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ABSTRACT

The variation of tensile properties and grain
sizes, on adding silicon, up to 1.03 wt¥ in five grades of
low carbon structural steel was studied. The reduced sensi-
tivity of the lower yield stress, O©,, at sub-zero test
temperatures, otherwise called "softening", of these steels
with reduced grain sizes, brought about by the silicon
additions was also investigated.

Optical and transmission électroﬁ microscopes
were used to characterize the ferriie—pearlite structures,
decarburized layers, random interlamellar spacings in the
pearlite constithent: slip line, twin and dislocation stru-
cfures. The prﬁcipitates observed were studied qualitative-

ly with the transmission electron microscope, and micro-
analysis was carried out by using the dispersed energy of
the X-rays (EDAX). Dilatometric studies were done to esta-
blish the critical temperatures of the steel grades. Uni-
axial tensile tests were carried out at between 77 and 350
K, with strain rates of 1.7x10"*, 3.3x10 and 0.33 s,

The data from these tests were analyzed in terms of the
contribution silicon and nitrogen make to the tensile pro-

perties, and were used to determine the thermal activation

parameters, hence ‘''softening'.

It was found that silicon additions beyond 0.31
wt¥% in theae'steels inhibit grain growth, due to the effect
of silicon on the grain nucleation kinetics. In conformity

to previous reports, the Hall-Petch slope, K, was reduced



(iii)

to a limit, on the initial additions of silicon, but fur-
ther to this observation, it was found that 15w silicon
steels, below 14 pm possess higher strength than high
silicon steels, within 0.31 to 0.78 wt% Si. In contrast
with previous reports, in which SiN precipitates were iden-
tiffed in similar_stéel grades, under aged conditions, low
temperature (x) SisNs precipitates‘were observed in both
the annealed and the aged samples of the steels in the
present study. It was also found that reduced grain sizes
increase the '"softening" tendency of these steels.

These . results were correlated with those from
limited reports found in the literature, regarding the
effect of silicon (above 0.7 wt¥%) on the impact behaviour
of these grades of steel. From the correlation, it is
suggested that a new theory should be sought to explain how
the initial additions of silicon, with reduced grain sizes,
improve the impact behaviour. Hypotheses are advanced lin-
king the improvement of impact behaviour with the "softe-
ning"” phenomenon. It is also suggested that a higher sili-
con to manganese ratio, with silicon not exceeding 1 wtk,
may improve not only the strength and the impact beha-

viour, Dbut also the cost indices of these grades of steel.



INTRODUCTION

The role of silicon in steels has been controver-
sial for as long as a century now. Thus, its content ' in
structural steels used to be limited to about 0.3 wt%. From
about two decades ago, it was increased to 0.5 wt%. The
wariness has been due to the well established solid solu-
tion strengthening capacity of silicon, which, it is be-
lieved could provoke an embrittling effect at higher sili-
con levels. Again, the effect of silicon on the grain size
is much less Known; infact, previous reports have indi-
cated that silicon additions have no effect on grain size,
or even lead to coarser ferrite grains. However, some
reports have also shown a possible ease of deformation of
low carbon steels, with silicon content greater than 0.5
wt% , through the reduction of the value of the Hall-Petch
slope, Ky, of this grade of steels, up to 0.7 wt% Si.

It 'is well known that silicon additions reduce
the sensitivity of the lower yield stress to sub-zero test

temperatures; i.e. these additions promote '"softening'.

Seralt
Some work has also shown that tngﬂinitial additions of
+0 —— gw
silicon jin low carbon steels, with small- grain sizes,
e g N

favour lower values of the impact transition  temperature,
Te. Nonetheless, there is no work linking the impact beha-
viour with the "softening" phenomenon. A review of the
literature, on the effect of grain size on "softening" does
not give a clear picture of the situation. It was rather

suggested by some authors that the effective stress (the



component of the lower yield stress, principally responsib-
le for the '"softening'" phenomenon) is independent of grain
size.

Explanations of the reduction of K, and the in-
creased tendency to "softening" of these steels, for low
levels of silicon, are mostly based on the pile-up and
ledge theories for the former, and silicon-interstitial
interaction for the latter. Nevertheless, pile-ups and
ledges are rarely found in alpha-iron, and some reports
have shown that the experimental results of "softening" are
not entirely compatible with the silicon-interstitial inte-
raction model. Similarly, silicon-carbon interaction, which
has been used by some authors to explain the improvement of
the impact behaviour by silicon additions, has been found
unsatisfactory.

Therefore, '~ this work studies the effect of
silicon on the grain size and the tensilé properties, with
a view to resolving some of the aforementioned controver-
sies. By equating the '"softening" phenomenon with the
impact behaviour, both being governed by the same thermal

activation processes, the work suggests a link between the

two phenomena.



CHAPTER ONE

THE SOLID SOLUTION STRENGTHENING OF STEELS

There are various ways't’ of strengthening iron

and its alloys; some of which are:

a) solid solution strengthening by substitutional
and interstitial atoms.,

b) precipitation and dispersion strengthening:
nitrides, carbides or intermetallic compounds
could be precipitated in steels. Depending on
the shapes and the dispersion of such precipi-
tates in the matrix, strengthening could be
achieved.,

c) refinement of grain sizes.

d) work-hardening: consequent upon deformation,
dislocations interact with themselves or other

obstacles..

The "a'" and '"c¢" points are of interest in this work.
The s8solid solution strengthening of - iron and
steels could be interstitially'® or substitutionally™

achieved.

1.1 Underlying Causes of Solid Solution Strengthening
of Steels.
For the substitutional solid solution, the essen-

tial'® factor is the size misfit parameter, ¢ given as:

o= (1/80) (AA/AC) v vt vvevosnsoennsesesasnses(l.l)



~and ¢
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where a. is the lattice parameter of pure iron -
is the concentration of the substitutional solute
atoms.Zwell et al® found that for silicon ,this leads ¢to
a compression of the iron lattice parameter by 0.0003 X per
one atom per cent silicon(in a dilute solution of € 3 at%
solute). This 1is,because whereas the atomic radius‘® of
silicon is 1.18 A,that of iron is 1.23 X.It is this compre-
sgional tendency of the iron lattice,which is believed'”
strengthens the steel.

