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The influence of the sulphur and nitrogen content on the static
recrystallisation behaviour of cold worked low carbon Al-killed
strip steels was investigated. This was in response to the
observation made by some users of these steels that the
recrystallisation process after cold work was "“sluggish” in some
steels and, therefore, this was affecting their productivity as the
continuous annealing lines had to be run slower and the batch
annealing cycles required a higher annealing temperature and

thus more energy input.

Two groups of Al-killed low carbon strip steels, one with low (<10
ppm) and the other with medium to high (> 70 ppm) sulphur
content were studied. It was found that sulphur had an indirect
but significant effect on the recrystallisation behaviour after cold

work of these steels. In the high sulphur content steels, the
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sulphur precipitated as manganese sulphide (MnS) and copper
sulphide (CuS/Cu,S) coarse particles. These sulphide particles,
particularly MnS, were the favoured nucleation sites for
aluminium nitride (AIN) and the heterogeneous nucleation
encouraged the precipitation of AIN during coiling after hot rolling.
The result was that the AIN in medium to high sulphur content
steels was generally associated with coarse sulphides and,
therefore, the mean particle size of the AIN/MnS particles in the
as-coiled steel prior to cold working and annealing, was generally
much coarser than in the steels with low sulphur content. In
these low sulphur content steels, the AIN nucleated
homogeneously in the matrix or heterogeneously on grain
boundaries or dislocations during coiling. Consequently the mean
particle size of AIN in these low sulphur content steels was
significantly finer, often less than 30 nm in diameter and,
therefore, these particles were more effective in retarding the
recrystallisation process through Zener-pinning of dislocations

and moving recrystallisation fronts.

The effect of lower sulphur content was exacerbated by lower
coiling temperatures (~600 °C) i.e. the recrystallisation start time
increased with a decrease in coiling temperature as the AIN
particles remained small due to a low coarsening rate. On the
contrary, no significant sensitivity to coiling temperature was
observed in the time for the start of recrystallisation after cold
work in medium to high sulphur steels within the coiling
temperature range 600 to 650 °C. The conclusion was that

sulphur, in the presence of manganese, does not hinder
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recrystallisation after cold work in Al-killed steels but promotes
heterogeneous nucleation and growth of AIN on the coarser MnS.
The effect is that the effective mean particle size of the AIN
becomes much larger as it is not isolated homogeneously as in
low sulphur steels but is tied to the sulphides. The sulphur (ppm)
dependent empirical expressions for the recrystallisation start
times tso at isothermal annealing temperature of 610 °C for
steels coiled at temperatures of 600 and 650 °C were found to
be:

tso, = 33.78exp(-0.0345S) for 600 °C and

tso, = 0.99exp(-0.008S) for 650 °C.

Recrystallisation arrest was observed during the annealing
process after cold work of as-quenched specimens. The apparent
activation energy of the process that led to the recrystallisation
arrest, being 230 kJ mol™}, is of the order of the activation energy
for the diffusion of aluminium in ferrite, i.e. 196.5 kJ mol™. Since
the precipitation process of AIN is controlled by the slower
diffusion of aluminium, this was an indication of the
nucleation/clustering of fine particles of AIN, which consequently
halted the recrystallisation process through effective Zener drag.
This Zener-pinning effect was used to estimate indirectly the
precipitation start and finish times for the AIN during the

isothermal annealing after cold work of these steels.
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The solubility of AIN in austenite has mostly been studied by
others using the Beeghly selective dissolution technique which
has often been criticised for its limitations in its lack of sensitivity
to the presence of very fine AIN particles, i.e. < 10 nm, and its
failure to separate the AIN from other nitrides. In this study the
thermoelectric power technique [TEP] was used to study the
solubility of AIN in austenite in commercial low carbon Al-killed
steels; one group with a medium to higher sulphur content and
the other with a lower one. The equilibrium solubility equation

thus obtained was determined as:

9710

Log[%Al][%N] = 2.6-T
where the aluminium and the nitrogen contents are in weight
percentages and T is the absolute solution temperature in

Kelvin.

It was found that the AIN solubility equation derived here
predicted slightly higher solubility temperatures for the AIN if
compared to those derived from the Beeghly method. It was also
confirmed that the equilibrium solubility of AIN was not sensitive
to the sulphur content (unlike the precipitation behaviour), which
is in agreement with the results from others obtained through the

Beeghly technique.
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boundaries growing into the deformed matrix by Strain Induced
Boundary Migration (SIBM): (a) and (c) new recrystallised grains
are formed in steels LS2-65 and HS140-104 while in (b) and (d)
the grains are growing into the deformed matrix as indicated by

the arrows in steels LS2-65 and HS140-104 respectively.

Figure 12.23: Steel HS140-104, showing a new grain that
nucleated on a deformation band and is growing in the direction of

the arrows parallel to the deformation bands.

Figure 12.24: Nucleation of new recrystallised grains within
extensively cold deformed regions around pearlite colonies and
FesC particles. (a) steel LS2-65, (b) and (c) steel HS140-104 .

Figure 12.25: Particle pinning of recrystallisation (SRX) in steel
LS2-65: (a) a wavy recrystallisation front, (b) particle pinning of
the SRX front by two AIN particles which were about 100 nm
apart, (c) dislocation pinning in and around the SRX front and (d)

dislocations pinned by AIN particles just behind the SRX front.

Figure 12.26: Recrystallisation front that is growing into the
deformed matrix without encountering particle pinning in higher
sulphur steels HS140-104.
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Figure 12.27: Absolute TEP measurements for the as-coiled
condition of steels (a) LS2-65 and (b) HS140-104 where TEP1 and
TEP2 are as defined in table 11.2 above.

Figure 12.28: TEM replica micrographs and EDS spectrum for the
higher sulphur content (140 ppm) steel HS140-104 in the as-
coiled condition, coiled at 600 °C. (a) AIN particles observed at
low magnification, (b) about 150 nm particle in micrograph (a)
now observed at higher magnification, (c) EDS spectrum of the

particle in micrograph (b).

Figure 12.29: TEM replica micrographs and EDS spectrum for the
medium sulphur content (70 ppm) steel LS70-38 in the as-coiled
condition, coiled at 600 °C. (a) AIN particles observed at low
magnification, (b) about 80 nm particle in micrograph (a) now
observed at higher magnification, (c) EDS spectrum of the particle

in micrograph (b).

Figure 12.30: TEM thin foil micrograph and EDS spectrum for the
low sulphur content steel LS2-65 in the as-coiled condition, coiled
at 600 °C. (a) micrograph showing a typical AIN particle, (b) the

EDS spectrum for the particle in (a).

Figure 12.31: TEM thin foil micrograph and EDS spectrum of the
AIN particles that were observed in the former for the low sulphur
content steel LS2-65 in the as-coiled condition, coiled at 650 °C

for 1 hour.
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Figure 12.32: The recrystallisation start time ts¢, and the AIN
mean particle size as measured from thin foils, are plotted as a
function of the sulphur content in steels HS140-104, LS70-38 and
LS2-65. The cross hatched area represents possible particles that
were “missed” due to a lower limit of detection of about 20 nm by
thin foil TEM.

Figure 12.33: Crystallographic orientation relationship between
AIN and MnS: (a) an AIN particle that nucleated on MnS (b)

diffraction pattern of AIN on [2110] zone axis, (c) diffraction

pattern of MnS on [110] zone axis, (d) diffraction patterns of
both AIN (in open symbols) and MnS (in solid symbols) (e)

schematic diagram of the diffraction pattern in (d) with

(111),,4//(0001), + [110]y,6//[2110] -

Figure 13.1: Comparison of the TEP equilibrium solubility model
from this work with the models from other workers; details for the

other curves are given in the appendix.

Figure 13.2: The time dependent particle volume fraction V,, the
inverse of the particle radius 1/r, and the Zener drag force P, =
(37/4)(V./r) modelled for steel HS140-104 at 610°C after solution
treatment at 1300°C, quenching into water and 70 percent cold

work.

Figure 13.3: Estimated temperature and time dependent Zener
drag force P, = (3y/4)(V./r) for as-quenched steel HS140-104 at
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times t (in parenthesis) when the recrystallisation resumes after

the arrest.

Figure 13.4: Schematic presentation of the apparent incubation
time due to the initial slow movement of the recrystallisation
fronts in steels HS140-104 and LS2-65 which were coiled at 600

°C and isothermally annealed at 610 °C, where L = Lmin.

Figure 13.5: (a) Modelled driving force AGv, (b) activation
energy AG* and (c) the critical radius r* for the homogeneous
nucleation of AIN, CuS and MnS in austenite and ferrite. Solid

symbols are for austenite and open ones for ferrite.
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Chapter 1 Background

1.1 Introduction

SAE 1006 is a typical low carbon-manganese strip steel and is
widely used in the automotive and other industries. In South
Africa, Mittal Steel (SA), previously known as ISCOR, produces
this steel at both its Vanderbijlpark (VDB) as well as at its
Saldanha Steel (SS) plants. The former is a conventional strip
producing plant using the Cold Charge Route (CCR) in which the
slab from the continuous caster is allowed to cool to below the A4
temperature before reheating for hot rolling. The Saldanha Steel
plant, however, uses the Hot Charge Route (HCR) in a Compact
Strip Plant where the continuously cast slab in the austenitic
phase, enters the roller hearth reheating furnace (RHF) directly
before hot rolling. The Compact Strip Production (CSP) plant has
fewer rolling passes than the conventional plant at VDB with a
slab thickness of 75 or 90 mm as opposed to 240 mm of the VDB
plant.

After start up of the Saldanha Steel plant in 1998 it was soon
found that the mechanical properties as well as the ease of
recrystallisation after cold work, was different in nominally
equivalent products produced at the respective two plants with the
hot rolled strip produced at Saldanha Steel about 50 MPa higher in
yield strength and decidedly more “sluggish” in recrystallisation
after cold work than its counterpart produced at VDB. Apart from
the difference in hot strip production processes, there was a
difference in the chemical composition in the steels from these
two plants, particularly with regards to sulphur content at the
time. Both plants add calcium in their steelmaking process.

However, at the time when this project was initiated, Saldanha
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Steel used to add calcium to its liquid steel (calcium ladle
treatment) and this resulted in relatively low sulphur content in
these steels, i.e. typically less than 10 ppm. The discontinuation of
the calcium ladle treatment later resulted in a slight increase in
the sulphur content to more than 20 ppm. However this is still
lower if compared to the equivalent VDB steel where the sulphur

content is usually higher, even up to 100 ppm or more.

The nitrogen content in the steels from the two plants was not
significantly different and ranged from 30 to 100 ppm with the
latter high values resulting from Electric Arc Furnace melting.
Unlike the sulphur content, both plants produced their hot rolled
strip within the same carbon and manganese content range as

these constituents were not process related.

The primary motivation for this study was the observation that
was encountered by the users of these SAE 1006 Al-killed low
carbon steels, i.e. the difference in the recrystallisation behaviour
after cold work of the steels from the two respective plants, with
the steel from Saldanha Steel exhibiting delayed recrystallisation
after cold rolling. For customers to accommodate this problem,
the continuous annealing (CA) lines had to be run slower (thus
reducing productivity) and the batch annealing (BA) cycles
required a higher annealing temperature (thus more energy

input).

