, as its effect will depend on the stability of the base
steel into which it is introduced. For example, in a steel with the Mg
temperature above room temperature, the presence of martensite prior to
straining will give high flow stress values and low uniform elongations.
Adding alloying elements will depress the Mg temperature so that martensite
only forms during straining, in which case the uniform ductility will be
increased. More alloying addition will cause the steel to be completely
stable, with a low work hardening rate, and the uniform ductility will
then decrease. Thus with increasing alloying addition there will be a
~maximum uniform strain value at some critical alloy content, the critical
alloy content and the value of the maximum in the uniform strain depending
on the base composition of the steel. This effect is observed for many
alloying additions. '

It is clear therefore, that the strain inducement of martensite must
occur at an appropriate stage in the deformation cycle in order to obtain
the highest value of the uniform strain and thus optimum stretch formability.
This means that there will be an optimum Mg temperature, i.e. an optimum
combination of alloying contents for maximum stretch formability. It

is possible to optimise these variables so that the composition of a steel
with maximum uniform strain values, and therefore optimum stretch-
formability, can be predicted. It is found that the higher the (C+N)

and chromium equivalent compositions, the less nickel is required for the
optimum composition. This confirms the well known observation that it is
the leaner nickel steels which generally have the better stretch
formability.

It will be appreciated that once the amount of alloying addition has been
reached which effectively inhibits the formation of martensite during
straining, further alloying additions will have no effect through the
mechanism of transformation induced plasticity, although they can have
effects through the stacking fault energy and work hardening rate.

What is needed therefore in an unstable austenitic stainless steel for op-
timum formability is:- '
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(1) No martensite to be present prior to straining, as this would
increase the flow stress level relative to the work hardening rate
and decrease the uniform strain value.

(2) An optimum amount of martensite to be formed at a critical stage in
the °*raln1n5 process, so that a high work hardenlng rate gives rise
to a high uniform strain value.

(3) A coarse grain size, i.e. a well annealed steel to give a low flow
stress value.

~,(4): No delta ferrite, because delta ferrite increases the flow stress

' value and lowers the value of the uniform elongation. Delta ferritc

also increases the work hardening rate and decreases the total ductility.

There is also some evidence that there is an optimum alloy content for a
maximum total ductility, possibly due to:-

(1) Strain induced martensite not contributing to void growth during
ductile fracture.

(2) Strain induced martensite being most intense at the surfaces of the
voids and thus preventing them from growing, thereby retarding the
process of ductile fracture.

(e) Embrittlement Effects

Unlike ferritic stalnless steels, the austenitic stainless steels do not
suffer from M85 C embrittlement. On heating at 700°C-950°C, however, the
austenitic stainless steels can form the brittle intermetallic compound, sigm
phase. The tendency to form sigma phase increases with increasing Cr
content, and elemrnts such as Mo, Ti and Si accentuate its formation. The
precipitation of sigma phase lowers both the ductility and toughness, and is
Dartlcularly troublesome after long time h;gh temperature treatments, either
in service or during testing. Sigma phase is not particularly detrimental
whilst the steel is hot, but does cause embrittlement when the steel is cold.

Fortunately sigma phase Torms very siowly from a fully austenitic structur. ,
but if delta ferrite is present, this rapidly transforms to sigma phase and
austenite., This is due to the delta being richer in Cr than the

austenite. Also, all ferrite formers partition to the delta ferrite, and
many accentuate sigma formation. For heat resisting applications, the
manganese is often increased to eliminate delta ferrite, especially as heat
resisting steels frequently contain added silicon to promote heat resis-
tance, and silicon also tends to produce delta ferrite in tre structure.

(f) Welding and Weld Decay

Asutenitic steels can generally be readily welded; no hard structures oc-zur
in the heat affected zone. A number of detrimental effects can however
occecur:-

(1) During welding, parts of the heat affected zone are heated in the
range in which Cr,,;C¢ precipitates at the austenite grain boundaries.
This locally lowers the Cr content, so that preferential corrosive
attack occurs in the Cr impoverished zone around the grain boundaries.
This is the well known phenomenon of weld decay, 1l.e. intergranular
corrosion. A number of remedial measures can be taken:-

(1) After welding, a full solution treatment at 1050°C can be applied
This has economic drawbacks, and the necessary furnace capacity

' may not be available. Also the welded structure may distort or
cxidise,
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(2) After welding, annealing may be carried out at about 900°C
’ to allow Cr to diffuse back into the impoverished zone. This
" is sometimes called a "healing" treatment to differentiate .
it from the sensitisation heat treatment which produces the Crz 3 Ce .\
precipitate and Cr improverished region.