In the case of interstitial solid solutions where
the interstitial atoms are far smaller'” than the alpha-
iron atom(eg: C=0.77 & and N=0.72 %), the strengthening
could be due to dynamic processes such as:

i) short-range,stress-induced migration of the

interstitial atoms: this short-range migration

leads to an internal friction in the alloy

lattice,

ii) Cottrell atmospheres'®: here the
interstitial atoms concentrate randomly
(Fig.l.la) or in'a condensed form(Fig.1.1lb)
in the immediate neighbourhood of the dislo-
cations. The interstitials concentrate around
the dislocations because by so doing, a mini-
mum energy state of the interstitial-disloca-
tion system is achieved.This concentration of
the interstitiﬁl atoms around the dislocations
invariably locks the latter,thereby increasing

the stress required for dislocation movement,



Fig 1.1: Interstitial atoms in the immediate neighbourhood

of an edge dislocation: a), random atmosphere:

b), condensed atmosphere, (Ref 1).



11i) pinning‘®’ of the dislocations by these inter-
stitial atoms: whereas the first two(i and i&)
are of a dynamic nature,the pinning is of a
static nature.
There are other indirect ways through which the
substitutional and interstitial atoms could affect the
strength of the steels.As an example, the addition of a
substitutional element could push up the transformation
temperature of the steel. This in turn could lead to an
inhibition of grain growth. The substitutional atoms could
at the same time precipitate out the interstitial atoms,
which, depending on the volume fraction,distribution and
form of the precipitates,could affect the strength.These

indirect ways are reviewed in subsequent sections.

1.2 Concepts of Grain Boundary Strength: Strength-

ening by Grain Refining

The grain boundaries are a misfit to the rest of
the grain structure and therefore present a departure'”
from the single crystal. Owing to a higher dislocation
density at the grain boundaries‘®, the atoms associated
with the grain boundary have a greater total energy than
the grain interior.

It has been demonstrated"" that grain
boundaries can pose obstacles to deformation processes in
polycrystalline materials.Grain boundaries, as obstacles
dislocations build up forming pile-ups at them,Fig.1.2. 1If

the deformation is to continue,additional external stress



would be required to overcome this barrier.
The role of this high energy/barrier region plays
very much determines the strength of polycrystalline

materials and as such,has attracted different theories.

1.2.1 Pile-up Theory

Hall'# and Petch"? measured at ambient and
liquid nitrogen .temperatures,respectively the values of
lower vyield stress(0,) for alpha-iron polycrystals with
different grain sizes and thence formulated the well

established Hall-Petch relationship:

where 0. refers to the frictional stress within the grain,d
is the average grain size and K, is the Hall-Petch

slope, otherwise Xknown as the intensity of stress at the

tip of the deformation band.

Hall"® suggested that this stress(G,) is the
external stress which with the help of the pile-
up(Fig.1.2), would give birth to a critical stress
concentration within a certain distance ahead of the pile-
up,to oppose the grain boundary strength,if yielding is to
occur.Petch®, however modified this view by proposing
that the stress concentration is rather at the grain
boundary.Yielding takes place when this stress
concentration matches the strength of the grain boundary.

Cottrell®*, 1in his contribution, proposed that
the critical streess concentration is that which can unlock

a Frank-Read dislocation gource near the grain



Fig 1.2: A pile—up of dislocations at the grain boundary.



boundary.When this source is unlocked,there would be mobile
dislocations to continue the plastic deformation of the
material.

Still emphasizing the importance of the grain
boundary strength, Li and Chou'® demonstrated that irre-
spective of type of pile-up and the distribution (continu-
ous or discrete) of dislocations within the former,the
stress concentration was found to be a function of the
grain boundary strength. To this end, they formulated an
expreassion for the stress concentration(0u.,) for single-
layer, sing}e-ended pile-ups(both of discrete and contin-
uous dislocation distributions) as:

Oup ® NO toveieeroerectsnnsnssnsssssnssneal(leld)”
where n is the number of free dislocations and 0 is' the
applied external stress.

According to Petch'¥, during yielding,this
stress concentration(0wu,) would equate to a critical
stress, 0. required at the grain boundary in order to
release & blocked glide plane; in other words,this stress
concentration is synonymous with the strength of the grain

boundary.

For a large number of dislocations, n, Li and
Chou‘'®? found that the grain size, d could be given as:
d = 20R/0 toovviiiiiniiiiiiiiiiaeea(1.4)
A = nb/2n (for screw dislocations).......(1.4a)
A =nub/210(1-v) (for edge dislocations)..(1.4Db)

where u is the shear modulus of the material, b is the

Burger's vector of the dislocations and v is Poisson's



ratio, From eq. 1.3, n = (./0 (Ou, = O.), substituting for
n in eq. 1.4, solving for 0 and introducing a possible
frictional stress (0., Li and Chou'® obtained the expre-
ssion:

O = 0. + (2A0:)!/2q-4/2 vesrrsssenrsees(1.3)
Eq. 1.5 1is similar to eq. 1.2 in which 0 from eq. 1.5 rep-
resents the lower yield stress, 0, and the Hall-Petch
slope, K, is given as (2A0:)*?, in which A for mixed
dislocations is given as ub(2-v)/4 11 (1-v).

. However, Chou'*® further developed the fore-
going by considering the situation where the locked
dislocation .at the grain boundary has a different Burger's
vector(defined as mb, m being a positive real number) from
that of the grain interior dislocations and therefore
suggested that K, is equal to (2Am0.)'?. This treatment
made it evident that the phenomena that take place at the

grain boundary(which would affect m) very much affect the

magnitude of K,.

1.2.2 Inconsistencies of the Pile-up Theory

While the pile-up theory seems to explain the
onset of— yield satisfactorily, it has always Dbeen
deficient'® in explaining the various stages and types of
plastic deformation of metals and alloys.