1.2 Previous work

Initial experimental work® that involved simulation of different

coiling temperatures, the determination of hardnesses and
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examination of carbide morphology, led to the preliminary
conclusions that the delay in the recrystallisation of SS material
was not a result of one single, obvious mechanism. It was
suggested that the solute carbon and nitrogen might have
contributed to the observed difference in the recrystallisation
behaviour. However, the results were not conclusive in this regard
as evidenced by the fact that even with lower “solute” nitrogen
content, the SS material still exhibited sluggish recrystallisation
behaviour. This led to the suggestion that a more comprehensive
study on the influence of sulphur on the static recrystallisation of
these steels after cold work should be pursued. The only tangible
conclusion from this early study was that SS material that had
been coiled experimentally at higher temperatures of 710°C and
even above, now recrystallised rapidly, and this was considered as
evidence of the role played by the precipitation of AIN prior to cold
work and annealing of these steels. However, coiling at higher
temperatures could not be implemented in practice due to the

difficulty in the removal of scale from the coiled strip.

The results from hot rolling studies also indicated that the
difference in the process routes, CCR versus HCR, would unlikely
have a significant influence on the final austenite grain size of the
hot strip at the finishing mill head (FMH)®™*, Despite SS material
having a finer ferrite grain size, there was no significant difference
in the work hardening behaviour of these two steels!Y), Hence, for
the same amount of cold deformation, the amount of stored
energy for recrystallisation would be almost the same for the two
steels. Therefore, the emphasis of this study was placed on

understanding the role played by chemical composition differences




&

&
ﬂ UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
Qo VYUNIBESITHI YA PRETORIA

Chapter 1 Background

rather than effects arising from differences in the respective

process routes.

No comprehensive study to elucidate the factors that influence the
kinetics of the recrystallisation behaviour of these two steels that
were of nominally very similar chemical composition, with the
exception of sulphur, had been done before. Therefore, the
intention of this research project was to understand the cause of
the difference in the recrystallisation behaviour of these steels and
to suggest a remedy for the problem. Two groups of low carbon
strip steels; one from Saldanha Steel with low to medium sulphur
content, designated LS onwards, and the other from
Vanderbijlpark with medium to high sulphur content, designated

HS onwards, were obtained for this study.
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Chapter 2  An overview of the processing of low
carbon steel plate and hot strip

2.1 Introduction

Low carbon strip steels are steels with invariably low carbon,
mostly below 0.1%, and with less than 1% total alloying
additions. These steels are produced in sheet and strip form and
they form a large share of the low carbon flat products steel
market. Table 2.1 shows the typical chemical composition of these

steels.

Table 2.1: Typical chemical composition of hot rolled low carbon steel
sheet and strip®.

Element

[wt%] Cc Mn S P
Composition
range 0.05-0.1 0.25 -0.5 0.04 max 0.035 max

The manganese is added for solid solution strengthening and
prevention of hot shortness through the precipitation of MnS
instead of FeS formation. The production process of these low
carbon steel flat-rolled products is summarised in a simplified flow

chart in figure 2.1.

Low carbon steels have a wide range of yield strengths from 250
to 500 MPa. The different combinations of yield strength and
ductility are achieved through a combination of adding alloying
elements and thermomechanical processing. The latter involves

reheating of the semi-finished products (slabs and ingots), the hot
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rolling that finishes at a specific finishing temperature, controlled

accelerated cooling on the run-out table that promotes the

nucleation of a fine ferrite grain size from austenite and coiling at

a specific temperature to achieve the desired mechanical

properties.
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Figure 2.1: The simplified flow-chart for the production of low carbon

strip steel®,
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The low carbon content is essential for cold-formability
requirements, as is also the low residual alloy content. In general,

these low carbon strip steels can be divided into two categories”:

(i) Steels in which formability is of primary importance and
strength is of lesser consequence. These steels are
commonly used in car body pressings and similar

applications.

(i) Steels in which a higher strength is required and with a
lesser cold-forming capability, such as the high-strength
tin-plate steels where weight can be reduced by using

thinner gauges.

2.2 Hot rolling of low carbon strip steel

There are mainly two types of hot strip mills namely, the Compact
Strip Production (CSP) plants which usually employ the hot charge
route (HCR) and the conventional strip production plants that use
the cold charge route (CCR), see figure 2.2. The former are
considered to be a more efficient way of producing steel vis-a-vis
its design and the heat input. In the HCR process, after
continuous casting, the slab is directly transferred to the reheat
furnace for temperature equalization and while still in the
austenite phase, is hot rolled. This is in contrast with the older
conventional CCR processes where the continuous cast slab is
allowed to cool from the austenite phase to room temperature to
within the ferrite region and thereafter is reheated to the

austenite phase and then hot rolled.
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Figure 2.2: Hot strip rolling processes (a) the CSP and (b) the CCR.

Generally, most modern CSP plants are usually designed
compactly with less hot rolling stages and they mostly start from
thinner (typically 95 or 75 mm) continuously cast slabs compared
to the conventional CCR where the slab thickness may typically be
as large as 240 mm. The hot rolling process in a CSP is mostly
characterised by higher pass strains, lower strain rates and longer
interpass times. The longer interpass times and lower strain rates
encourage dynamic and static recrystallisation during hot rolling.

However this is off-set by the effect of the coarser as-cast starting
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austenite grain size on recrystallisation and recovery during hot
rolling. The starting austenite grain size in a CCR plant is generally
smaller because of the prior austenite to ferrite phase change in
the cast slab. However, these differences are smoothed out in the
rolling process although some authors have observed finer final
austenite grain sizes in CSP products that were attributed to the

high pass strains in the last passes of the finishing mill®™,

Immediately after exiting the finishing mill, at temperatures
mostly slightly above A3, the hot strip is sprayed with water on
the run-out table in what is called accelerated cooling. The aim is
to increase the driving force for the nucleation of ferrite from
austenite. The resulting finer ferrite grain size improves both the

yield strength and the toughness of these steels.

The hot strip is only cooled down to the coiling temperature which,
for low carbon Al-killed strip steels, usually ranges between 580
and 650 °C. The coiling process is also an important stage in the
production of these steels. The general practice is to ensure that
the coiling temperature is not so high that excessive scaling or

grain growth occurs nor too low that the steel is too stiff and

“springy”.

In aluminium treated steels, the coiling temperature and the
cooling rate of the coil must be such that the AIN does not
precipitate at this stage, because it is required to precipitate later
during annealing after cold work in order to control the texture

and subsequent cold formability of the strip. The precipitation of
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AIN during annealing after cold work promotes the nucleation of a
preferred crystallographic texture ({111} texture in the plane of
the sheet) that is necessary for deep drawing. The precipitation of
AIN in these steels, therefore, performs a vital function and has

been studied and reviewed extensively®11),

Aluminium is not only added to these low carbon steels for texture
control alone but for other reasons which include deoxidation of
the liquid steel, prevention of strain aging by nitrogen and also for
grain refinement. In general, the aluminium content is kept within
the range 0.02 to 0.05%Al.

-10 -
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3.1 Nucleation in solid solutions

The fundamental reason why a phase transformation takes place
in a system is that the initial state is thermodynamically unstable
relative to the final state i.e. the phase transformation allows the
system to move to a lower free energy state. For phase
transformations that take place at constant pressure and
temperature the relative stability of the system is determined by

its Gibbs free energy G where:

G=H-TS (3.1)
where H is the enthalpy, T is the absolute temperature and S

is the entropy of the system.

The free energy change AG between the initial and final state
determines whether the reaction will proceed or not i.e. for the
system to lower its free energy status, AG must be negative or
alternatively dAG/dr must be negative for a still growing embryo.

Therefore a necessary criterion for any phase transformation is:

AG=G,-G <0 (3.2)

where G; and G, are the free energies of the initial and final

states respectively i.e.:

For a homogeneous nucleation and where the strain energy
between the second phase and the host matrix is negligible, the

free energy change AG can be presented mathematically by the

-11 -
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chemical driving force (%(mﬁAGv)) and the retarding force

(4zr’y,), see figure 3.1. i.e.:

AG:—(%(ﬂr3AGv))+4ﬂ'r2}/S (3.3)

where r is the particle radius, vs is the interfacial energy and for

an ideal solid solution, the chemical driving force AG, is given by:

AG,=RTInK, (3.4)

where K is the solubility product.

Surface energy,

A4nry

& Total free energy
= AG
-
W AG*
o
o

Unstable Stable

embryos nuclei \

O

r*

Radius, 1 —

Free Energy AG

Negative

Yolume free
energy

413(7"3 AGy)

Figure 3.1: Free energy of formation of a stable nucleus where the

retarding strain energy is very small
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The activation energy AG* and the critical embryo size r* are

given by equations 3.5 and 3.6:

r*:—_AzGK (3.5)
G*=M (3.6)
3(AG )’

Any embryo that may form by statistical fluctuations in the matrix
will grow only if the radius exceeds the critical size r*. If it is
smaller than r* it can lower its free energy by re-dissolving into

the matrix, figure 3.1.

At equilibrium the chemical driving force AG, is given by:

A\ _AH(T-T) _AH-AT
” T T

e e

(3.7)

A higher undercooling provides a greater chemical driving force for
the phase change i.e. below the equilibrium temperature T. the
chemical driving force AG, is negative and increases with
undercooling. The values of the surface energy vs in equations
3.5 and 3.6 are generally assumed to be independent of

temperature. Therefore, substituting for AG,:

r*:%:—z%( TLAT) (3.8)
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(3.9)

G 167V, _16;;7{( T j
3(AG,)’ 3 \AHAT

The temperature dependence of r* and AG* may, therefore, be
assessed in terms of the temperature dependence of the chemical

driving force AG, i.e.:

¥ o 1 AGH* o 1
AT’

(3.10)

b

From equation 3.10, it may be seen that a higher undercooling
results in smaller critical embryos and a smaller activation energy
is required for the nucleation of those embryos. As a result, the
nucleation rate would be higher and would generally lead to finer

particles.

Precipitation of a particle from solid solution may cause some
lattice strain because of differences in lattice spacing between the
matrix and the particle or because of differences in densities

between the two. Hence equation 3.3 then becomes:

AG:%ﬂr3(AGv+AGE)+47[r2% (3.11)

where AG; is the strain energy around the second phase and is a

further retarding force.

-14 -
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The subject of strain energy AG: around a precipitate has been
given attention by many authors(!2*®, The structural misfit § due
to differences in lattice spacing between the precipitate and the

matrix is given by:

5: (appf _am)

a

m

Misfit (3.12)
where appt and am are the lattice parameters for the precipitate

and matrix respectively.

The magnitude of the strain is determined by a number of factors.
The important ones are the disregistry, the elastic characteristics
of the two phases, the nature of the strain and the shape of the
particles. For a spherical particle with radius (1+08)r,, the strain

energy around a coherent particle is given by1219;

2
G 6G VS

e—coh — { 4Gm }
1+
3K

where G, is the shear modulus, K is the bulk modulus and V

(3.13)

is the volume of the particle V = (4/3)xr?

and for incoherent particles*®:

AG,,  =6G, V& f(ﬁ) (3.14)

a

- 15 -
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where f(c/a) depends on the shape of the particle through the

dimensions a and c of a spheroid.

Since the strain energy AG. is positive (for both positive and
negative o6 misfit values) and the chemical driving force AG, is
negative, the result is that lattice strain increases both the
activation energy AG* and the critical r* for the nucleation of
the new phase, see equations 3.8, 3.9 and 3.11. The overall effect
is that the nucleation rate N of the new phase may be
significantly reduced or completely halted. Some authors(161®
have modeled the effect of the strain energy AG:. on the
homogeneous nucleation parameters (critical radius r*, activation
energy AG* and nucleation rate N) in a Cu-1at% Co alloy with a

lattice misfit of 1.7% and their results are shown in figure 3.2.

without strain energy
_____ with strain energy

AT
T T

n
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T
N
T

3
T
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T
Log nucleation rate (No/cubic cm/sec)

Figure 3.2: The effect of strain energy on the calculated nucleation
parameters for the homogeneous nucleation of spherical Co
precipitates in a Cu - 1at%Co alloy with a misfit of 1.7% between the
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two phases. (a) The critical radius r* for nucleation normalised to the
atomic radius a, (b) The activation energy AG* normalised to the
temperature parameter kT. and (c) the nucleation rate N. In all
three cases these are shown as a function of the undercooled
temperature T/Te where Te is the equilibrium solubility

temperature!®,

The system may lower the strain energy around the particle by a
number of ways, /inter alia the formation of misfit dislocations,
formation of ledges and kinks in the interface and eventually

complete loss of coherence.