{3) The steel may be "stabilised" by alloying with Ti or Nb, which
combine with the carbon to form TiC or NbC. This lowers the
carbon in solution, so that Cr,3;Cs is not precipitated or is
precipitated only very slowly due to the decreased supersaturatior
Stabilisation is not effective if the steel is solution treated
at too high temperatures prior to welding, because the TiC/NbC
dissolves and thus allows enough carbon to be in solution for
Cr,3Cs to precipitate in the heat affected zone. Also, because
Ti and Nb combine with nitrogen, sufficient must be added to
combine with both the carbon and the nitrogen; usually
TL = 5§ x (C+N) and Nb = 10 x (C+N); often the stoichiometric ratlr
is exceeded in order to guarantee a sufficient degree of
stabilisation.

(4) Because stabilisation 1is rarely entirely effective, a modern trenc
is to produce steels with very low carbon contents of 0.03%
maximum. This means that the carbon content is very close to
or even below the solubility limit of Cr,3Ce at 550-750°C, at
which temperatures the Cr;3Ce¢ precipitates. Thus Crz3Cs
precipitation, and intergranular corrosion, are prevented,

(5) 1In the absence of efficient stabilisation, a low heat input
during welding may be used to minimise the time. for which the
heat affected zone is in the sensitisation temperature range, and
to decrease the width of that sensitised region.

(ii) A fully austenitic weld metal can produce hot cracking, called,crater
cracking, because of the stresses set up during the contraction which
accompanies solidification of the weld. This can be overcome by
ensuring that the weld metal contains a little delta ferrlte, i.e.
it solidifies vy means of a peritectic reaction which minimises the
contraction stresses and prevents hot cracking.

(1iii) Various forms of liquation cracking can occur in both the weld metal
and heat affected zone clcse to the weld metal, if low melting
point phases are present, such as borides. '

(iv) In stabilised steels, especially those containing Nb, the high
temperatur@s in the heat affected zone can dissolve some NbC (or TiC)
despite the short times involved. Subsequent precipitation of the
NbC (or TiC) can occur during a post weld stress relieving treatment,

, and this causes strengthening. This can lead to a form of low
Juctility creep rupture cracking, because some stress- induced
precipitation occurs due to the plastic deformation which occurs darll_
stress relief, This can be overcome by stress relieving at higher
temperatures at which the NbC overages and does not strengthen,
i.e.m3500C. Alternatively a full solution treatment may be used,
but this is often not feasible or economical.

(g) Corrosion and Stress Corrosion

(i) Corrosion

2ot yeLoll
Austenitic stainless steels are very corrosion resistant in a wide range
of corrosive media. Particularly, they have excellent atmospheric

corrosion resistance, but the chloride in marine environments does .
slightly lower this corrosion resistance. The Ni ccntent improvss their
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resistance to many organic aclds and to H2SO&. In HNOs3 they passivate,
as they do in oxidising media generally. ,ﬁ@"

W
It is in chloride environments that the corrosion resistance is most
impaired, the C1l™ ion penetrating the passive film and giving rise to
pitting corrosion. Mo is very beneficial in improving corrosion
resistance in chloride environments, and in minimising pitting corrosion.
In general, the highep the Cr content, the better is the overall
corrosion resistance, and Mo also improves corrosion resistance in H2SOus,
but it does introduce delta ferrite into the microstructure.

.-

(ii) Stress Corrosion Cracking

This phenomenon results in cracking which occurs under a static load with
little or no deformation, in a corrosive environment. In austenitic
stainless steels it is most pronounced in hot chloride solutions, and

takes the form of transgranular cracking. It is said to be made worse by a
low stacking fault energy which produces planar dislocation arrays.

The prevalence of stress corrosion cracking is very dependent upon the Ni

content, being virtually absent in
at its worst in 8-10%Ni austenitic
nickel austenitic alloys, i.e.» 30

low Ni ferritic or martensitic steels,
steels, and markedly reduced in high
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The only method of avoiding stress corrosion cracking is to prevent the
stressed material coming into contact with hot chloride or other aggressive
solutions. Minor compositional changes produce little effect, but high Ni
and high Si contents give some advantage, but are very costly and give rise
to poor hot workability. )

Even though an alloy may have considerable resistance to stress corrosion
cracking, it may still suffer from stress assisted intergranular corrosion
in which the corrosion is associated with Cr denudation around grain
boundary precipitates, or with the Cr,,C¢ precipitate itself. It occurs
even in the "healed" condition, the carbide being attacked. Low
interstitial contents are reported to be beneficial.