Another limitation of the theory is that of the
lack” - of direct observation of piie—ups in pure

metals,though they are found in alloys of 1low stacking

fault energy. Yet,the Hall-Petch relation holds reasonably



well for both cases.

Chou and Louat®, considering the effect of a
non uniform stress field on a single-layer,single—ended
pile-up,found that the stress concentration equally depends
on a constant, A and thus suggested that the stress
concentration, 0. is given as:

0. = 02d(A+2)2/8A ettt e (1.6)
where 0 is the external applied stress and the other
symbols are as already defined. Solving for 0, which at
vielding is equal to 0,, gives K, = (8A0.) 2/ (A+2).

Li and Chou“® wusing the non-uniform stress
field'® approach concluded that the Hall-Petch relation
becomes inexact if the product,0A 1is independent of grain
gsize and can be exact if only A is independent of grain
gsize. This inexactitude is the case in work-hardening pro-
cesses.. Work-hardened materials do obey the Hall-Petch
relation,but on applying the pile-up theory,the relation
becomes 1inexact due to the birth of non-uniform internal

gtresses arising from the formation of subgrains or cells.

From a study on a 3% §Si steel,it has been
reported®” that dislocations are emitted from grain
boundaries(Fig.1.3) at stresses much below the vyield
stress,without the help of pile-ups.The work also showed
that the stresses for moving the dislocations are not grain
size dependent. The study on a similar gsteel composition by
Carrington and Mclean'?** has shown sglip lines originating
from grain boundary sources(Fig.1.4) at microstrain

regions:i.e.,at stresses defined as 0. < 0 ¢ 0,.The



Emission of dislocations from a grain

(Ref 19).

boundarvy,



3 »
| .
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Fig 1.4: Slip 1lines originating from grain boundaries,

(Ref 20).
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inconsistency of the pile-~up theory has also been reported
by Margolin and Stanescu‘?® on a 9.8% Mn-titanium alloy.

To circumvent the inconsistencies of the pile-up
theory, the work-hardening theory's was developed. In
this theory, the role of the grain boundary strength(crit-
ical stress) ,0. -is de-emphasized,and K, is given as:

Ky = ubg’?/(bB)*t? c e e eee s cesnsa e (1.7)
where € is the plastic strain and p is a. coefficient of
direct proportionality to the ratio of the average distance
the dislocations slip and the grain size of the material.
But the work of Carrington and Mclean*” (in which the
grain boundary role was very evident) does suggest that the

work-hardening theory may not be applicable to Fe-Si

system.

1.2.3 Grain Boundary Source

In the search for a more satisfactory theory,
Li*®, wusing the angle of misorientation between grains,
8, proposed that the stress,0, required to move
dislocations in a Taylor—typé forest(parailel dislocations
of opposite sign) is given as:
0, = Co+(pb/2 11 (1-v)) (B86/ I b) 242 ,,,(1.8)
According to this model, a partially locked tilt boundary
can supply mobile dislocations by any of the following

mechanisms:
i) when the angle, 6 is small, the free dislo-

cations can be separated from the locked dis-

locationé.
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ii) when the angle, 8 exceeds a critical‘® wvalue
of b/h(b 1is Burger's vector and h 1is the
distance separating two adjacent parallel edge

dislocations) ,the locked dislocations can

break free,and
iii) the tilt boundary having all its dislocations

free or they have just become fres.
When the stress in eq. 1.8 exceeds any of° the stresses
arising from the three mechanisms above, a comparable
Hall-Petch relation with a slope comparable to that of a
pile-up theory 1is produced. By this approach, Li%*®
concluded that the pile-up theory could be dispensed with.
The implication of eq. 1.8 is that at high values of B (as
met at grain boundaries),the stress becomes so large that

the unlocking of dislocations gives way to the mechanism of

dislocation generation.

Li and Chou‘'®? found that the capacity of grain
boundaries to emit dislocations may change with the
structure and the composition of the grain boundary, inde-

pendent of the grain size.

1.3 Mechanisms Through which the Yield stress and K,
are Affected. |

The previous sections reviewed the underlying

mechanisms of strengthening and the associated theories.How

these mechanisms achieve the strengthening is now reviewed.
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1.3.1 Dislocation Locking :

As was highlighted in section 1.1,Cottrell and
Bilby® proposed that interstitial atoms would form
atmospheres around dislocations,because the strain energy
of the crystal is lowered by 80 doing. A relatively high
applied stress is needed if the dislocations are to be
liberated ‘from these atmospheres, because the atmosphere
produces a stress concentration. Cochardt et al“*, - in
their work on body centred cubic metals,found the energy of
this dislocation-interstitial atom interaction(i.e., the
atmosphere)  to be about 0.75 eV, and - the saturation
concentration of the solute atoms near the dislocation to
be about 6 atom percent.

Locking of dislocations is essentially‘*® the

action of interstitial atoms. As far as iron is concerned,
the commonest interstitial atoms with a significant locking

strength are carbon and nitrogen. Nevertheless, Codd and

Petch*®® found that if boron is present in the 1iron,its
locking strength supersedes that of carbon or nitrogen.They
also showed that a semi-killed mild steel has a higher K,
value (more locked dislocations) than a fully silicon killed
steel . There tends to be a divided opinion about which of
the two interstitial atoms-carbén or nitrogen, is respons-
ible for the variation of K,, i.e.,which of the two has the
higher locking strength. Probably based on the level of the
content of the respective interstitial elements in the

steel,some authors'!s.2s2”? have suggested that carbon 1is

dominant. However,Heslop and Petch'*®, testing alpha-iron
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at 73 K, found that deoxidizing the steel with 0.07% Al
reduced K,. They concluded that since aluminium combines
with nitrogen as well as oxygen,it is rather more probable
therefore that nitrogen locking 1is stronger.Codd and
Petch'*® suggested that if nitrogen is a stronger locking
element, it would have a more concentrated atmosphere,which
would necessitate a larger activation energy to unlock.
Thus, nitrogen locking may be expected to be less tempera-
ture dependent;however,nitrogen locking was found to be

very temperature dependent‘®®, Nonetheless, nitrogen has

been demonstrated to have a high propensity” to lodge at
the grain boundary sites(higher dislocation density region
of the crystal),probably because of its lower activation

energy for diffusion®® and its higher solubility®“" in

alpha-iron relative to carbon.