3.2 Heterogeneous nucleation in solid solutions

The nucleation of a second phase in solid solutions is a subject
that has been given attention by many authors(!¢2®), Nucleation of
a second phase can either occur homogeneously or
heterogeneously. Homogeneous nucleation occurs when embryos
form as stable nuclei randomly in the matrix while heterogeneous
nucleation occurs where embryos grow into stable nuclei on
preferred sites such as dislocations, vacancies, grain boundaries,
stacking faults, other precipitates and inclusions. These preferred
nucleation sites lower the nucleation barriers by, generally,
lowering the surface and strain retarding energies during
nucleation of the second phase and, therefore, a smaller
activation energy for nucleation would be required for

heterogeneous nucleation than for homogeneous nucleation

(AG*hom >AG*he,). Figure 3.3 is an illustration of the surface energy
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balance for heterogeneous nucleation of a particle o on another

particle B with both of them in the matrix M.

When nucleation takes place on an existing particle instead of
nucleating homogeneously in the matrix, a certain surface area of
the particle Ag is removed from the system. This provides an
additional driving force for nucleation and, therefore, is a negative
term in the basic energy equation for nucleation as illustrated
through the surface energy balance in figure 3.3. Therefore, the

free energy with heterogeneous nucleation on any surface is given

by:

AG,, =V (AG,~AG,)+AYy0+ Ay (Vop = Yuip) (3.15)

where A, and Ag are the interface areas between the matrix and

the particle o and the two particles respectively.

Mp 0 « Yas

Figure 3.3: Heterogeneous nucleation of a particle o on another
particle B in matrix M, where 0 is the contact angle of the embryo «
with the particle B, 7Ys, YMo and 7yws are the surface energies on
the particle o - particle B, particle a - matrix M and particle g - matrix M

interfaces respectively.
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Equation 3.15 indicates that the system will preferentially select
those high energy sites first where it will gain the most energy
through the additional driving force Agywg for the nucleation of the

second phase.

3.3 The nucleation rate of second phase

According to the classical theory of nucleation, the general time-
dependent equation for the rate of homogeneous isothermal

nucleation N is given by(?7:2%);

N A N Zﬁexp(—ﬁ)exp(zj (3.16)
dt ’ kT t
where N, is the number of potential nucleation sites per unit
volume, Z is the Zeldovich factor that accounts for the departure
of the steady state from the equilibrium concentration of the
critical nuclei, B is the frequency factor and is given by the
number of atoms that reach the embryo per unit of time and is a
function of the diffusion constant (D = Dyexp{-Q/kT}), t is the
incubation time, k is the Boltzmann constant and N, is the

number of potential nucleation sites.

What equation 3.16 means is that if the incubation period t is
relatively large compared with the transformation time t, the
transient nucleation will occupy a significant fraction of the whole
isothermal transformation time. The ratio t/t increases towards

unity as the activation energy AG* increases so that transient
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effects are significant when nucleation is difficult. In the case of
recrystallisation by the strain induced boundary migration
mechanism, however, where pre-existing embryos (pre-existing
recrystallisation interfaces) are involved, an “apparent” incubation
time is believed to rather represent a time of slow growth or
development of the pre-existing embryos to reach a critical size

where more rapid growth is made thermodynamically possible.

If t>> 1, equation 3.16 reduces to:

- dN AG
N=""2— N ZBexp| -2 3.17
” Zp p( kT) (3.17)

The nucleation rate N, which is the first derivative of the number
of nuclei per unit volume versus time, is mostly not constant but
decreases with the decrease in the driving force for nucleation
from supersaturation as time progresses. In mathematical
modelling, it is either assumed that all the nuclei form at a very
early stage of transformation (i.e. site saturation) or are activated
uniformly in time in the untransformed matrix (constant

nucleation rate, N).

3.4 Growth of precipitates from supersaturation

Once nucleation is practically complete (i.e. N = 0), the particles
continue to grow from the still supersaturated matrix at a rate
controlled by the diffusion rate of the diffusing elements involved.

This process is governed kinetically by the expression®®:
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r’—r?=2DAC(t-1,) (3.18)

where r. and t. are the particle radius and time when nucleation
has ceased and all nuclei grow further only through diffusion of
solute to the particle from the still supersaturated matrix, AC is
the supersaturated concentration difference of solute between the
particle surface and the surrounding matrix and D is the diffusion

coefficient of the solute in the matrix.

3.5 Coarsening of precipitates

When growth of precipitates from supersaturation has ceased and
the matrix has attained a quasi-equilibrium state, the system
continues to lower its free energy through coarsening whereby the
larger precipitates grow at the expense of the smaller ones. Unlike
normal growth from supersaturation where the driving force is
derived from the decrease in the chemical free energy AG,, the

driving force for coarsening is the decrease in the total surface
energy 7YsLA of the system as the smaller particles dissolve and

the material is added to the larger ones. This process is modelled
by the Lifshitz-Slyosov-Wagner [LSW] equation%31);

-3 — 8y DCV *
() = TG

; (3.19)
where 1, is the mean particle size attime t =0 and r is the

mean particle size after time t, Ce is the equilibrium

concentration of solute in the matrix, D is the diffusion
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coefficient of the rate controlling diffusing species and V. is the

molar volume of the precipitate.

The rate at which the coarsening process takes place is practically
always controlled in solid systems by the diffusion of the solute
from the dissolving to the growing particles with the alternative
interface control mechanism confined to only some liquid systems

and a few very special solid systems.

3.6 Dissolution of precipitates above the solvus

temperature

During dissolution of a precipitate there is no nucleation or
dissolution barrier as in the case of precipitation. The precipitates
have a finite non-zero initial radius R, and decrease in size by
mass transfer of the solute into the matrix behind the receding
interface. Consequently, the resulting solute concentration profile

is different from that obtained during growth, figure 3.4.

As is the case with coarsening, the particle dissolution process is
mostly controlled by the diffusion of the detached solute into the

matrix and in an infinite matrix, the dissolution velocity of the

spherical precipitate is given by(3233);

dR D D
—=k| —+,|— (3.20)
dt R 7Tt
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Figure 3.4: (a) The solute concentration profiles around a dissolving
precipitate which was initially in equilibrium with the solute depleted
matrix and its corresponding binary phase diagram, (b) schematic
comparison of the solute concentration profiles for precipitate growth

and dissolution as a function of time®®,

Lo 2C=Cy)
(CP - C[)
and where, as illustrated in figure 3.4, C, is the composition of

the precipitate and is considered constant with particle radius r

where (3.21)

and time t, C; is the precipitate-matrix interface concentration,
Cm is the equilibrium concentration in the matrix and D is the

diffusion coefficient of the solute in the matrix.
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The interface concentration, C;, varies with the interface
curvature and is governed by the Gibbs-Thompson equation which

was modified by Hillert et al®?:

Vv
Ciip) =C () EXP RIS (3.22)
RTCpr
where v, is the specific interfacial energy on the precipitate-matrix
interface, V, is the molar volume of the precipitate and C; is the

mole fraction of the solute in the precipitate.

Equation 3.20 is solved for R subject to the following boundary

conditions®3*3*: Cryy = Ci 0 <t<oo and Cg t=0) = Cu r = R,

Aaron et al®® pointed out that since most alloys have a small
supersaturation parameter, typically |k|=0.1, i.e. (C, = Cw) >> (C
- Cwm), it is the concentration inequality (C, — Cm) rather than the

interface reaction that controls the dissolution kinetics of

precipitates in solid systems.
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4.1 Introduction

AIN is a compound with a hexagonal close packed [wurtzite hcp]
crystallographic structure and has a density of 3.262 g.cm™ G,
Its lattice parameters a and ¢ are 0.311 and 0.4975 nm
respectively®®) while the ratio c/a = 1.599. Probably due to a
high nucleation barrier of the AIN-hcp lattice phase, it has been
reported that AIN nucleates first with a metastable coherent fcc
crystallographic structure that transforms later to the stable
incoherent hcp crystallographic structure®’3®, wever et al®®
observed that the nitride was of the form Al-X-N where X could
be oxygen, carbon or iron and Kang et al®”) observed that the
nitride was of the form [Al, Cr]N. However the mechanism by
which the nitride Al-X-N transforms to the stable hcp AIN has not
been clearly identified, that is, whether the AIN forms after
dissolution of the intermediate [Al, Cr]N or the latter transforms to
the hcp AIN by local atomic migration, with Cr being rejected into

the matrix.

4.2 The equilibrium solubility of AIN in steel

The solubility of AIN in steel conforms to the normal solubility

product equation given by:

Log[%M][%X]:A—(gj (4.1)
alb ! BI
Log[%M1"[%X]=A —(?) (4.2)
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where [%M] and [%X] represent the acid soluble aluminium (i.e.
excluding Al bound up in alumina inclusions) and nitrogen
contents respectively in wt% , T is the absolute temperature in

K and A and B are constants.

The free energy of solution AH is given by“?:

AH =1.15RA (4.3)

or for equation 4.2:

AH=2.3RA( b j (4.4)
a+b

where R is the universal gas constant, a and b are the valences

for X and M respectively.

The solubility limit equations of AIN in austenite and ferrite have
been obtained by a number of authors and are given in the
appendix. The differences in these equations probably arose from
the different techniques that were used to determine those
solubility equations. For instance Darken et al) used the
equilibrium Sieverts method that is based on the solubility of
gasses in metals and their dependence on the applied pressure,

i.e.

N, =kyp (4.5)
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where Ngas Iis the solubility of the dissolved gas, p is the

pressure and Kk is a constant.

The solubility limit is established by measuring the point of
departure from Sieverts’ law at constant temperature. Sieverts’
method generally gives higher solubility limit values compared to

the Beeghly method (see below).

Most workers*'™® used the Beeghly analysis®® in which the iron
matrix is dissolved in an ester-halogen solution (bromide-methyl
acetate) and the insoluble nitrides are sieved/filtered. The
limitations with this method are firstly, that it does not reliably
distinguish AIN from other nitrides e.g. TiN, CrN and SisNs and
secondly, it is insensitive to finer precipitates (< 10 nm) which
could pass through the filter*®. The latter effect would tend to
lower the predicted solubility limit. As a result a reduced solubility
is then reported when compared to the methods based on the

Sieverts equation.

4.3 The precipitation of AIN in Al-killed low

carbon steels

The chemical driving force for the nucleation of AIN is governed by
the aluminium and nitrogen supersaturation, which is determined
by the steel composition. The chemical driving force AGy and the
activation energy for nucleation AG* are given by equations 3.4
and 3.6 respectively. The rate of isothermal nucleation is given by

equation 3.16.

-27 -



-

UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Chapter 4 The precipitation and dissolution of
AIN in Al-killed low carbon strip steels

The rate of AIN precipitation is mainly controlled by the chemical
driving force for nucleation, the interfacial energy and the mobility
of aluminium atoms in ferrite or austenite. The diffusion of

aluminium and nitrogen in austenite are given as ®*>%:

D, =5.9exp(—%j (cm? sh) (4.6)
D, = 4.88x107° exp(—T—TgoJ (cm? s1) (4.7)

Due to the high diffusivity of nitrogen, it is generally assumed that
no nitrogen concentration gradient will occur during particle
growth and, therefore, the diffusion of aluminium atoms is likely
to be the rate controlling species in the precipitation of AIN.