The classical chloride induced stress corrosion cracking does not occur in
ferritic stainless steels, and so it is not surprising that the presence

of delta ferrite considerably improves the resistance of austenitic steels

to stress corrosion. A very fine delta ferrite disperson is very beneficial,
and microduplex steels have been developed to achieve this,i.e.25Cr-6Ni-Ti.
Such micro-duplex steels do however lose their stress corrosion resistance
when welded, as the heat affected zone loses its micro-duplex character anrd
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develops a widmanstatten structure.
improve the strength, however.

The presence of delta ferrite does
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LECTURE 12

Austenitic Stainless Steels IT

(a) The Compositions and Applications of Standard Austenitic Stainless
Steels ’

Standard austenitic stainless steels contain a range of Cr and Ni

contents. An increase in either Cr or Ni contents induce stability against
the formation of martensite, whilst the relative proportions of Cr and

Ni influence the constitution with respect to delta-ferrite formation.

Some standard steels are given in the following table:-

AISI type .
Composition 301 302 304 310 316 321 347 201 202
C% 0.15 max |(0.08 [©.08 [0.25 (0.08 }0.08 |0.08 §0.15 max{0.1l5 max
Mn% - - - - - - - 5.5/7.5 {7.5/10.0
Crs 16/18 17/19118/20 {24/26 {16/18 17/19 17/19416/18 17/19
Ni% 6/8 8/10 1{8/12 119/22110/14|9/12 |9/13 §3.5/5.5 }4.0/6.0
Mo% - - - - 2/3 |- - - -
Ti% - - - - - S x C}- - -
Nb% - - - - - - l10xCf- -
No% 0.03 0.03} 0.03| 0.03] 0.03] 0.03] 0.03}0.25max }0.25 max
EEpgerties
Solution Treated
Tensile Strength MN/m2 571 541 541 571 571 541 556 806 741
0.2% Proof Stress MN/m2 247 247 247 247 217 247 247 386 371
[ %+ Elongation _ 50 50 |so }Jso |50 |50 |50 |48 50
Low Ni 200
Standard 300 series of Series, Mn + Njp
Cr-Ni Steels replacing some
ﬂNickel

It should be noted that types 304 and 316 are often made with a very low
carbon content of 0.03% maximum, and are then designated 304L and 316L.
Also, the tensile strength and proof stress values can vary depending on
the form of the product; the values quoted are typical of solution
treated material.

Of the chromium-nickel steels, types 301 to 310, the stability with
respect to martensite formation increases from 301l to 310. Type 316
contains 2-3%Mo for improved corrosion resistance in chlorides and in
EZSOQ, and for improved resistance to pitting corrosion. Mo also leads to
improved high temperature properties, hence this steel is used for creep
resistance. The Ni is increased to compensate for the ferrite forming
tendency of Mo. Types 321 and 347 are stabilised against Cr,;Cg
precipitation, weld decay and intergranular corrosion, by additions of

Ti and Nb respectively. These strong carbide formers also cause
precipitation of TiC and NbC which imparts creep resistance. Hence, they
also are used as crecp resisting steels, particularly Type 347. Again a
higher Ni is used to compensate for the ferrite forming tendency of Ti and
Nb, and also to compensate for the removal of the austenite forming elements
C and N.
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The 200 series of steels contain lower Ni, which is compensated by the
addition of the austenite forming elements Mn and Np, together with a
little higher carbon content where necessary. These alloys were
developed to conserve Ni in times of the recurrent shortages of the
"strategic metals. They also are less expensive.

Austenitic stainless steels which are free from delta ferrite and are
stable with respect to martensite formation, are non-magnetic. - They have
low proof stress values of the order of 230MN/m in the solution treated
condition, which are much lower than those for ferritic stainless steels.
It should be noted that the low Ni (200 series) steels have higher
proof stress values and tensile strengths than the 300 series, due
particularly to the solid solution strengthening imparted by the high
Nitrogen content. The austenitic steels, however, work harden rapidly,
and the rate of work hardening increases with decreasing stacking fault
energy and with decreasing stability with respect to martensite formation.
In this they are very different from the ferritic stainless steels., The
austenitic stainless steels do not exhibit a ductile-brittle transition.

Due to their high ductility, especially at low temperatures, their all-

round corrosion resistance, oxidation resistance and creep strength, they

are used over a wider temperature range than almost any other material,

i.e. -196°C tc +800°C. As they are readily fabricated by forming and welding
besides being readily machined, their versatility is outstanding; but their
main drawback is their high cost largely due to the presence of nickel.
Nevertheless, the uses of austenitic stainless steels are widespread, as
indicated by the following summary:-

1. The Chemical Industry - plates and tubes, cladding, pressure and
chemical reaction vessels, valvesand pumps.

2. Power Plant - mainly as tubes for superheater and condenser systems.

3. PFertiliser Production - manufacturing plant for nltrates, phosphates,
ammonia and urea. 516 is used for very corrosive conditions, 304L,
321 and 347 for less corrosive conditions.