There is therefore this contradiction of the
temperature dependence of nitrogen locking vis-a-vis its
experimentally demonstrated'?® stronger locking ability,

even with a higher carbon concentration in the steel, Fig.
1.5. An explanation of this experimental observation was

offered by Petch'’®; based on the results from denitrided
and decarburized steels, which were subsequently recarbur-

ized(to achieve pure carbon locking) and renitrided(to
achieve pure nitrogen locking) he concluded that nitrogen
locking of dislocations is stronger than carbon locking.
This, he argued is because the locking of dislocations by

carbon or nitrogen is energy related rather than

concentration related.
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Fig 1.5: The higher locking strength of nitrogen, relative
to carbon in a steel of composition (wt%) :0.45C,
0.006N, and 0.47Mn; a), 0, Vs grain size at -196°
C for a pure carbon locking, o=quenched from 650°
C, e=annealed. K,=33.,9 MPamm!/?; b)), same as (a)

for a pure nitrogen locking, o=annealed.e®=quench-

ed from 650°C. K,=48 MPamm'/?2, (Ref 25).

The higher solubility of nitrogen made most of
the nitrogen in (b) to be already in solution on
annealing,thus making no difference to the 0. on
quenching; But in (a), the increased concentra-
tion of carbon retained in the ferrite on quen-
ching led to an increase in (.***,
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1.3.2 Segregation and Precipitation(Effect of Cooling Rate)
Wilson'*® showed that the K, value of a slowly
cooled annealed 8teel 1s higher than that of the steel
quenched from 700° C. On ageing the quenched steel at 90°
C however, the K, value of this quenched steel recovered to
the as—-annealed value after 10° minutes,Fig.1.6. It has
been reported!” that during the ageing of a prior quenched
steel, the dislocation pinning process is expected to take
far less time to complete than grain boundary locking.
Thus,the time factor, Wilson®® rationalized, is an
indication that 1t 1is grain boundary locking that
determines the magnitude of K,. Hence, he concluded that
the recovery of K, during ageing was probably controlled by
the extent of solute segregation to the grain boundary.
Mintz«se has also suggested that the

precipitation of the excess carbon produced at grain
boundaries as carbides could lead to a reduction of the K,
value of low carbon steels. The precipitation, he argued,
would be favoured by holding the steel specimen for a
sufficient time at below the transformation temperature.
Nevertheless, he further suggested that for low carbon
steels of about 0.045% C, a slow cooling rate could infact
raise the K,, through the segregation of excess carbon
interstitial atoms to the grain boundary.

The concept of sgegregation nonetheless, was

opposed® on the grounds that 1f 1t were the mechanism,

carbon atoms would segregate to the grain boundary during
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Fig 1.6: Recovery of K, during ageing at 90°C of a (wt%)

0.003C-0.34Mn steel,quenched from 700°C, (Ref 33).
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ageing. The carbon segregation would have 1increased the
proportionality coefficient,f; in eq. 1.7, and this 1n turn
should have decreased the K, value rather than increase it.
Sibley and Breyer'* have suggested that a red-
uction 1in value of K, on the initial additions of silicon,

may be due to carbide precipitation around or near the
grain boundaries. The precipitation of carbides therefore
depletes the carbon atoms that should have locked the
dislocations, thus the dislocations are freed and K, is
therefore reduced. However, there is no report so far ide-
ntifying carbides(of silicon or manganese) in low carbon
steels with silicon € 2 wt%, but rather reports of silicon
nitride precipitation in this grade of steels abound.
Baker®* identified silicon nitride in the form of SiN(c=

5.05$0.07) and a = 3.17+0.05%), with some manganese in the
precipitate. Arrowsmith®“¥ also identified the same SiN.

There are reports of unidentified manganese-silicon

nitride®* and SisN.“7,

1.3.3 Ledges.

The objection of Li and Chou'® to the segre-
gation theory advanced by Wilson‘*®, concerned the way the
solutes segregated to the grain boundaries affected the
dislocations in the latter,and not the segregation per se.
Contrary to Wilson's'® approach, they suggested that the
gsolute which diffused to the grain boundary during the

ageing could increase the ledge density in the grain

boundary.
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On the basis of these ledges in the grain bound-
aries, Fig.1.7, Lit22 proposed that vyield may be
controlled by the displacement(say by straining) of the
ledges. The ledges on being displaced,generate dislocations
in the matrix.These ledges are considered to be adsorbed
dislocations on the grain boundaries*®, However, Lit2
pointed out that this theory is intended only to apply at
the i1nitial yielding stage when the dislocation density is
still very low. This source of dislocations is not quite a
dislocation mill, in the Frank-Read sense, but rather he
considered the grain boundary source as a "donor" of dis-
locations. As more dislocations are generated, the donated
dislocations can multiply, say by the cross—-slip mechanism.

Li‘*® pointed out that the stress to generate a
dislocation out of a forest of ledges is dependent on the
ledge density. The ledge density increases with decreasing
grain size, since dislocation density per unit volume
increases 1inversely with grain size. The free energy of’
formation of a grain boundary ledge may be lowered by
impurity atoms,thus more impurities(at low  impurity
content level) can increase the ledge density,which in turn
implies more generated dislocations(dislocation density).
Using a thermodynamic model, he calculated that at low
impurity levels,the square of K, value should vary linearly
with solute impurity content at the grain boundary.

Mintz et al®” observed that a 0.3% Si steel had
a higher ledge density than had a 0.03% Si steel, Fig 1.8.