Therefore, the parameter ZB would be given as®®

Zﬂ:DAl(XAIU _XAleq")(gj (4.8)
a

where D, is the diffusion coefficient of aluminium, X¢, is the
actual concentration in the matrix and X3 is the thermodynamic

equilibrium concentration of solute aluminium, F is the number

of atoms per unit cell (FCC = 4) and a is the lattice parameter.

If nucleation occurs heterogeneously on dislocations, the

parameter N, in equation 3.15 is given by®’:>®;
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N,=0.5p" (4.9)

where p is the dislocation density at the start of precipitation.

Typical TTT diagrams for the precipitation of AIN in austenite and
ferrite are given in figures 4.1 and 4.2. As may be seen in figure
4.1, the onset of the austenite to ferrite phase change has a
significant accelerating effect on the precipitation of AIN due to the
higher diffusivity of aluminium in ferrite and a decreased solubility
of AIN in ferrite. At 800 °C and in ferrite, AIN precipitates almost
without an incubation time at the estimated nose of the TTT

diagram, see figure 4.2 below.

Solution treatment temperature (1280°C)

1200 |-
1100 |-

1000 -

900 -

e
800 T

Temperature, 2C
[+

Extrapolated
line for
precipitation in o

700 =

600

500 L I L
1 10 1000
Time, min

Figure 4.1: The time required for 50% precipitation of AIN, showing the
pronounced effect of the austenite to ferrite phase change in Fe-0.05C-
0.3Mn-0.12AI-0.007N, from Mayrhofer et al**”.
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Figure 4.2: The TTT diagram for AIN precipitation in a low carbon Al-
killed steel hot band(®®

In recent studies®®?°9®% done on commercial Al-killed low carbon
steels, it was observed that the AIN precipitation in austenite took
place at earlier times contrary to what is shown in figure 4.1. The
AIN reportedly precipitated during hot rolling above the As
temperature and nucleated heterogeneously on MnS particles.
Engl et al®®® observed heterogeneous nucleation of AIN on MnS
during coiling of low carbon Al-killed steels within the temperature
range of 600 °C to 800 °C. The AIN nucleated heterogeneously
with ease on the MnS particles as the Ilatter reduced the

nucleation barrier of the former.
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During re-austenitisation of low carbon-manganese Al-killed
steels, freshly precipitated AIN grows according to the

relationship:

log(t) 5167
T

where r is the mean particle radius (um), t is the isothermal

Log (r) =2.593+

(4.10)

holding time (hr) and T is the absolute temperature (K).

In the same steels, the following relationship was found in

ferrite°>:

Log(r,—ro):12.3+0.8510g(t)—# (4.11)

while in 50 percent deformed ferrite the following relationship was

found:

14433
Log(;;—ro):16.4+0.8510g(t)—T (4.12)
where r; is the mean particle radius (nm) at time t (min), r,is
the initial mean particle radius and T is the absolute

temperature (K).
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-

4.4 Crystallographic  orientation relationship

between AIN and the iron matrix

Work has been done on the orientation relationship between the
bcc and fcc iron matrix and the fcc and hcp AIN. Cheng et al®®
observed the following orientation relationship between the fcc
iron matrix and the hcp AIN:

|:O 1iO:|AlN " |:il 2] fee—Fe

(0001),, //(111)

fec—Fe

(2iio)AlN /1(110) .

while Sennour et al®® and Massardier et al®®® observed a Bain
orientation relationship between the cubic (NaCl type) structure

and the bcc iron matrix:

(001) . //(100)

AIN bcc—Fe

[110],//[001]

AIN bcce—Fe

The following orientation was also observed between the hcp AIN

and the ferrite matrix®:
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(0334) /(110)

AIN bcc—Fe

|: 2{iio:|AlN // |: 2§§:|bcc—Fe

The orientation relationship between the hcp AIN and the fcc MnS
was found to be as follows®?):

(0001), . //(111)

MnS

1010| /[121],

AIN

210 | //[110],

AIN

As may be seen, the orientation relationship between the hcp AIN
and the fcc MnS is the same as that between hcp AIN and fcc Fe.
It is also worthwhile mentioning that both electron energy loss
spectroscopy [EELS] and the energy dispersive X-ray [EDX]

micro-analyses revealed the stoichiometric Al and N composition
of the AIN©®),
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4.5 The dissolution of AIN during reheating

As may be seen from the solubility models in the appendix, it is
predicted that the equilibrium solubility of AIN in steels is not
affected by other alloying elements. Mayrhofer et al®”) established
that even in the presence of coarse AIN, equilibrium was attained
within minutes (< 10 min) at temperatures above 1000 °C. This
implies that during austenitisation under industrial processing
conditions, the equilibrium dissolution of AIN is easily attained
regardless of the process route whether it is the cold charge or

hot charge route.
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5.1 Introduction

Sulphur may be present in steel in solute atom or sulphide form.
Sulphides in steel generally comprise one or more of the phases,
FeS, MnS, CuS and CaS. Frequently there can be extensive solid
solution of other elements in the sulphide®Y). However, MnS is the
normal form of sulphide in many steels. MnS (alabandite) has an
fcc crystallographic structure and the lattice parameter is 0.5222

nm (62)

. Depending on the Mn to S ratio of the steel and the
cooling rate, it can contain variable amounts of FeS. Diffusion may
then occur during subsequent reheating to produce “pure” MnS,

which is virtually free from iron.

The morphology of the MnS in as-cast steel depends on the
degree of deoxidation of the melt. In general as the degree of
deoxidation increases the morphology changes from the globular
through dendritic (branched rods) to the angular type(®3®%, MnS is
readily deformed during hot rolling and, therefore, it changes its
morphology to string-type or even plate-like which adversely
affects the mechanical properties of the steel. Therefore,
generally, calcium or rare earths such as cerium are added for

shape control of the sulphides.

5.2 The solubility of MnS in low carbon steels

The equilibrium solubility of MnS in steel conforms to the normal
solubility product of equation 4.1. The equilibrium solubility limit
of MnS in austenite obtained by different workers is given in Table
5.1.
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Table 5.1: The equilibrium solubility limit of MnS in austenite.

Solubility model: Log[%Mn][%S] Ref

9020
2'929_[ T ) Turkdogan et al®®

10.6-(%j
T

Leslie et al®®

502— (@J Parks et al(*®?

5.3 The precipitation kinetics MnS in low carbon

steels

Depending on the cooling rate and the Mn to S ratio in the steel,
the Mn and S can either exist as solute atoms or precipitates in
the steel. The re-precipitation of the sulphides in a low carbon
steel (Fe - 0.11-0.14C - 0.6Mn - 0.25Si - 0.22Cr - 0.025-0.037S)
was studied by Gabarz et al®®” and their TTT diagram is given in

figure 5.1.

No pure MnS precipitates were observed; the EDS analysis
showed that the MnS contained some Cu, probably due to the

higher copper content in the steel. The dissolution temperatures
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for each type of the sulphides were established to be about 1300
°C for MnS, 1100 to 1150 °C for [Mn,Cu]S and 950 °C for CuS and
Cu,S as shown in figure 5.1.

1400
Tsnl-Mﬂs _J.___-_ e
130 - —— — ——— o e e e
1200 F Ty — (MN,Cu)s J‘. .
ks s I B E Ry nrw o, pranEremes == - "R RN N R R R R R
1100 e smsasimsmprrmavpltmmwrsvasipnasbynasnangun= -
o {Mn,Cu)s
& 1000} Tey — CuS/ICuS
E o ————— — —
£ 900}
2 800
E 700
g ’—‘-/—'-'.‘ Cus/Cu-S
Goo
007 O no sulphides
400} B CusSiCu,S
. (Mn,Cu)sS
300
1 10 100 1000
Time (s)

Figure 5.1: The re-precipitation start curves for nano-sulphides in a
laboratory ingot. Note that no “pure” MnS was observed®?,

The MnS particle size and distribution depends on the cooling rate
and the Mn to S ratio, which in turn affect the supersaturation and
the nucleation and growth of the MnS particles. Apart from the Mn
to S ratio, the thermal history plays an important role in the
thermokinetics of the precipitation of the MnS. For instance, in a
previous study on a low carbon high sulphur steel (Fe-0.04C-
0.25Mn-0.2Si-0.005AI-0.0026N- 0.005-0.04S), Frawley et al®®

observed that the particle size and distribution of MnS in the Hot
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Charge Route (HCR) specimens were different from that in the
Cold Charge Route (CCR) specimens, the former being a finer
dispersion of MnS of 5 to 30 nm as a result of the higher
supersaturation, and the latter a combination of finer and larger
ones, 100 to 200 nm in size. The two populations in the CCR
specimens were believed to be a result of the partial dissolution of
the MnS during the reheating process. In previous studies®””%), it
was observed that during hot rolling, MnS generally precipitated
heterogeneously on the grain boundaries and dislocations, more

than inside the grains themselves.

In steels that contain substantial amounts of copper due to higher
scrap steel recycling, the MnS is mostly associated with copper. As
the MnS forms at a higher temperature, Madariaga et al”’? found
that the hcp CuS (covellite), with parameters a = 0.379 nm and
c = 1.633 nm, formed a shell around the MnS. It was suggested
that the lowest misfit orientation of 6% (calculated from the
Bramfitt(’>) equation) existed between the CuS and the ferrite

matrix:

(0001),,  //(111)

bcc—Fe

|2t #[no],

Liu et al”® also observed a [Cu, Fe]S shell around the MnS

particles by EDS analysis. Fine fcc Cu,S particles, (diginite), < 50
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nm with the lattice parameter a = 0.5735 nm, were observed as
well. The cube-cube orientation relationship between this

precipitate and the matrix was observed to be:

bcc—Fe

(001),,  //(001)

[110] ., /7[110]

bcc—Fe
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recrystallisation in metals

6.1 Introduction

When a metal is subjected to plastic deformation by cold work,
most of the energy in the deformation process is converted into
heat and the remainder is stored in the metal. It is this stored
energy that provides the driving force for either recovery or
recrystallisation during the annealing process, i.e. in the deformed
state the material is thermodynamically unstable and upon
increasing the temperature to generally near to or above half of
the melting temperature [0.5Tn], the material lowers its free
energy AG by the reduction in number and rearrangement of the
lattice defects. Detailed reviews of this subject have been done by

different authors over the years!”>7®,

Recovery embraces all of the earliest structural and property
changes that do not involve the sweeping of the deformed
structure by migrating high angle grain boundaries. The deformed
structure thus retains its identity while the density of crystal
defects and their distribution changes. This involves annealing of
point defects, annihilation and rearrangement of dislocations,
formation of sub-grains (polygonisation) and their subsequent

growth that leads to the formation of recrystallisation nuclei.

Recrystallisation takes place by the nucleation and growth of new
grains. The nucleation stage involves the formation of a small
volume of relatively dislocation free material which is at least
partially bound by a high angle grain boundary within the

deformed material. In order to be viable a nucleus, this volume of
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material must be of sufficient size to be able to grow into the
deformed material. In the case of the Strain Induced Boundary
Migration mechanism, what is perceived as an “incubation time”
actually involves the early development of the pre-existing
recrystallisation interfaces (pre-existing high angle grain
boundaries). This early development stage involves the initial
migration of the high angle grain boundaries into the deformed
material to a hemi-spherical size, which is a critical nucleus size
for full recrystallisation to proceed. Further annealing after
recrystallisation causes the grains to grow larger in size through
grain growth. As mentioned earlier, there is no distinct
demarcation between these processes and, therefore, grain
growth, which has no incubation time, may start before the
completion of the recrystallisation process, depending on the

prevailing local conditions in the material.