4, The Brewing and Dairy Industries - beer vats, tanks, barrels, and
appropriate piping. Milk coolers and storage tanks.

5. Architecture and Building - window frames, door panels, architectural
panels and curtaln walling, roofing, sanitary appllcatlons, water
tubing, masonry bolts and stays.

6. Transport - exhaust systems, silencers, anti-pollution devices,
bumpers (fenders), wheel hubs, trim, containers, coach panelling,
windscreen wipers etc.

7. The Aircraft Industry - wide ranging applications from engines to
alrframes. Missile components and aircraft and missile skins.

8. Cryogenics - storage and transportation of liquid gases, including
ethylene, methane, natural gas and air gases. Both marine and land
tankers.

9. The Laundry and Catering Industries - domestic and commercial washing
machines, driers, ctumblers, etc. commercial and domestic refrigerators,
cooking ranges, hot cupboards, ovens, working tops, sinks and
drainers, kitchen utensils, dishwashers, trolleys, grills and tea and
coffee urns. All types of cutlery and holloware,

10. High Temperature uses include furnace structural members, hangers,
supports, radiation shields etc.
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General appiications are for such everyday objects as nuts, bolts and
screws, and when cold drawn to more than 1500MN/m? proof stress, as

,stainless,'corrosion resistant springs.

(p) Methods for improving the strength

The standard austenitic stainless steels suffer from a low proof stress,
having values of } to % those of ferritic stainless steels or less than

!} those of martensitic stainless steels. Consequently there is a contin-

ual need to improve the strength, without greatly impairing other

properties, as this will enable thinner sections to be used and thus result 11
considerable economy in cost. Various methods have been used, with varying

‘'success, to increase the strength:-

(i) Cold Working

, Particularly in the unstable steels which transform to martensite during

cold working, very high strengths of more than 1500MN/m? proof stress can be
achieved by cold worklng Even in stable steels, proof stress values in
excess of 1250MN/m? can be achieved. A low temperature ageing treatment

at e~ 400°C can then, by a strain ageing effect, increase the proof stress
byA'15OMN/m - The achievement of high strengths by cold working, which
requires some 60-80% reduction during deformation, is limited to thin flat
rolled products or to wire, and one of the main dlsadvantages is that the
strength is rapidly lost at temperatures above 600° C, and also in the

heat affected zones of a weld. Relatively small amounts of high strength
austenitic stainless steels are produced by cold working.

(ii) Warm working or Controlled Rolling

In this process, hot rolling is carried out at temperatures down to 750 C,
i.e. below the recrystallisation temperature. At the lower rolllng flnlshlng
temperatures, only dynamic recovery takes place and the increase in

strength is associated with the fine sub-grain size produced. At somewhat
higher rolling finishing temperatures, recrystallisation may occur,

but. the grain size is fine and this also produces strengthening. The

effect of composition is also of interest, in that:-

(1) Solid solution hardening by a nitrogen addition is retained at all
rolling finishing temperatures.

(2) Additions of Nb (or Ti) inhibit recrystallisation and maintain fine
. graln or sub-grain sizes with a still further incnpease in strength.
In addition there is probably a small amount of dispersion strengthening
by strain induced NbC (or TiC) precipitation.

One of the problems associated with these controlled rolled steels is that,
especially at the lower finishing temperatures obtained in thinner guage
materials, some lack of uniformity in the properties can be produced. This
can be overcome by a reheating treatment, which if carriedéput at temperature:
below that required for recrystallisation, can increase the uniformity in the
properties without any great loss of strength. If additions of Nb or Ti

are used, which retard recrystallisation, higher reheating temperatures can -
be used without any major loss of strength. Some typical property levels
achieved by this approach are:-
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Steel Condition 0.2 PS
MN/m?

204 Finish Rolled 80020 o 430

Finish Rolled 800°C + B850 °C-5m | 350
321 Finish Rolled 800 c 480

Finish Rolled 800°C + 850°C-5m | 460
304 + Finish Rolled 8oogc o 650
0.2N, Finish Rolled 800°C + 850°C-5m | 600
304 + Finish Rolled 8oogc o 690
0.2N» + | Finish Rolled 800°C + 900°C-5m |670
0.1Nb

In these materials,

the proof stress values are often more than double

those obtained in solution treated standard austenitic stainless steels

and due to the compositions restricting or inhibiting recrystallisation and
grain growth, the properties are maintained to some extent after weldlng,
provided the process used doesnot have too great a heat input. The major
problem however is to obtain a weld metal with a strength matching that of
the controlled rolled parent plate. Such material has potential
applications in pressure vessels, storage tanks, etc.