This may be in line with Li's‘'?® theory of the stability
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Fig 1.8: Thin foil electron micrographs of grain
boundaries showing some dislocations in 0.6% M
steels containing 0.005% free nitrogen, with:
a), 0.03% Si, showing a low incidence of ledges
b),0.3$ Si,showing a high incidence of ledges

(Ref 39).
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of ledges. However, they also observed that the 0.03% .steel
had a higher K, value, which therefore seems contradictory
to Li‘'s*?? thermodynamic calculations. Nonetheless, Ishida
et al*“? have demongtrated that features like ledges, when
present in high density, c¢ould have a poor resolution of
individual ledges in the transmission electron microscope.
Hence, Mintz et al®®"” suggested that this may be the
reason for Li's'*® thermodynamic theoretical calculations
not conforming to experimental observations. They further
suggested the possibility that of even more importance 1in
the effect of ledges on K,, could be the degree of pinning
of the ledges by impurities,rather than the ledge density

itself.

1.4 Effect of Pearlite on the Tensile properties of
Low Carbon Steels.

In ferrite-pearlite steels, Petch''*®¥® suggested

that the yvield stress, 0,, should be independent of the
pearlite content,when ferrite has the greater volume
fraction. This, he argued, is because 0O, is the stress
needed to propagate the Luders-band through the
ferrite.Petch found that increasing the carbon content 1in
the steel from 0.04 to 0.16% had no appreciable effect on
0, or the frictional stress, O.. Gladman et al“! observed
that pearlite does not have any effect on (,,while Karlson
et al‘“? have also shown that initial yielding is -‘almost
entirely confined to the ferrite phase.

Preston'*®, however found that increasing the
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carbon content of a steel from 0.067 to 0.21 wt¥ increased
the K, value from 12.6 to 14.5 MPa mm'?2. This he argued,
ig understandable since any carbide situated on the grain
boundary would make 1t more difficult for  arriving
dislocations(to this portion of the grain boundary) ¢to
initiate yield in an adjacent grain.

The pearlite constituent has been shown'':*® to
affect the ultimate tensile strength(UTS), due to the
greater work-hardening of pearlite relative to ferrite.
Irvine and Pickering‘“®? have suggested that a decreasing
interlamellar spacing leads to a pronounced increase in the
tensile strength,though in low—-carbon steels, this effect

is relatively small.

1.5 Effect of Silicon on the Tensile roperties o

o, arbon Steels at Room Temperature

Several reportgt2t.¢-46) have noted the solution
hardening effect of silicon on ferrite resulting from the
gize misfit parameter(see section 1.1). One thing common to

all the reports is the non-uniformity of base compositions
of the steels either within a given report,or between the
different reports. This may be responsible for reports of
an increase of frictional stress,0. as low as 25%“* to as
high as 117 MPa per one wt% 51.

These reports also show that the yield stress, 0,
is increased by the addition of silicon. Most authors, 1in
quoting the level of strength increase brought about by the

addition of silicon, neglected the effect of grain size.
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However, Mintz‘s"® found a rate of increase of vyield
strength of approximately 77 MPa per 1% Si at a grain size
of d''? = 8 mm'2, Preston'” has also observed that
increasing the silicon content in the steel from 0.2 to 0.5

wt¥% led to an increase in yvield stress of 34 MPa at about

20 um(d-*/2 = 7 mm*/?2), but at 10 pym(d-*/2 = 10 mm/?),
this increase in the yield stress reduced to 18 MPa.
Silicon . has also been reported'?*” to lower
the Hall-Petch slope, K,,at the initial additions of sili-
con{up to 0.71 wt¥),followed by an increase in K, with
higher levels of silicon. The work'® gpeculated that the
mechanism involved was that of carbide precipitation in the
presence of the silicon atoms. Morrison and Leslie‘®
obgserved a low value of K, of about 5.8 MPa mm!’2 for a 0.7

wt¥ Si steel(at room temperature tests), relative to the K,

value of about 18 MPa mm!/? for a Ferrovac iron. They also

observed that the K, value for room temperature tests inc-

reased beyond the 0.7 wt% Si content up to 1.43 wt% Si. The

K, wvalue beyond this 1.43% Si level was found to be con-

gtant. They rationalized their experimental results on the

bagis of ledge theory(see section 1.2.3).

It has Dbeen reported!s. that silicon
additions up to about 1 wt% do reduce the ratio, 0,/0Curs.
The ultimate effect of silicon on the tensile properties of
steels has always attracted divided opinions. Ags far back
as 1891, Howe'"™® expressed the opinion that silicon up to
0.7 wt¥%, 1in the great majority of cases, may directly or

indirectly(by restraining the formation of blow holes and
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reducing iron oxide) increase the tensile strength and even
the ductility of steels. He concluded that the deleterious
effect of sgilicon on the mechanical properties is

particularly associated with high carbon steels.

1.5.1 Effect of ollicon on the Austenite to

Ferrite/Pearlite Transformation Characteristics.

Since strengthening very much depends on the
transformation characteristics of a steel, it is necessary
to review some of the work relating to the effect of
silicon on the¥ ——»® and pearlite transformation.

Aaronson et al'® have 8suggested that any
alloying element that raises A.s and raises the activity of
carbon 1n austenite, increases the rates of nucleation and
growth of ferrite allotriomorphs. Kinsman and Aaronson®!,
in their work, confirmed this theory for silicon additions.
Irvine and Pickering**, studying low carbon steels with
0.42 € 51 € 2.93%, confirmed that silicon additions incre-
ase the transformation temperatures(at 0.6 £ Mn 1.6%). On

this basis they suggested that silicon produces coarse
ferrite and less pearlite.