6.2 Kinetics of recovery
The rate of property change is highest at the start of the

annealing process and gradually decreases as recovery
progresses. At longer times the rate of property change becomes
negligible. The Kkinetics of recovery in metals has been
investigated as a function of time through the release of stored
energy, the decrease in electrical resistance, the change in
magnetic properties and x-ray line broadening’°®?, Unlike
recrystallisation, there is no incubation period for the recovery

process.
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The temperature dependence of the rate of recovery is generally
of the Arrhenius type i.e. for the rate of change of any property
X:

d—X org = Cexp(—g) (6.1)
dt t RT

where C; is some constant representing a fixed percentage of
recrystallisation within the linear portion of the property X versus
time t curve, C is the frequency factor (a combination of the
vibration frequency and the entropy term), Q is the activation
energy in J mol?! for the process, R is the universal gas
constant (8.314 J mol* K!) and T is the absolute temperature in
K.

By taking logs on both sides of equation 6.1, it becomes:

ln(lj =InC, —(gj (6.2)
t RT

where InC; = (InC-InCy)

1
Thus, when the rate 1n(;j is plotted versus %, the slope is -

>

and this gives the activation energy of the process.

There is a tendency for equation 6.2 to deviate from linearity as
recovery progresses and Kuhlmann et al®) assumed that the
instantaneous rate of recovery depends on the extent of recovery

according to the expression:
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dX —mX

X _ ¢ x exp| -1€7X) .

dt RT '
where X is the quantity of the measured property that has
departed from equilibrium at time t, while C; and m are

constants.

The activation energy for recovery then increases linearly with the
increase in recovery. Li et al®® made similar observations that the
activation energy for recovery should be a linear function of the

extent of recovery.

6.3 Recrystallisation Kinetics

The kinetics of recrystallisation can be followed successfully, in
most cases, by applying the MAIJK (Kolmogorov®) Johnson-
Mehl®® and Avrami®”’) equation also known as the Avrami
equation. This equation is based on a sigmoidal relationship
between the recrystallised volume fraction X and the isothermal

annealing time t that is found often.

The problem of relating the volume fraction recrystallised X to
the annealing time t is complicated by the situation that as
recrystallisation proceeds, the volume of unrecrystallised material
into which the new nuclei can form keeps on diminishing. In order
to circumvent this complication, Johnson et al®® introduced the

concept of an “extended volume” that takes into account the
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impingement of grains on each other as recrystallisation proceeds.
The general MAJK expression that predicts the volume fraction of

the material recrystallised X in time t is then given by:

X =1—exp(—k") (6.4)

where n is the Avrami exponent and k comprises the shape

factor 7/ the nucleation frequency N and the growth rate G.

It is generally assumed that the nucleation sites are randomly
distributed in the deformed matrix, that the growth is isotropic
and that the growth rate is constant. If the nucleation rate N
remains constant, [Johnson-Mehl nucleation kinetics] then n = 4.
If all the nuclei are present at time zero and no further nucleation

takes place afterwards, i.e. “site saturation” has occurred, n = 3.

In order to determine the exponent n and the parameter Kk, itis

customary to plot ln{ln( 1){)} versus In(t). The plot is usually a

straight line of slope n and with k the intercept. Factors that
contribute to deviation from linearity are discussed in the following

section 6.4.

Another way of studying the kinetics of the recrystallisation
process is to measure the time tos taken for the 50 percent
recrystallised volume fraction to be reached during the isothermal
annealing process. This assumes that nucleation has stopped

before 50 percent recrystallisation i.e. N = 0, (site saturation)
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and that the extent of recrystallised volume fraction is governed

solely by the growth rate G.

The effect of increasing the annealing temperature T, s the
reduction in the time tos taken to recrystallise to 50 percent
volume fraction. When the reciprocal of the annealing temperature
is plotted versus the logarithm of the annealing time for the 50

percent recrystallisation, a straight line is obtained i.e.:

Q
t.=C - 6.5
0.5 4eXp(RTj ( )

where C, is a parameter that is structure dependent and Q; is

the apparent activation energy for recrystallisation. Q; is an
“apparent” activation energy because there is generally an overlap
between recovery, recrystallisation and grain growth during the

annealing process.

6.4 The Avrami exponent n

The assumptions of constant nucleation N and growth rate G in
the derivation of the MAIJK equation are seldom achieved in

practice. It is quite usual for both to vary with time during

1
annealing and, therefore, the ln{ln( Xﬂ versus In(t) plot is

not always linear(88

. For many materials, the experimentally
determined JMAK exponent does not only vary as the
recrystallisation progresses but is generally smaller than predicted

by the ideal JMAK model. Significantly smaller JMAK exponents
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are obtained in the later stages of recrystallisation due to the
diminishing driving force in the deformed matrix caused by
concurrent or preceding recovery. The implication is that a
constant exponent n may overestimate the recrystallisation
kinetics in the later stages of the annealing process. The extent of
recovery is dependent on the type of material (i.e. materials with
a high stacking fault energy recover easier), annealing
temperature, amount of deformation and the heating rate (in the

case of a continuous annealing process).

The deviation from the ideal MAJK behaviour is also attributed to
non-uniform distribution of the stored energy of deformation, non-
random distribution of nuclei, anisotropic growth of recrystallised
nuclei and sometimes the presence of second phase particles®8°°-
92) In spite of these deficiencies, the MAJK equation is still widely

used in the study of the kinetics of recrystallisation in materials.

6.5 Nucleation in recrystallisation

Nucleation during recrystallisation involves the formation of a
small volume of relatively dislocation-free material, which is partly
bound by a high angle grain boundary that is capable of migrating
within the deformed material. The mechanisms for the nucleation
of the recrystallisation can be classified into basically three
models, namely classical nucleation through an embryo, the Strain
Induced Boundary Migration (SIBM) and the subgrain coalescence

and rotation models.
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In a recent publication in which the nucleation of recrystallisation
is reviewed, Humphreys®®, concluded that the main mechanisms
are thought to involve the growth of subgrains by the migration of
low angle boundaries in an orientation gradient or the strain
induced boundary migration of existing boundaries. It was also
concluded that to date, there is no firm experimental evidence
that subgrain coalescence and rotation play a significant role in
the nucleation of recrystallisation. As for classical nucleation
through an embryo, it has been long recognised that new grains
generally do not form by thermal fluctuation on an atom by atom
basis as is the case in homogeneously nucleated solid state phase
transformations, mainly due to rather low driving forces for
nucleation of a stable recrystallised embryo. There s,
furthermore, adequate evidence that recrystallised grains do
nucleate and grow from pre-existing volumes/embryos such as

cells or subgrains in the deformed material(’8:94°),

6.5.1 Classical nucleation theory

The application of classical nucleation theory to recrystallisation
was first examined by Burke and Turnbull®®. This may be a
homogeneous or heterogeneous process with the latter nucleating
at grain boundaries or other defects in the deformed matrix e.qg.
high deformation zones surrounding inclusions®®? as in Particle
Stimulated Nucleation or PSN found in some aluminium alloys. It
is to be noted, however, that in the PSN model, nucleation around
inclusions is not a result of reduced retarding forces as in classical

heterogeneous nucleation but is rather due to an increased driving
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force present in the intensified deformation zones in these near-

particle areas.

In the classical nucleation model where a potential spherical
nucleus of recrystallised material is formed in the matrix, the free
energy change is given by equation 3.3, where AG, is the
deformation energy or driving force in the matrix per unit volume,
r is the radius of the nucleus and vyg is the grain boundary
energy. The strain energy term AG; as a retarding force, is not
included in equation 3.11 as there is no density difference

between the deformed and undeformed matrix.

Here a critical nucleus will be stable if it reaches a critical size r*
which is governed by the surface energy and the difference in
deformation energy per unit volume between the recrystallised
state and the deformed matrix, equation 3.3, while the activation
energy in equation 3.6 is normally taken as the activation energy

for grain boundary diffusion.

Contrary to Burke and Turnbull®®, Bailey®® and Cahn®> showed
that homogeneous nucleation by the classical fluctuation
mechanism is generally unlikely in recrystallisation due to the
small driving forces and the high surface free energy of a high
angle grain boundary. However, heterogeneous nucleation is a
possibility since the critical energy to form a stable nucleus is

reduced by a factor & (9%);
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2+cos@)(1-cos)
§=( )2( ) (6.6)

where 0 is the is the included angle as shown in earlier figure 3.3.

Byrne et al®®”) showed that theoretical calculations of the driving
force and nucleation rate as a function of deformation showed that
the classical theory of nucleation through formation of stable
embryos on a pre-existing interface could possibly apply at
deformations greater than 15 to 20 % where sufficient driving

force will be available to form a measurable stable nucleus.

Classical nucleation theory predicts that the nucleus will form in
such an orientation that the surface energy v will be small in
order to minimise this retarding force. This should, therefore, lead
to a minimum critical radius r* and activation energy AG*
through a good lattice fit of the nucleus and the matrix. One
weakness with the classical nucleation theory is that in practice,
the opposite is very often found because grain boundary mobility
requires a high orientation difference between the new grain and
the deformed matrix. For high angle grain boundaries (HAGB) in

aluminium, Gottstein et al®®

suggested that, if the special
40°<111> tilt boundary is ignored, the grain boundary mobility M
versus the misorientation 6 curve is sigmoidal (see figure 6.1

below) with a form:

M=M [l—e‘”@”’")”} (6.7)
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where My, is the mobility of a high angle grain boundary, n ~ 4 and
B ~ 5.

e/q,
0 0.5 1
1 T s
o
3 e
< 2
T &
i Loy
2 &
= yo)
e 5
2 5
@ g
2 -y
>
0 5 10 15
Misorientation (67)

Figure 6.1: The variation in grain boundary energy and mobility with

misorientation®®,

6.5.2 The Strain Induced Boundary Migration
(SIBM) mechanism

Strain induced boundary migration was first reported by Beck and
Sperry®® (see figure 6.2 (a)) and the thermodynamics of the
process was analysed by Bailey and Hirsch®®, In this model, no
formation of new embryos as stable nuclei is required. New grains
grow from pre-existing nuclei present on grain boundaries by the
sweeping up of the dislocations ahead of them by the interface
moving into the deformed matrix. This model takes care of the
constraint posed by the low driving forces for embryo formation
through thermal fluctuations as proposed by the classical

nucleation theory as no “stable nucleus” needs to be formed first.
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(b)

Figure 6.2: (a) Strain induced migration of a recrystallisation
boundary”® (b) schematic presentation of figure 6.2 (a).

The migrating grain boundary in figure 6.2 (a) is anchored at the
two points on either side of the grain boundary portion that bulges

out. The anchoring may be due to subgrain boundaries or pinning
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by particles on the grain boundaries. In figure 6.2, the upper grain
B has a higher dislocation density than the area between 1 and 2
so that the boundary tends to bulge out, as seen in the
micrograph, in order to satisfy the local energy condition that
balances the grain boundary interfacial energy 74, and the strain
energy difference between the recrystallised grain and the

deformed matrix (AGgy).

The rate of movement of the migrating front dh/dt is governed
by the rate of net movement of atoms across the interface
(boundary 2 in figure 6.2 above). Bailey et al®® used the

absolute reaction rate in this derivation i.e.:

v, 4h
— ((ngi_ hz)) (6.8)

1/3
dn _ W [ AG, AG,
di RT RT

where V, is the volume of the migrating atoms, v is their jump
frequency, AGa is the activation energy for the movement of the
atoms across the interface, L and h are as shown in figure 6.2
(b) above, yg is the grain boundary surface energy and the rest

are as defined in the previous sections.