(iii) Solid Solution Strengthening

We have already seen that the interstitial solutes are most effective,
followed by the ferrite forming solutes. Carbon.is not to be considered due
to corrosion problems, whilst the ferrite forming substitutional solutes

have such relatively small effects that large amounts are required to

achieve any substantial effect. This would considerably add to the cost.
Thus nitrogen becomes the most suitable solid solution strengthener, and

in addition to it being made potent than carbon, it also has much less
detrlmental effects on intergranular corrosion. Consequently, developments
Thave commonly tended fo use up to O. 257N2 and in some cases as much as

0. 5%N2, which can virtually double the proof stress. The use of nitrogen
particularly at the higher levels, can cause problems with regard to ingot
porosity, although 0.2% can usually be accommodated without difficulty.

In order to be able to dissolve such high nitrogen contents, the steels
require to replace some nickel by manganese, as in the 200 series of

steels. Nickel is commonly regarded as detrimental to the solubility of nit-
rogen whilst Mn and Cr allow more to be dissolved. Nitrogen also is a
powerful austenite former, thus preventing delta ferrite formation, and

also is most effective in stabilising the austenite against martensite
formation. Some typical analyses and properties of nitrogen solid

solution strengthened steels are:-

Material and 304 {316 [HP HP 201 (202 |347 |HP 18-2MN|Tenelon
Composition 4304 (316 4 ..} .. 347 1
C% 0.08(0.0810.06}0.07(0.15{0.15{0.06}{0.08}0.10 0.10
Mn% 1.5 {1.8 (2.0 {2.0 |6.5 {9.0 {1.5 {1.5 }12.5 15.5
Cr% 19.0(18.0/18.0117.5{17.0{18.0]18.0}18.0}18.0 18.0
Ni% 10.01]12.0(10.0}11.5]4.5 }5.0 ]12.0]11.0}1.7 0.8
Mo% ~ 2.5 |- fe.t - |- - = |- -
Nb% - - - - - - 10xC |10xC /|- -
Ng% 0.04]10.03%}0.20(0.20}0.25{0.25]0.0410.20}0.35 0.35
' . Imin min
Tensile Strength |
MN /m? 541 |571.{695 |695 [ 805 | 740 [556 {710 [825 860
0.2% Proof Stress 247 1247 340 1350 385 ;310 |247 415 [450 480
% Elongztion 50 150 {he 145 j48 |50 {50 {39 {63 45
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Strengths up to 350/400MN/m? 0.2% Proof Stress are readily achieved, but
the impact properties are slightly impaired, compared with Type 30U4.
However the commercial exploitation seems to be limited by the availability
of suitable welding electrodes, and dilution effects can lead to delta-free
weld structures with consequent hot cracking problems.

{(iv) Duplex Austenite-delta ferrite steels

It has already been shown than an increase of 17 in the delta ferrite con-
tent increases the tensile strength by 2. 5MN/m? and the 0.2% Proof Stress
by 2.2MN/m? A further advantage of the presence of delta ferrite 1is

that it causes grain refinement of the austenite, which produces addition-
al strengthening. These two effects can be combined, and accentuated by
further refining the grain size by a controlled rolling treatment, using
hot working in the range 900/950°C, or at even lower temperatures. This
causes a very fine dlsper51on of ferrlte and austenite, about in equal
proportions, which can give proof stress values well in excess of 450MN/m? .
These micro-duplex steels, however, require a careful balance of the
ferrite and austenite forming elements, which can lead to compositilonal
control problems. Further advantages of this approach to increased
strength are:-

(1) the material may exhibit superplastic properties, which may improve
. certain aspects of formability.

(2) the micro-duplex steels have greater resistance to stress corrosion
cracking than the standard steels. They can therefore replace standard
steels in mild stress-corrosion conditions, but cannot replace the
high nickel alloys for more critical stress corrosion applications.