Ferrite formers, 1like silicon(though to a lesser
degree,relative to chromium or molybdenum),at critical
concentration, partition'® when intercritically annealed
from high temperatures, and could lead to a change in the
composition of the cementite, with still the same crystal
structure, but could affect the pearlite interlamellar spa-

cing, and the tendency of the cementite to spheroidize.
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CHAPTER TWO

"SOFTENING" OF STEELS

2.1 Definition of "Softening" -

The vyvield and flow stresses increase with the
lowering of test temperatures'®** and increasing strain
rate2.3%8  This interrelationship of strain rate and
temperature has led to alloy "softening" being essentially
studied under the concept of a thermally -activated
process (TAP) *”

During a plastic deformation process, outside the
inherent resistance of the lattice(Peierls-Nabarro,P-N

mtress), a dislocation may encounter other obstacles as it

moves through the crystal. Conrad®* has categorized these

obstacles to Dbe:

i) temperature independent: these arise out of

long range stress fields; i1.e. stress fields
of the order of > 10 atomic diameters, eg:
grain boundaries, other dislocations and large

precipitates.

ii) temperature dependent: these are due to short
range stress fields, of the order of < 10
atomic diameters, eg: P-N stress, forest
dislocations, screw dislocation jogs, cross-
slip of screw dislocations and climb of edge

dislocations.

Conrad‘*® pointed out thaf thermal fluctuations play no
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role in overcoming the long-range obstacles, hence the
stress required by the dislocations to overcome this type
of obstacle constitutes the athermal component, C..n Oof the

applied stress. However, thermal flutuations can assist the

arplied stress to facilitate the overcoming of the short-—
range obstacles by the dislocations. Therefore this stress
constitutes the thermal component, GCuw (0*) of the applied

stress,

The athermal component, generally is increased

through alloying. Alloy "softening' is manifested through
the thermal component (also known as the ‘"effective"

stress), and it is quantified” in terms of the rate of

change of the yield stresas, O, with respect to the change
in test temperature, T (d0C,/dT). Alloy "softening" normally
occurs (though not exclusively) at temperatures ¢ 0.15T.,
where T. is the absolute melting temperature of the alloy.

Under normal circumstances, a steel, X, by virtue

of the level of the alloying element (say silicon) content
in the steel, would possess a higher yvield stress, J, than

another steel,Y which has a lower level of silicon. The
general condition, thus for alloy '"softening" is that
(40,/dT)x < (d0,/dT)v. When this condition is fulfilled,
two situations (see Fig 2.l1a) exist and are defined'™” as:
a) apparent (true) "softening'; the yield stress
of steel X now becomes smaller than the yield
stress of steel Y.
b) pseudo-"softening"; the yield stress of steel
X is still larger than that of steel Y
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Fig 2.1: Schematic temperature dependence of the applied
gtregs,defining "gsoftening" for steels with
gilicon: a),total vield stress Vs temperature

b),efféctive gtress Vs temperature.
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However, if the "effective" stress is plotted against the
test temperatures, alloy '"softening" (both apparent and
pseudo) would lead to the vield stress (i.e. thermal) of
the X steel to be always smaller than that of the Y steel,
Fig 2.1Db.

Alloy "softening"” has also been defined as
"reduced hardening”*“??, This has been demonstrated by
Stephens and Witzke'*®', who working on Mo-Re alloys,
observed a reduction in hardness at Re concentrations < 7

atx for test temperatures < 300 K, Fig 2.2.

2.2 Theories of Alloy "Softening"

2.2.1 General

Pink and Arsenault®” have suggested that alloy

goftening” is associated with body centred (b.c.c.)
lattices. The Db.c.c. lattice, they pointed out, can be
shown to possess a larger lattice resistance (i.e. Peierls
stress) than 1s found 1in either face centred cubic
(f.c.c.) or hexagonal close packed (h.c.p.) lattices. This
has led to most theories of alloy "softening" to be related
to the intrinsic b.c.c. lattice. However, they also pointed
out that one single model can not satisfactorily explain
alloy "softening” in all the b.c.c. systems.

Some authorstt-¢9 have demonstrated that alloy
"goftening” could also depend on the interstitial solute
content in the steel, particularly at the low interstitial

atom content range.
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Consequent upon the above considerations; the
theories of alloy '"softening" are mainly advanced along two
directions— extrinsic (''scavenging'") and 1intrinsic. Theéé
two approaches are the most probable and accepted

models's”. However, there are other theories which have

been used to describe or explain alloy “softening'":

2.2.2 A Unified Model of Low-temperature Deformation
This model was initiated by Frank and Sestak4®

who suggested a combination of the extended core model of
the screw dislocation and the linear elastic effect of
solute atoms. The 1length,l of a glissile dislocation
segment, that is newly nucleated, is relatéd to the
distance L between impurity points'”. Above approximately

100 K, 1 would be equal to L and the deformation proceeds
by the transformation of sessile dislocations into
glissile, thus accounting for the "softening”. This model

suggests that alloy "softening" should vanish below 77 K.

2.2.3 nanges in Deformation Mechanism

Brown and Ham“¢ proposed that the yield stress
resulting from the action of the edge dislocations
penetrating weak particles is greater than that of the
screw dislocations. On this Dbasis, Tuominen  and
Kogss“”, working on a Si-Ti b.c.c. lattice suggested that
at low temperatures, only screw dislocations control defor-

mation, while Dboth edge and screw dislocations may be

operative at high temperatures.
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2.2.4 Internal Stress Fields

Takeuchi‘® proposed that the intrinsic lattice
resistance to a lateral motion of kinks, assumed to be vefy
small, should permit the possibility of a dislocation line
having some of 1ts length in this region. This would
facilitate the formation of a double kink.

Arsenault and Li*" observed an increase of
activation enthalpy and volume at small wvalues of the
effective stress due' to the large value of the ratio,
Cuen/0y. Since Tun of alloys is quite high, as a result of
periodic 1internal stresses, Roberts and Bergstrom'’®
suggested that an increase in a periodic internal stress
(as 1in alloys) may give rise to a pseudo-alloy "softening".

However, it has been pointed outts” that these

models are not compatible with experimental results.

2.2.5 Increase in Dislocation Dengity and Activation

Parameters.