For growth to take place dh/dt > 0 and, therefore:

> —(ygb4h) (6.9)

|AGRx (Lz 4 hz)
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and with the maximum h = L i.e. for the subgrain to grow to a

hemisphere and beyond:

a6, |2

2y
_sb 6.10
3 ( )

The integration of equation 6.8 is complex and was examined
schematically through inspection as shown in figure 6.3 below.
The conclusion was that at low values of the driving force, i.e.
A Gry < (2ygo/L), pre-existing embryos (pre-existing
recrystallisation interfaces) will not grow into new full
recrystallised grains. For full growth to take place at all values of
h, AGgrx > (2y/L). It is also concluded that since no nucleation
through thermally activated embryos is required, there should not
be any incubation period as in the classical embryo/nucleus
model. The extrapolation of the constant dh/dt portion of the
curve in figure 6.4, however, gives an “apparent incubation”
period which, according to the SIBM theory, is simply the time of

slow growth in the early stages of the recrystallisation process.
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AG, >>(27)/L

AG,~1.5(27)/L

______ “=AG,<(27)/L

Distance h (m)

Time T (min)

Figurer 6.3: Schematic rate of migration of the transformation front as
a function of the driving force AGgy

—

Distance h (m)

T apparent incubation period (min)

Figure 6.4: Apparent incubation time due to slow movement of the
recrystallisation front at early stages of the recrystallisation process.
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6.5.3 Subgrain coalescence and rotation

The mechanism proposed by Li requires that the subgrain
coalescence and rotation of several subgrains lead into the
formation of a potential embryo with a HAGB capable of growing
into the deformed matrix(1°21%) as illustrated in figure 6.5. The
coalescence and rotation takes place through subgrain boundary
diffusion. However, a number of authors(!®*71%) have found no

experimental evidence to substantiate this nucleation model.

(iv)

Figure 6.5: Schematic representation of subgrain rotation, leading to
coalescence and an increase in orientation difference at the growth
front. (i) Original subgrain structure before coalescence, (ii) Subgrain
CDEFGH rotates through boundary diffusion (iii) The original orientation
difference between the two subgrains has disappeared and the
orientation difference at the front DEFG is now larger, (iv) Grain
boundary sections BCD and IHG straighten out to achieve a lower

energy state('%?,
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6.6 Effect of cold work on recrystallisation

kinetics

Increasing the amount of deformation increases the amount of
stored energy in the deformed matrix’®). This stored energy is the

driving force for the recrystallisation process and is given by:
P, =aG,b’AN, (6.11)

where o is a constant with the value between 0.5 and 1.0, Gn
is the shear modulus, b is the Burgers vector and ANg is the
difference in dislocation density between the deformed and the
recrystallised state. However, Ng.. >> Ngrx SO0 that ANg ~Ng-;
where Ng.. and Ngrx  are the dislocation densities after cold

work and recrystallisation respectively.

As a result, with increasing deformation recrystallisation will take
place at earlier times during isothermal annealing, or at lower
temperatures during isochronal annealing. The higher driving
force resulting from the higher deformation (stored energy)
decreases both the activation energies for nucleation and growth

of the new grains{!®”), as found in aluminium, see figure 6.6.
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Figure 6.6: The activation energy for nucleation rate N and for growth
rate G in aluminium as the function of the amount of deformation‘°”,

6.7 The effect of annealing temperature on the

recrystallisation kinetics

Increasing the annealing temperature shifts the annealing time to
earlier times, see figure 6.7 below, as recrystallisation is a
thermally activated process and diffusion is faster at higher
annealing temperatures. Apart from the driving force that arises
from the stored deformation energy (equation 6.11), the grain
boundary movement Vg of the new grains is also dependent on
the grain boundary mobility m which is dependent on
temperature, i.e. grain boundary mobility is higher at higher

temperatures:
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V,=mP,, (6.12)

m=m, exp{—%} (6.13)

where Qgp is the activation energy for the grain boundary mobility.

As recovery and recrystallisation processes sometimes overlap, it
is worthwhile mentioning that at lower annealing temperatures,
recovery dominates over recrystallisation and, therefore, this
reduces the driving force available for recrystallisation. In figure
6.7, the decrease in growth rate of new grains at later stages of
recrystallisation was attributed to concurrent recovery at lower

annealing temperatures(®®.

1

o,
/ 7
! I
101 / / -
189°C 170 168 1329
¥) !
102 = o
Vandermeer
10°3 [ and Gordon -
] 1 i
102 10° 10t 10° 108

ANNEALING TIME, sec

Figure 6.7: The effect of annealing temperature on the recrystallisation
kinetics of a zone refined aluminium containing 6.8 ppm copper,
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deformed 40% by rolling at 0°C then isothermally annealed at
temperatures indicated: note that the recrystallisation process shifts to

earlier times as the annealing temperature increases®®,

6.8 Effect of grain size on the recrystallisation

kinetics

Indirectly, a smaller grain size may affect recrystallisation through
a more intense work hardening process for a given deformation,
thereby providing a higher driving force. In smaller grain size
material, therefore, recrystallisation shifts to earlier annealing
times during isothermal annealing and to lower temperatures

during isochronal annealing because of the higher dislocation

density(1®®. Figure 6.8 shows the effect of grain size on the
recrystallisation process of cold worked low carbon manganese
steel.
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Figure 6.8: (a) Isothermal recrystallisation curves for pure Cu showing
the effect of annealing at 225°C after cold work for a fine grained and
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a coarse grained material and (b) the kinetics plotted according to the

JMA equation. In both figures the vertical bars represent the 95

percent confidence limits. (198

6.9 The influence of solutes and second phase

particles on recrystallisation

The recrystallisation process in two-phase materials is usually
quite complex. It is generally found that second phase particles
may either retard or accelerate the recrystallisation process, if
compared to an equivalent single phase material, depending on

the conditions.

For instance, the presence of precipitates may affect the intensity
and homogeneity of cold work during deformation. When an alloy
is plastically deformed, the non-shearable particles will cause an
increased dislocation density, thus increasing the driving force for
subsequent recrystallisation, if compared to a single phase
material. The regions around large particles may also act as
preferred nucleation sites for recrystallisation due to
inhomogeneous deformation (Particle Stimulated Nucleation PSN
as has been found in aluminium alloys) while at the same time,
small particles or closely spaced ones, may pin the grain
boundaries and in effect limit their mobility. The dissolved
elements (solute atoms and their clusters) can also affect the
recrystallisation kinetics by segregating to dislocations, subgrain
boundaries and grain boundaries with the result that their mobility

is decreased by “impurity drag” or “solute drag”.
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The situation becomes more complex as transformation processes
of nucleation and growth or transformation of the precipitates to a
more stable state and recrystallisation take place simultaneously
or sequentially. In the case where semi-coherent precipitates
transform to a stable incoherent state, followed by coarsening, an
extra driving force is provided in the process as the system energy
is lowered further and this promotes continuous
recrystallisation’®). Coarse particles may form in the rolling
microbands whereas the metastable precipitates may form along
side the microbands and this may lead to an evolution of banded
recrystallised microstructures of coarser and finer grains

respectively(78109-112),

The interaction of particles with the grain or subgrain boundaries
is generally explained by the Zener “drag” effect!!®. When a
grain boundary migrates into a field of spherical incoherent
particles of concentration n per unit volume of a mean radius r
(whose interfacial energy vs is unchanged by the passage of a
high angle grain boundary), the reduction in driving force per unit

volume (also called the “pinning force”) is, therefore, given by:

I
4 r

Equation 6.14 indicates that finer precipitates and large volume

fractions (or more closely spaced and fine precipitates) are more
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effective in pinning subgrain or grain boundaries. In general, the
driving force for recrystallisation (typically 10’ J m™) is higher by
three orders of magnitude than the Zener “drag” pinning force
(typically 10* J m™ for reasonably low volume fractions and
somewhat coarsened particles). Consequently, small quantities of
medium sized to large precipitates on grain boundaries may not
have a significant effect on the overall thermodynamics of
recrystallisation. If significantly small in size and large in number,
however, they do have an effect through their impact on the

mobility of the grain or subgrain boundaries.

Analysis of the drag effect by solute or impurity atoms around a
moving boundary is more complex than the effect by particles, but
that some atom-based drag effect does exist, has been shown
often. For instance, many workers®*114116) haye observed an
initial retardation of recrystallisation at high concentrations of
solute atoms that was followed by accelerated recrystallisation
after the precipitation of the solute atoms into a particle and its
subsequent coarsening. Figure 6.9 shows the effect of the solute
atoms and their subsequent precipitation and coarsening on
recrystallisation i.e. at higher annealing temperatures,
recrystallisation precedes precipitation while at lower annealing
temperatures there is an interaction between precipitation and
recrystallisation and the latter is initially retarded and only
accelerates after precipitation and coarsening of the particles. The

general condition for the recrystallisation to proceed is, therefore:
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P+P>P (6.15)

where P4 and P. are the driving forces due to deformation and
precipitation of the second phase given by equations 6.11 and 3.4
respectively and P, is the retarding force due to Zener drag given

by equation 6.14.

In extreme cases of the Zener “drag” effect, the recrystallisation
process can completely stop, called “recrystallisation arrest”,
shown below schematically in the temperature range between T,
and Ts for the case of a dislocation density of p,. The Zener
“drag” effect can also be manifested by a large deviation of the

Avrami exponent n from linearity as shown in figure 6.10.

Logt

Figure 6.9: The time dependence of the precipitation start time t, and

recrystallisation start time t, (112,
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Figure 6.10: The effect of Zener drag on the recrystallisation process as

modelled for Ta with oxide particles!'”).
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7.1 Introduction

The annealing of cold worked Al-killed steels has been a subject of
many investigations(®11.60:122:124) " Thage studies have been
concerned with the kinetics of recrystallisation, with
microstructure and texture development and with the individual
and combined effects of composition, thermal history prior to cold

work and heating rates during subsequent annealing.

The extent of isothermal recrystallisation with time follows the
normal sigmoidal relationship and is mostly modelled by the JMAK
equation. This is with the exception in some cases of Al-killed
steels where the process is inhibited by the precipitation of AIN

precipitates.

7.2 Interaction between AIN precipitation and

the recrystallisation process after cold work

The greatest limitation in the study of the interaction between the
precipitation of AIN and the recrystallisation process in low carbon
Al-killed strip steels has been the difficulty in observing the very
early stages of AIN precipitation in deformed structures by
electron microscopy. Meyzaud et al®® studied the precipitation of

AIN indirectly by the electrical resistivity method, see figure 7.1.

- 65 -



&
&
ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Chapter 7  Recrystallisation after cold work of
low carbon Al-killed strip steels

 — AIN precipitation

==  Recrystallisation

p Recrystallisation
r,
%,

interruption zone

650 I~

O Recrystallised

LS X T > volume fraction
SATIES
1 ///4'/,///‘::/,

%Y

Temperature, °C

550 +

500 I 20% 30% 50% 90% @

Figure 7.1: The TTT curves for recrystallisation and AIN precipitation in
cold rolled (70 percent deformation) Al-killed steel®,

The interaction between AIN precipitation and recrystallisation can
be described as follows: at higher temperatures (> 650 °C),
recrystallisation precedes precipitation, at lower temperatures (<
550 °C) precipitation precedes recrystallisation, while at
intermediate temperatures both proceed together. However, at
these intermediate temperatures, the recrystallisation process is
retarded and only accelerates again after growth and coarsening
of the AIN precipitates has made their pinning force ineffective.