One major disadvantage of the micro-duplex steels is that during welding

the micro-duplex structure is destroyed in the heat affected zone, giving
rise to a coarse widmanstatten structure with not only a loss of strength,
but also a marked impairment of the stress corrosion resistance. However
this approach has considerable potential, especially if cheaper combinations
of ferrite and austenite forming elements can be found which produce micro-
duplex structures. The compositions and properties of two typical micro-
duplex steels are as follows:-

Steel Type and

Compositions -1 I.N.7844 | F.V.702
C% 0.05 0.03
Mn% 0.40 0.60
Cr% 26.0 15.7
Nig 6.5 2.5
Mo% - 1.0
Ti% 0.30 -
Nb?% - C.50
Tensile Strength MN/m* | 740 . 690
0.2% Proof Stress MN/nf | 570 600
% Elongation 24 22

(v) Transformation Induced Plasticity (TRIP Steels)

This process of producing high strength coupled with good ductility in
austenitic steels relies on the fact that, when martensite is formed
during straining, the work hardening rate increases and this considerably
increases the uniform ductility prior to plastic instability. At the
same time the martensite which is formed increases the strength very
appreciably, even more so if the martensite- forms from an austenite which
has been thermo-mechanically treated by processes similar to ausforming.
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In particular the strength can be appreciably increased if the carbon
content is increased from the conventional 0.10%C maximum, to about 0.3%.
Thete are two main methods which can be used, although many variants on
them have been investigated:-

(1)

(2)

The first method requires that the composition of the s.uc. De so
adJusted that it is austenite at roomtemperature but the My temper-
ature is above room temperature. The steel is then thermo-mechanlcally
treated at a temperature above the My temperature, large deformations

of w80% at temperatures in the range 2500C to 5500C being used. This
deformation of the austenite raises the Mg temperature, and consequently
the Md temperature, but the deformed austenlte is still stable on
cooling ‘to room temperature. On straining at room temperature however,
much of the austenite transforms to martensite, the transformation
induced plasticity resulting in good ductility and the martensite
giving high strength. This type of treatment can be applied to wide
varieties of steel, but within any one variety the composition and
thermo-mechanical treatment can be critical. A range of carbon con-
tents up to 0.3% can be used to provide a range of strength levels.
Typical properties of a steel containing 0.3%C, 2%Mn, 2%3i, 9%Cr,
8.5%Ni and 4.0%Mo after 80% reduction to sheet at 425°C are:-

‘Tensile strength = 1500MN/m?

0.2% Proof Stress = 1430MN/m?
Elongation % = 50

It is also p0331b1e to cold roll the thermo-mechanically worked mat-
erial by some 15% reduction, when the strength can be increased to

1750MN/m® Tensile strength, 1620MN/m?> 0.2% Proof Stress, but with a re-
duced ductility.

The second method requires that the steel contains carbide forming
elements and a carbon content ofew0.3%, and that the composition is
adjusted so that Mg and M; temperatures are below room temperature.
After solution treatment the steel is austenitic, and is then
thermo-mechanically worked at 250-550°C; deformation of ~80% again
being used. This not only deforms the austenite, but also causes
carbide precipitation, both of which raise the Mg and My temperatures.
The Mg may still be below room temperature, but the My 1s then above
room temperature. _Straining at room temperature then causes the
austenite to transform to martensite with a consequent high strength
and high ductility due to the transformation induced plasticity.
Again the steel may be cold rolled 15% at room temperature after the
thermo-mechanical deformation. By these processes, 0.2% Proof Stress
values up to 2000MN/m? with ductilities of 20/25% Elongation may be
achieved.

It can be seen that the process employs the thermo-mechanical working of a
carefully controlled austenitic steel composition to produce. controlled
transformation behaviour. This controlled transformation approach 1is further
employed by the use of a -196°C refrigeration treatment to transform the
austenite to martensite after the thermo-mechanical deformation, followed

by tempering or ageing atas 400°C. 1In fact the process can be summarised in
terms of a combination ausforming and controlled transformation behaviour.

These steels have been but little used due to:-

(1)

(2)

Their cost; invariably they contain appreciable amounts of nickel,
some being reported as high as 20%.

Difficulty in controlling the composition to give the correct
transformation behaviour. .
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(3) Costly processing, involving wear on plant due to the low temperature
deformation and high reductions which arg used.

(4) The restriction of the material to flat rolled thin products, or wire,

Potential applications include rocket wehicle skins, high strength
stainless fasteners, surgical needles, stainless armour and high strength
wire and cable; but so far this potential does not appear to have been
realised. ..~

FEaN

(vi)k"Pfécipitation Hardening Stainless Steels

;Age?ﬁardenihg stainlcss steels can be produced by employing a very wide
range of age hardening reactions. There are three however which have poss-
ible commercial applications:-

(1) Carbon-Nitrogen

The base compositions are Cr-Ni, Cr-Mn, or Cr-Ni-Mn steels, the higher the
nitrogen used, the greater the amount of Mn which is required at the expense
of Ni, The carbon and nitrogen contents can be each increased up to,as high
as 0.8%, but usually are limited to less than 0.4%. Precipitation occurs
either as a general precipitation of M:3C¢ carbide, with possibly some .,
Cr,N, or as a grain boundary discontinuous or cellular precipitate of
lamellar nodules of M,3C¢ or Cr;N. This latter type of precipitation is
very deleterious to the ductility and should be avoided. It usually

occurs at high (C+N) contents, and the limitihg compositions for its
occurrence are:- ' '

oer qrain Bouholav‘g

Cellulor pucipitalion

o4k
7oN

or qemml puurif«l(a»