Johnston and Gilman®'! gave the velocity of

mobile dislocations, v for an effective stress, 0* as:
V=v(0)" ,.cc0itnnn P~ I |
where v. 18 a constant, and m* is the dislocation velocity
exponent. The general expression for strain rate, is:
S e, 2.2
where . is the density of mobile dislocations and b is the
Burger's vector. The model, which 1s dependent on an

increase in dislocation density, assumes that under a given

operating strain rate, when the thermal stress is reduced
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("softening"), there must be an increase in the density of
mobile dislocations to maintain the given strain rate'¥,
In support of this model, Christ'® proposed that
stationary impurities could exert forces which push screw
dislocations away from the primary glide plane 1into a
cross—-slip plane. This should lead to a  dislocation
multiplication process, as described by Low and Guard!*.
Christ‘® further suggested that a maximum "softening"
effect should occur within the range of 0.04 to 0.06 at%
interstitial content 1in the alloy, and that a c¢ritical
temperature exists,above which the interstitial solute
atoms again lead to hardening.

Conrad‘’¢ has evaluated the activation
parameters for yielding and flow. These parameters are, the
activation energy (enthalpy), H, the activation volume, V*
and the frequency factor of mobile dislocations,~n during
the deformation process. H is given as:

H = KTLR(MV/¥) et teencnes O~ G |
where k is Boltzman's congstant, T 1is the absolute temper-
ature at which the deformation is taking place and ig the
shear strain rate, given as 0.76%%, £ being the tensile
strain rate. V' is given as:

V‘-k’I‘(di’/d‘x')—r,... .......... cesavensenc s 2.4
where T¥* is the thermal shear stress defined as 0'/2,

provided the Tresca's yielding criterion is obeyed. v 1s

given as:
\J = Q.be. c 9 68 © 8 6665 9 9 ¢ 06008 6% 060 s 00088 ee --2-5

where f is the frequency of vibration of the dislocation
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segment involved 1in the activation process and s 1s the
average distance a dislocation moves after every successful
thermal activation.

Some authors!’’ have used the increase 1in
these activation parameters to explain the "softeninth}of
alloys. However, Sakuma and Karashima‘'’¢’ found virtually
no change 1n the values of the frequency factor and the
mobile dislocation density between a "softened" and an
"unsoftened” molybdenum steel. It is believed that an'
increase in the activation enthalpy is a result of allovying
additions‘’® ., Pink'” has suggested that the high activa-
tion enthalpies found in alloys (which supposedly contain
"inclusions") are due to non-conservative motion of jogs.
These jogs are assumed to develop on the screw
dislocations, which overcome incﬁherent obstacles by cross-

slip.

2.2.6 Xtrinsic Theories (The Scavenging Model
Authors of earlier papers‘’**" on the subject

of alloy "softening” had thought that a possible chemical
interaction between impurities (such as interstitial atoms)
and the alloying solute atoms was responsible for the
"goftening'" observed. Some reports were made based on this
concept: Ravi and Gibala‘*" extrapolated stress-
concentration diagrams to zero alloy —concentration,
and found stresses comparable with the shear stress of a

high purity material. Substitutional atom—-interstitial atom

clusters were identified‘*? to have been the cause of the
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appearance of high temperature internal-friction damping

peaks, Fig 2.3. These peaks developed with an increasing

level of the substitutional element, replacing the original
Snoek peak due to dissolved interstitials.

Where the affinity of the matrix to the
interstitial is larger than that of the solute, the
"scavenging'" of tﬁe interstitials by the solute alloying
element still takes place, but the nature Dbecomes
geometric*®. The presence of the substitutional atom is
sajid to reduce the tetragonal strain usually 1linked with
the interstitial atom in the matrix lattice. This |is
because energy wise, the interstitials prefer the sites
around the substitutional solute atoms, Thus, the
interaction between the interstitial and the substitutional

atoms is accomplished by the local reorientation of the

former in the vicinity of the latter.
A higher concentration of free electrons in
certain alloys has been found concomitantly with reduced

solubility of interstitial elements in the matrix
material®, This, it has been suggested®””, céuld
contribute to alloy "softening”. .

Ravi and Gibala‘*? have proposed that the
scavenging mechanism is 'non reversible"; i.e. alloy
"softening" can be observed when interstitials are added to
the metal, but no stress minimum would be observed when
interstitials involving the same composition range are

removed by means of consecutive zone-refining.

The validity of the "scavenging'" model has been
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questioned by the results of some authorg!3-7,
particularly the non-reversibility condition of alloy
"softening”". They found that the yield stress of carbon and
nitrogen alloyed iron increased after hydrogen purifi-
cation. Crowe and Arsenault®® have tried to relate the

- changes in stress and activation parameters to the
interstitial atoms concentration, but the experimental data
do not fit the theory. Tanaka and Watanabe‘*?? have also -
demonstrated that a cafbon steel, i1n which the interstitial
carbon atom concentration level in the lattice was reduced
by annealing, showed a lower tendency to '"soften" than the
same 8Steel with a higher concentration level of carbon
atoms in the lattice (produced by quenching).

It has been suggested by Pink and Arsenault®”
that scavenging is not a mechanism per se.but that it crea-
teg the conditions which may be prerequisites for alloy

"goftening'.

2.2.7 Intrinsic Theories

The term "intrinsic" is rather literary, Dbecause
in reality, foreign atoms are still necessary for
"intrinsic" alloy “softening" to take place®“?”, Whereas in
the extrinsic model,the "softening" is brought about by the
alloying solute atoms ridding the matrix of the foreign
atoms, the intrinsic model envisages the presence of the
foreign atoms and considers how their presence reduces the

lattice resistance.

Some authors'*** have related alloy "soften-
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ing"” to changes in the shear moduli and the atomic radii on
alloying. Thus,only solute atoms of smaller sizes than the
matrix atoms were suggested to be capable of initiating
alloy "sof tening" ¥ The work Dby OStephens and
Witzke'"® tends to suggest that 1t is then the atomic size
that 1is of relevance to '"softening". Therefore they
suggested that every alloying substitutional element.ﬁith
its atomic radius fulfilling the Hume-Rothery's 15%-rule
for solid solutions, can 1initiate alloy ‘"softening".
However,1f the atomic radius exceeds the 15%-1imit, . it may

not initiate alloy "gsoftening” in iron base alloys.