This observation agrees with earlier studies on the effect of solute
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atoms and their subsequent precipitation on the recrystallisation
process®1192112) 1t has been observed that in Al-killed steels and
during isothermal annealing after cold work, the recrystallisation
process is inhibited by the nucleation/clustering of AIN on subgrain
boundaries and dislocations. Goodenow et al'® observed that
during isothermal annealing at 580 °C after cold work,
recrystallisation took place at shorter times in rimmed steels than
in Al-killed steels and it was suggested that this was caused by
the “precipitation/clustering” of AIN. As mentioned earlier, the
greatest challenge has always been the failure to observe the
pinning effect directly by electron microscopy on the
recrystallisation process in the early stages of the
clustering/precipitation of the AIN. Nevertheless, this effect has
been used with relative success in microstructure and texture

control during annealing after cold work in these steels.

7.3 Influence of S, Mn and MnS on the

recrystallisation process after cold work

In a study!® on the influence of sulphur in solid solution on static
recrystallisation of cold worked low carbon manganese strip
steels, it was found that increasing the content of sulphur in solid
solution in the steel, retarded the recrystallisation process, see
figure 7.2. As may be seen, the increase in sulphur in solid
solution did not only increase the incubation period for
recrystallisation but also resulted in only partial recrystallisation of
the steel. It was suggested that the sulphur or both the sulphur

and manganese, inhibit the nucleation and growth of new grains
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by segregating to the grain boundaries. Prior annealing of the
steel at 700 °C to precipitate the MnS before cold work, increased
the recrystallisation kinetics as shown in figure 7.2, with the top
curve for the steel with less than 10 ppm sulphur in solid solution,
recrystallising faster. Although their results were not conclusive,
Baird et al®*® made similar observations earlier that sufficient
amount of sulphur in solid solution (50 ppm) gave rise to difficulty
in recrystallisation of iron. Their evidence was based on the fact
that when manganese was added to the iron to form MnS, the iron
recrystallised normally without exhibiting any “sluggish”

behaviour.

100 Y LN N e g ! | | | | | E
Low-carbon steal (0,30 % Mn) ""9_,,-1 Lo i
1 ] A - ] ] ' : t
gt |
—
80 =
P
!
A
# /i |
s 60 rammy
E <0.001% 5 in solution ! 0.005% 5 in solution
° before rolling—\ before rolling -, !
2 i TR
£ 40 . e SRR
#-‘,. Lel i
/9 ‘!'f}’ ]
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e / .’/
# Lt
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Qul l 10 100 1000

Time at 540 C (1004 F), minutes

Figure 7.2: Effect of annealing time at 540 °C on the percentage of
recrystallisation in 60 percent cold worked low carbon manganese strip
steels containing two different amounts of S in solid solution before
cold rolling. Note the retarded recrystallisation of the steel with more S

in solid solution**?,
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In another study(*?? on the influence of solute manganese on

static recrystallisation of cold worked Al-killed steels with 70 ppm

sulphur, it was found that increasing the solute content of

manganese, retarded the recrystallisation process by increasing

the incubation period without affecting the nucleation and growth

rate of the recrystallisation, see figure 7.3. It was proposed that

the prolonged incubation period was probably not directly as a

result of the solute manganese as such but rather as a result of

Mn-C complexes that had strong interaction with dislocations.

0.5

Recrystallised Yolume Fraction

Mn [Zowt]
—O— 0.02
-i— 0.15

-8 - 0.52

. L . .
10 10
Time [sec]

Figure 7.3: Influence of solute Mn on the recrystallisation progress in 80

percent cold worked Al-killed low carbon-manganese steel during

isothermal annealing at 650 °Ct??)
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Frawley et al®®® also observed in high sulphur low carbon steels
that the finer MnS with a diameter of 5 to 30 nm, and or the
sulphur in solid solution, retarded the dynamic recrystallisation of
austenite during laboratory hot rolling in thin slab direct rolling
(TSDR), i.e. in a simulated HCR experiment. However this study
did not separate the effect of sulphur from that of MnS on the

dynamic recrystallisation process in these steels.
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8.1 Introduction

Methods of measuring free nitrogen in steels may be direct or
indirect. Some of the direct techniques include chemical analysis
and hot hydrogen extraction while the indirect techniques, include
the strain ageing index method, thermoelectric power techniques
(TEP), resistivity techniques, magnetic techniques and internal
friction. Some of these techniques are discussed briefly in the

following sections.

8.2 Chemical analysis

The iron matrix is dissolved without dissolving the aluminium
nitride and the insoluble nitrides are then separated through
filtration. The most common used chemical dissolution technique
for separating AIN from the iron matrix is that developed by
Beeghly®>3). Although the Beeghly technique was criticized for lack
of sensitivity to small particles of less than 10 nm in size and
failure to isolate the AIN from other nitrides, it is still widely used

in the determination of free nitrogen in low carbon steels(®®.

8.3 Hot hydrogen extraction method

The use of hydrogen to combine with free nitrogen in a steel in a
hydrogen furnace at about 500 °C, is one of the oldest techniques
that is still used today to determine the free nitrogen content in
steels. The diffusivity and solubility of both nitrogen and hydrogen
at the test temperature need to be established in order to

determine the annealing time that would ensure adequate
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diffusion of hydrogen into the steel, taking into account the
sample size and temperature. Fine metal shavings are preferred
as this ensures efficient combination of the hydrogen and nitrogen

through shorter diffusion paths.

The hydrogen also accelerates the rate of escape of nitrogen by
reducing the oxide layer that may form on the surface of the
metal and inhibit the escape of nitrogen. Hydrogen combines with

the free nitrogen on the surface in a suggested sequence as

follows®?);
N, +H k — NH_ (8.1)
NH +H — NH, (8.2)
NH, +H — NH, (8.3)
NH, — NH (8.4)

3ads 3gas

The captured ammonium gas is then quantitatively analysed by

conventional chemical analysis techniques.
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8.4 Strain aging index method

Free carbon and nitrogen atoms fill the interstitial positions of the
iron crystal lattice, creating strain within the lattice structure due
to the atom misfit. As a result, these interstitial atoms segregate
to dislocations in order to lower the system’s strain energy. Since
the interstitial voids for austenite (fcc) are greater than that for
ferrite (bcc), the driving force for segregation to dislocations is
less in austenite than in ferrite. These interstitial atoms form a
cloud of atoms or “Cottrell atmospheres” on the dislocations,
locking the glissile ones in the process. This phenomenon has a
strengthening effect that is reflected in the increase in yield
strength of the material and, therefore, can be used indirectly to
measure the content of interstitial solutes. This technique is
generally called the “strain aging index method” and is preferred
to the other techniques for its simplicity, see figure 8.1. However,
as may be seen in figures 8.2 and 8.3, one should be mindful of
the large scatter in results associated with this technique.
Morrison et al*?® correlated the increase in yield strength AY to

the free nitrogen content as shown in figure 8.2.
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Stress

Strain

Figure 8.1: Effect of static aging on the load-elongation curve of iron
containing interstitial solutes: AY = change in yield stress due strains
aging, e, = Luder’s strain after strain aging, AU = increase in ultimate
tensile strength and A€ = decrease in elongation due to strain

aging?,

The diffusivity of nitrogen at low temperatures (<400 °C) is higher
than that of carbon and, therefore, in the absence of aluminium in
the steel, strain aging is mainly caused by nitrogen. At
temperatures below 100 °C, the effect of nitrogen is about twice
that of carbon?”) (see figure 8.3). As may be seen, solute
nitrogen at levels as low as 5 ppm, would give an increase of

about 20 MPa in yield strength.
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Figure 8.2: Influence of free nitrogen content on the magnitude of strain

aging in low carbon sheet steels, (Morrison et al!?9),

80

o] -

el p Solute nitrogen

*0

(8YSpgeq) . MPa

Yield strength increase

0 1 1 1 L
1] 10 20 30 40

Solute nitrogen or carbon, ppm

Figure 8.3: Influence of C and N on the yield strength of a low carbon
and aluminium-killed steel after 70 percent cold reduction and aging at
38 °C for 30 days*?”,
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8.5 Internal friction methods (Snoek effect)

The redistribution of interstitial atoms (C and N) following elastic
lattice distortion, causes the strain to lag behind the stress. This
behaviour is also known as the Snoek effect, after its

discoverer(1?®

. When a crystal is elastically stretched in the z-
direction then there is a preference for the interstitial atoms to
occupy the elongated =z sites and a shift in the equilibrium
positions occurs, such that the number of occupied z (octahedral
or tetrahedral) sites increases whilst those sited in the x and vy
axis directions decrease. This redistribution of interstitial atoms
takes a little while upon instantaneous application and removal of
stress. The rate at which this happens is determined by the
frequency of jumping of these atoms and consequently by the
temperature. The characteristics of the jump frequency are unique
to particular interstitial atoms and, therefore it is possible to
separate the effects of nitrogen from those of carbon, at least in

principle.

The maximum internal friction is attained when the period of
application of stress equals the jump time. The Snoek effect is
usually observed through free torsional oscillations of the sample
and its peak is proportional to the concentration of the interstitial

atoms in solid solution.

The interstitial solutes that contribute to internal friction in the
manner described above are those that occupy the normal sites in

the undistorted lattice. Atoms within the strain field of a
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dislocation, those neighbouring a substitutional solute atom, or
those at grain boundaries will not react in the same way to the
applied stress'!?9). For this reason, internal friction measurements
have not been successfully used in determining the carbon and

nitrogen concentrations in solid solution of commercial steels.

8.6 Thermoelectric power (TEP) method
(Seebeck effect)

The TEP technique is based on the phenomenon called the
Seebeck effect(*3®, named after its discoverer in 1822. This effect
occurs because at the hot junction, the Fermi energy of the
electrons is higher than at the cold junction. The higher energy
electrons at the hot end lower their energy by diffusing to the cold
junction. Consequently the cold junction becomes negatively
charged and the hot junction positively charged and a voltage
drop is induced between the two junctions. This technique is

applicable to materials that conduct electricity.

The TEP is a proportionality coefficient between the electron flux
(emf) and the temperature gradient AT that exists between the
cold and hot junctions of the test sample, as illustrated in figure
8.4. The TEP is affected by lattice defects and is the sum of

various contributions i.e.

AS=AS, +AS, +AS (8.5)
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where ASss, AS4, and ASp, are due to the elements in solid

solution, dislocations and precipitates respectively

The TEP measurement between the test specimen and the

reference specimen is given by:

_AV
AT

where AV is the emf difference between the test specimen and

AS S-S, (8.6)

the reference specimen, AT is the temperature difference
between the cold and hot junctions of both the test specimen and
the reference, S and Sy are the absolute TEP values of the test

specimen and the reference respectively.

When using the Seebeck effect to analyse the chemical
composition of a metal, two distinct phenomena may affect the
TEP: the diffusion of electrons through the test metal and the
phonon drag. If a temperature gradient exists across the
conductor, phonons (thermal lattice vibrations) will move from the
hot to the cold junction against the flow of electrons causing, what
is known as phonon drag. This phenomenon is significant at
temperatures below twenty percent of the Debye temperature(*3!-
134) 1t is, therefore, important that the TEP measurements are
carried out above the twenty percent level of the Debye
temperature of iron, which is 477 K, where the diffusion of
electrons dominates over phonon drag in order to separate the

two effects. Measurements at and around 0°C to room
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temperature are, therefore, adequate to separate these two

effects.

8.6.1 Effect of solid solution on the TEP

For concentrations of <0.1 at% of an element in solid solution,
the TEP decreases proportionally with the increase in
concentration of the element in solid solution, as illustrated in
figure 8.4. It is worthwhile to note that a concentration >0.1 at%
results in interactions between the solute atoms themselves and,
therefore, this affects the Gorter-Nordheim linear relationship
between the TEP and the concentration of the solute atoms,

equation 8.7.