A 'S A A

o] 0.2 -4 c-6 e-8
%C

Increasing the nitrogen content and also increasing the ageing temperature
promotes cellular precipitation, whilst increasing the carbon content
oromotes general precipitation. Ageing is usually carried outat 650°-
800°C, but there is a tendency for rapid overageing to occur at the higher
ageing temperatures. It appears that with the increased tensile strength
brought about by ageing, the ductility and impact values are greatly
reduced. Carbon is more effective than nitrogen in promoting ageing, but
nitrogen is more detrimental than carbon in terms of the ductility and
impact strength. Ageing at 700°C gives the best properties, some typical
values being:-
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Carbon and Nitrogen Contentg1
Base Composition 0.2%C 0.4%C
21%Cr, 4%Ni, 9%Mn. 0.03%N - | 0.025%ZN
S.T0105O°C, Aged — —_—
700~ C~100h
Tensile Strength MN/m? | 755 1050
0.2% Proof Stress MN/m? | 320 650
% Elongation ° Ly 14
| Impact value J at 20°C 88 o 42

Certain stainless valve steels of the 21/4 NS type are based on this approach
to strength.

(2) Carbon-Phosphorus

Phosphorus can be used considerably to augment the age hardening due to
carbon, and does not need the addition of nitrogen. This means that
phosphorus can be used to give increased age hardening in simple higher
carbor: Cr-Ni austenitic stainless steels. The precipitating phase is
M23(€CP)s, or (Cr.Fe.P)23Ceé, the phosphorus entering into solution in the
precipitating carbide. A problem again arises with respect to the
formation of embrittling grain boundary cellular precipitates at the
higher (C+P) contents, which must be avoided. Thereforethe carbon is
generally limited tofv 0.30%, and a similar limitation is applied to
phosphorus. One disadvantage again 1s that fairly rapid overageing occurs
at the higher ageing temperatures, and generally the optimum ageing
temperature is 700°C. Some typical compositions and properties of these
types of steel are given in the following table, proof stresses in
excess of T50MN/m? being achieved. These steels have not however been
widely used.

Steel Type Armco 17/10P | Crucible H.M.N.

Composition C% 0.15 max 0.30
Mn% 1.0 max 3.5
Si% 1.0 max 0.5
Cr% 17.0 18.5
Ni% 10.8 9.5
P% 0.30 0.25

Properties aged 700°C

Tensile Strength MN/m? | 950 : 1120

0.2% P.S. MN/m? 610 830

% Elongation 25 18

(3) Nickel-Aluminium-Titanium

]

These alloys usually contain at least 20%Ni in order to form the q”-Nis(AlTi)
phases which provide age hardening. In all these steels, the initial stages
of age hardening are due to zone formation, the zones being face centred
cubic and of similar lattice parameter to that of the austenite matrix.

The composition of the steel, however largely controls the rate of

overageing and the nature of the overaged precipitate.

In steels age hardened only with Al, body centred cubic NiAl is the
overaged precipitate, and this occurs as widmanstatten laths and plates,
The addition of titanium results in a similar phase, Ni(AlTi) which at
still higher titanium contents undergoes an ordering reaction to Ni,AlTi,
Furtbher additions of titanium result in, 1“, face centred-cubic Nijz(A1Ti)
being the overaged precipitate, which maintains the
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\
spherlcal form of the initial zones, and maintains coherence for long
periods. At still higher titanium contents, close packed hexagonal Ni,Ti
forms either as widmanstatten laths or as a grain boundary cellular
precipitate. The age hardening effect is due to coherency strains and
general dispersion strengthening, and can be increased by increasing the
volume fraction of precipitate, or by increasing the coherency strains by
increasing the misfit between the zones and the matrix. The volume
fraction of the precipitates or zones increases as the (Al+Ti) content
increases, whilst the misfit between precipitate and matrix is increased by
increasing the Ti:Al ratio. The rate of overageing should also be
minimised, as this gives greater flexibility in heat treatment conditions,
and also means that the steels can be used at elevated temperatures, for
which in fact they were originally designed. Indeed, these alloys are
often known as the iron-based superalloys and employ similar principles
to the Ni-based superalloys in terms of their metallurgical characteristics.
Nia(AlTi) is by far the more slowly overaging phase of those observed, and