Intrinsic theories could further be classified

into two parts; namely, those that predict changes in the
intrinsic lattice resistance, and those where the
overcoming of the intrinsic lattice resistance by the

dislocations is facilitated by the solute atoms.

2.2.7.1 Changes 1n the Intrinsic Lattice Resistance
(Peierls Stress).

Weertman and Weertman'' have demonstrated that
the Peierls stress of a lattice, 0, is related to the
spacing of the constituent atoms, ¢ thus:

O, = o¢(pb/2c)exp(=2T¥/C), ceven.. feeeeeeaeans 2.6
where ot is a constant related to the variation of the force
with distance in the lattice and ¥ = a/2 ("a" being the
lattice constant) is the width of the dislocation. e« can
vary between 0.5 to 1. Thus, a variationof , u or "a"

could lead to a variation of J,. Changes inec¢ ‘"3 have been
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reported on alloyvying. The lowering of G, due to changes in

"a"*  or reduction of u“t" (relative to the matrix
value) have also been reported.

It has been argued that on the application of an
external stress, the motion of a screw dislocation is
determined by two components'®” of the Peierls stress:
the first component gives rimse to a small translation that
would be maintained, even after the removal of the applied
stress. This stress and its nature depend very much on the
width of the core of the screw dislocation. The second
stress component leads to free dislocation motion and seems
to Dbe relatively insensitive to the width of the core of
the dislocation. Hence, changes of the core structure of
the screw dislocations could change the Peierls stress'®,

These atomistic conclusions were derived from the
interpolation of the interatomic potential with the elastic
constants. On this basis, Pink and Arsenault‘*” argue that
the part of the potential that may determine the Peierls
stress could be completely unrelated to the part of the
potential which determines the elastic constants.

It has also been suggested that the Peierls

stress of a material could be correlated with the
electronic configuration of the alloying solute atom. Thus,
transition metals with unfilled and non spherical d orbits
bring about covalent bonding which can give rise to large
Peierls stresses; however, filling the d orbit with elect-

rons is considered to decrease the stresses.
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2.2.7.2 _Solute Atoms and Double-Kink Formation

Solute atoms can form dilute random or
concentrated solid solutions. In the former, a given
segment of dislocation line is affected only by a single

solute atom, Dbut in the concentrated solution, the given

segment is affected by many solute atoms'*”,

The self energy of screw dislocations is lower
than that of the edge or mixed dislocations*, As such,
the lattice resistance to the motion of mscrew dislocations
is much higher in the b.c.c.lattice. A double kink is the
lowest energy mechanism through which the dislocation can
overcome such a large resistance. The alternative mechanism
is dependent on the constriction of the extended core of

the screw dislocation. Essentially, constriction requires

about the same energy value as kink formation'”,

The solute atoms affect the nucleation of these
double Kkinks through the type of interaction existing
between the solute atom and the dislocations. The
interactions could be penetrable (surmountable by thermal
fluctuations) or impenetrable (can not be overcome by Jjust
thermal fluctuations) obstacles®*,

An increase in the number of impenetrable
barriers leads to 1increased athermal internal stress.
Tuominen and Koss'” observed that this increase in
athermal stress ultimately leads to a decrease in "the
thermal stress- a situation which would equate to a "pseudo-
softening". Arsenault'® demonstrated that for a given

distance between barriers, a finite stress is required to
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form a double kink. This stress is reduced as the distance
between the barriers is increased,

For the penetrable barriers, Urkami and Fine‘™®
have suggested that a spherical defect could exert a torque
on a screw dislocation and form a kink .

The cases above assume that the solid solution is
dilute. If the solid solution is concentrated, the strain
fields of the solid atoms overlap at concentrations above
0.1 at%'*”, This overlapping makes the study of double--

kink formation more complicated!s”

‘.3 Miscellany of Alloy "Softening"
2.3.1 Jemperature Range of Occurance of Alloy “Softening"

Jolley'®" observed a merging of the vield

©f a pure iron with that of a 3.3% Ni 4iron (the

stress

latter was '""softened" appreciadbly relative to the former)

at about 77 K. This tends to the suggestion that the

"softening" vanished below 77 K, but Jolley explained the

merging on the basis that the pure iron (which was coarser
in grain size) showed a higher incidence of twinning, thus
reducing the yield stress of the pure iron.

Pink and Arsenault‘®” advanced some arguments to

invalidate any such suggestion that below a critical

temperature,alloy '"softening' ceases. The arguments are:
once solute associations have been formed at some time
during the preparation of the alloy, with the scavenging

model, it is highly imprébable for a drastic change from
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this state below say,77 K. The second argument considers
that the low—-temperature effective stremsses of impure

metals (that show alloy '"softening') never return to the

original wvalues of the impurity-~free condition of the same

metals.

2.3.2 Microscopic Aspects of Alloy '"Softening"
Hildebrandt and Dickenshield‘''®®,in their study
of the Fe-Ni system, found that alloying increases ¢the
number of slip planes. It has also been found that alloying
increases the tendency for alloys to form wavy slip lines
(during deformation) in a wider range of temperatures, in
comparison with pure metals!' -9, Wavy slip lines in
alloys after low temperature tests are saide1*® to be -

a consequence of cross-slip. Cromss-slipping results in dis-

location tangles and cells; thus, wavy slip lines, observed
optically, were associated with dislocation tangles and

cells observed in the ¢transmission electron " micros-

cope‘i®®, Pure metals, which after low temperature defor-

mations revealed planar slip lines under the optical micro-
scope, showed!'°? a dislocation structure of relatively
shorter segments and reduced density under the transmission
electron microscope. Michalak''®® has suggested that a

reduced dislocation density and short segments are conse-

quences of dislocation cutting, which arises during very

low temperature tests or vefy high dislocation velocities.
These short msegments are less effective in the thermal

activation processes. Jolley' ! observed long dislocation
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segments (without cells and tangles) of a relatively higher
density 1in a '"softened” 3.3% N1 steel; the associated
optical microstructure was of wavy slip lines. He arguéd
that the absence<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>