. also gives the maximum age hardening effects. Thus the use of Al and Ti

contents to produce first zones and then Nis3(AlTi) precipitates, are

necessary. However, the amount of (Al+Ti) which can be used is limited as

too much (A1+Ti) will produce delta ferrite, whilst too high a Ti:Al
ratio results in the undesirable cellular Nis Ti precipitation. The
optimum age hardening alloys will fulfill the following conditions:

(1) Delta ferrite must be avoided, as this gives a lower age hardening
response, a tendency for sigma phase formation, and the possibility
of hot working difficulties. The formation of delta ferrite can be
prevented in a 20%Cr, 25%Ni steel by the following condition:-

4a1 + 37i £ 20

(2) Sigma phase must not form, and although this can be achieved by
eliminating delta ferrite, a sigma type phase can form in high

i - titanium, ferrite-free steels. This means that Ti contents should

be below 3%, which means that the Al is limited to/2}%.

(3) Neither widmanstatten nor cellular Niz;Ti should form as these cause
poor ductility. This can be achieved in the higher Ti steels by the
addition of 1%Al, which inhibits Nis Ti formation. The 1%Al is thus
necessary even though it gives a slight reduction in the 1ntens1ty of
age hardening by decreasing the lattice parameter of the 7‘ and thus
decreasing the misfit between the matrix and the precipitate.

(4) Within the confines imposed by the above conditions, the steel should
have maximum response to age hardening, and therefore should contain
a maximum (Ti+Al) content and a maximum Ti:Al ratio.

An optimum composition is 15/20%Cr, 25%Ni, 1/11%A1l, 3/33%Ti with low
carbon. Often such an alloy will contain some Mo for solid solution
strengthening, high temperature strength and creep resistance. Ageing in
this steel follows the sequence:-

]
Matrix — zones — 1" —> equilibrium Ni; (A1Ti)
and occurs at temperatures of 600° 850 C. For maximum strength consistent
with a reasonable agelng time, 750 C. is used as the agelng temperature,
but at 800°C ageing is more rapld and the ductility is slightly improved
due to the lower strength achleved

Some typical steels and properties achieved are as follows:-
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Steel Type ... | A286 = |Unitemp 212 |15Cr 25Ni 3iTi
{ Composition C% 0.0% 0.08 0.02
cr% 15.0 13.5 15.05
Ni% 26.0 26.0 20.04
Mo% 1.2 1.75 -
Al% 0.15 0.15 0.15
V% .. {o.30. .} - .. ... | -
Tensile Strength MN/m? 1000 1300 1200
0.2% Proof Stress MN/m? | 700 920 860
% Elongation - l25.0. . }123.0 . 21.0
| | Agea 750°C | Aged 700°C | Aged 750°C

A summary of the optimum properties obtalned in Ni-Al, Ni-Ti and Ni-Al1-Ti age
hardened steels is as follows:-

Tensile Strength|Ni-Al Steels Ni-Ti Steels uﬁi-Al—Ti'Steels
MN /m? ‘
0.2%PS |%E1 {Impact JJ0.2%PS|%E1l {Impact J{0.2%PS|%E1|{Impact J
770 ‘ 385 35 |65 430 39 |115 |370 37 1102
925 . 555 26 |37 555 30 {85 525 30 |77
1080 760 18 |31 710 20 |47 680 23 |52

It can be seen that compared with the Ni-Al and Ni-Ti steels, the
Ni-Al1-Ti steels have the best ductilities and impact values at the highest
strength levels.

There have also been attempts to produce quantitative relationships
between the age hardening achieved and the microstructural parameters. A
Yecent analysis indicated that the maximum increase in age hardening, AH,
was described by:-

LogAH = 1.59 + 1.10 R + 0.16 log §

where R is the average radius of the ﬂr particles
§ is the difference in lattice parameters between the matrix and
the precipitate, i.e. misfit.

It should be noted that the volume fraction of 7“ does not enter into the
equation because all the alloys used had a virtually constant Ti content
and no Al, i.e. a constant volume fraction of ' . The equation for AH
can be re-stated as:-

1
AH== 0,15 Rig?

This has a similar form to the coherency hardening relationships developed by
Gleiter and Hornbogen, viz:-

1
AT = x R2.§™.r1
where f is the volume fraction of precipitate.
Whilst these steels can produce attractive combinations of properties, they
are both expensive and may be difficult to hot process. In addition they

frequently require to be vacuum melted. Consequently they are restricted
for use to high strength:weight ratio applications, particularly at high
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temperatures. In fact these q“ age hardened austenitic stainless steels
could be a future generation of high temperature power plant steels. A
consideratinon of their high temperature and creep properties is, however,
another sul ject and overlaps very much into the metallurgical
developmenﬁgggf the superalloys based on both nickel and cobalt.
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