The slope of the graph of the TEP versus the concentration of the
element in solid solution, gives the proportionality constant known
as the TEP coefficient, see figure 8.5. This is represented by the

Gorter-Nordheim law**>, which is expressed as follows:

AS. = K_[il, (8.7)

where [i]ss represents the content of the solute element and K;

is the TEP coefficient of the element.
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Figure 8.4: Schematic graph showing variation of emf with change in
temperature. The slopes are the TEP values for the solute element in

different concentrations X, Y and Z, with all concentrations <0.1 at%.

TEP [V/K]

C [wit%]

Figure 8.5: Schematic diagram of TEP versus content of the element in
solid solution and the slope of this graph is the TEP coefficient of the

latter.
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8.6.2 Effect of dislocations and precipitates on

TEP measurements

It has been observed3®) that cold working has a negative effect
on the TEP just the same as adding solute atoms to the matrix. It
is worth noting that solute atoms that segregate to dislocations
and grain boundaries and thereby relieve their strain energies in
the matrix, do not contribute to the TEP. It is for this reason that
measuring of nitrogen in solid solution using this technique, has to
be done immediately after quenching from the solution
temperature or on samples that are stored in liquid nitrogen in
order to avoid strain aging. The contribution of precipitates on the

TEP is negligible unless they are small and coherent.
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9.1 Introduction

There are direct and indirect methods of measuring the volume
fraction of the recrystallised material. Some of the techniques are

discussed in the following sections.

9.2 Hardness test

This is the easiest and quickest technique of estimating the volume
fraction of the recrystallised material. The amount of recrystallisation
is related to the drop in hardness as the annealing time is extended
and the volume fraction of the recrystallised material X is given

proportionally as3”);

h —h

X —ﬁ (9.1)

where h, is the microhardness at the start of recrystallisation,
(generally measured at the 5% recrystallised state taken as a
datum point to avoid the effects of recovery*3”), h; is the
microhardness after annealing for a time t and hf is the

microhardness in the fully recrystallised state.

As this method assumes a linear or direct relationship of hardness
with volume fraction recrystallised (which is not always the case), it
is necessary to authenticate the recrystallised volume fraction with
metallographic analysis although the 5% recrystallisation volume

fraction may not be easy to measure accurately.
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In isothermal annealing of cold worked nickel (fcc) and aluminium
(fcc), it was observed that hardness was not significantly affected by
the recovery process but only by the recrystallisation process(38139),
see figure 9.1. This technique has also been successfully applied to

the study of the recrystallisation process in low carbon steels (bcc)
(140)

Hardness 4300 - 8
— f esistivity - 200-8 é
Ta5o4af s
§_§ s - 100
S53 ogf r
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Figure 9.1: Isothermal annealing curves for cold worked nickel (fcc)®3®,

Note that both the calorimetry and resistivity techniques are
sensitive enough to register both the recovery and recrystallisation

peaks whereas the hardness test registers only recrystallisation*3®,

9.3 Metallographic analysis

This is a widely used technique whereby the material is polished and
etched and observed by optical microscopy. The recrystallisation

volume fraction is measured by the point count method or through
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the use of computer software that computes the volume fraction
through area fraction analysis from the phase contrast between the
recrystallised and non-recrystallised regions of the material. These
metallographic techniques are based on the equivalence between the
volume fraction and the intercepted area, line or point fractions in
opaque two-dimensional material. This principle is well documented
in the literature**Y), This method, if a reliable phase contrast can be
obtained by etching, is preferred as it provides a direct measurement
of the volume fraction X of recrystallised material and is not an

indirect one as with hardness measurements.

9.4 Electrical resistivity method

Plastic deformation increases the electrical resistivity of the deformed
material slightly. This phenomenon is used to indirectly measure the
degree of recovery and recrystallisation during the annealing
process, provided there is no other phase change taking place
simultaneously. One of the weaknesses of this technique is that it is
sensitive to specimen size and, therefore, it is imperative to ensure
that the different resistivity measurements take into account

differences in specimen size.

9.5 Differential Scanning Calorimeter

When a piece of metal is plastically deformed, part of the
expended energy in the deformation process is retained as stored
energy that is later on released in the form of heat during
subsequent annealing. The released heat is used to measure the

extent of the recrystallisation process. A well annealed reference
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specimen of the same material as the plastically deformed one

and in which no recrystallisation is taking place, is normally used.

Non-isothermal experiments are easier to set up as both the
sample and the reference are heated up at the same rate**?). The
heat flux E or (dE/dt), is measured as a function of temperature
T and the heating rate B is the measuring parameter. As the
sample releases the stored energy, less heat is required to
maintain the heating rate. The E, 5 heat flux curves often have
a peak more or less bell-shaped, figure 8.1, and the total energy
E(r, gy released is obtained by integrating the area under the curve
within the specified temperature limits. The recrystallised volume

fraction can be derived in energy terms(1*3):

(7.5)

X(T,ﬁ) - E

stored

(9.2)

where Estoreda IS the energy released in a fully recrystallised

material.

The advantage of this technique is that during the annealing
process, it is quite common to observe two energy peaks, one for
recovery and the other for recrystallisation. This makes it possible

to separate the two processes.
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9.6 Electron Back Scattering Diffraction (EBSD)

The electron back scattering diffraction (EBSD) technique is one of
the modern techniques that are used to study the recrystallisation
process by determining crystal orientation mapping (COM). The
grain boundaries are characterised by the orientation relationship
between adjacent regions, the grains and subgrains are displayed
in @ colour code according to their orientation relationships as
defined in the software program. The recrystallisation process
may be studied through the observation of the number of HAGB

i.e. angles above about 10° to 15°.

One weakness with this technique is that it is time consuming
when it is required to investigate an area that would be a fair
representation of the bulk. In these instances, a compromise
between the scanning step size (nm) and the precision of the

information to be extracted has to be made.
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10.1 Introduction

Low carbon strip steels with different amounts of sulphur were
received from Mittal Steel (South Africa), with high and low
sulphur contents. The steel alloys were received in the as-cast
condition and the chemical compositions are given in table 10.1

below.

The alloys were hot rolled on a laboratory rolling mill at Mintek
into 10 mm thick plates and the schematic diagram for the rolling
process is given in figure 10.1 below. The finishing temperature
for the last pass was checked by pyrometer and for all the alloys

was above 900 °C.

10.2 Sample preparation for TEP measurements

Although TEP measurements are not sensitive to specimen size,
these were prepared in two sets of strips; the first set was 90 mm
long, 4 mm wide and 1 mm thick and the second set was 20 mm
long, 4 mm wide and 1 mm thick. The latter set was from material
on which the hot deformation and coiling treatment was simulated
on a Gleeble 1500™ hot compression facility. In general, thin
specimens were preferred for TEP measurements because of the
reduced heat transfer path between the cold and hot junctions

which aided thermal equilibrium conditions on these junctions.

- 87 -



9

Chapter 10 Experimental
determining the AIN solubility in low

carbon Al-killed steel

measurements

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qumed” VYUNIBESITHI YA PRETORIA

procedure

for

using TEP

Table 10.1: Chemical compositions of the low carbon strip steels that

were studied: HS = high sulphur and LS = medium to low sulphur, the

first numeral is for the sulphur content and the second for the nitrogen

content, both in ppm.

Element
(ppm) | HS130 | HS90- | HS90- | HS140 | LS70- | LS10- | LS2-65 | LS16-
-50 34 12 -104 38 83 101
C 320 280 270 510 580 510 380 590
Mn 2300 1870 1720 2240 2560 3140 2500 3600
P 130 60 90 80 210 70 50 76
S 130 90 90 140 70 10 2 16
Si 160 60 50 140 210 330 200 140
Cu 257 140 130 260 30 30 90 -
Ni 175 100 20 110 60 50 10 -
Cr 308 130 200 270 110 110 80 98
Mo 20 20 30 10 0 10 10 33
\Y, 20 10 10 20 60 70 70 80
Nb 30 10 10 10 10 10 20 55
Ti 7 20 20 20 20 20 10 -
Aliotal 480 430 390 500 200 340 450 240
Alacid sol 458 379 470 333 370 -
Ca 2 0 0 1 14 26 20 9
N 50 34 12 104 38 83 65 101
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Ts = 800 - 1300 °C, 12 min

&1 11s0-°c, 1hr

o Deformed 4 passes

E FT = 900 °C Water quench
2

]

a

£

ﬂ Air cooled

Time [hr]

Figure 10.1: Schematic diagram for the hot rolling schedule and the
solution heat treatment in the dilatometer and furnace.

10.3 TEP solution treatment

The solution heat treatment (mainly for the dissolution of the AIN)
was done under argon gas in a vertical tube furnace and the
temperature range was varied from 800 to 1300 °C, figure 10.1.
The specimens were suspended in the furnace as shown in figure
10.2 and were soaked for 12 minutes at the test temperature to
ensure that equilibrium dissolution conditions of the AIN was

attained before quenching into water.
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- -
Specimen E1 Thermocouple
Heating element
O-ring seal K
11 Bottom lid
11
TArgon
Water —L i

Figure 10.2: The furnace heat treatment arrangement.

10.4 TEP measurements in as-quenched

condition

The specimens were clamped to the copper blocks and the TEP
measurements were recorded after 1 minute. TEP measurements
were immediately taken after the samples had been quenched
from the solution treatment furnace in order to avoid strain aging
by nitrogen. The furnace and the TEP equipment were, therefore,

arranged close to each other.

The photograph and schematic diagram for the TEP measurement

arrangement are given in figures 10.3 and 10.4 respectively. The

- 90 -



&
&
ﬂ UNIVERSITEIT YAN PRETORIA
. UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Chapter 10 Experimental procedure for
determining the AIN solubility in low
carbon Al-killed steel using TEP
measurements

two copper blocks were kept at a temperature difference of 15 °C
in order to maintain a temperature gradient AT between the cold
and hot junctions of the specimen. For this, one block was filled
with ice and the temperature at the cold junction was maintained
at 5° £ 1°C while the other one at the hot junction was filled with
water at room temperature at 20° £ 1°C. K-type thermocouples

were spot welded onto the hot and cold junctions of the specimen.

A data logger was used to log both the temperature data and the
voltage drop AV across the hot and cold junctions (as shown
schematically in figure 10.4) into different analog channels of the
Data-Taker dt800 which amplified and converted this data into
digital data that was recorded using Delogger software. The
voltage drop AV was measured from the Chromel wires from the
cold and hot junctions. The advantage with the arrangement in
figure 10.4 was that the instantaneous voltage difference AV
was measured together with the corresponding temperature
difference AT between the cold and the hot junctions of the
sample out of which the instantaneous absolute TEP

measurement was obtained.

-91 -



P

UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
Q@ud” YUNIBESITHI YA PRETORIA

Chapter 10 Experimental procedure for
determining the AIN solubility in low
carbon Al-killed steel using TEP

measurements

i

Figure 10.3: Photograph of the TEP measurement arrangement.

Computer

Data Taker dt-800

K-Type Thermocouple

Sample

als &t Copper blocks

Figure 10.4: Schematic diagram for the TEP measurements.
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10.5 TEP measurements after hot rolling and

coiling simulations on the Gleeble 1500™

TEP measurements were conducted on the specimens after hot
rolling and coiling simulated in the Gleeble 1500™ according to
the rolling schedule and heat treatment cycle specified in table
11.1 and figure 11.1 below. The objective was to assess whether
the AIN had partially or fully precipitated during coiling. These
measurements were carried out on the specimens that were
simulated in their hot rolling and coiling at 600 °C as this lower

coiling temperature was more sensitive to the precipitation of AIN.

The heat treatment cycle prior to the TEP measurements is given
in figure 10.5 below. The first set of the absolute TEP
measurements, i.e. TEP1, measured the trend of nitrogen in solid
solution immediately after coiling while the second one (TEP2)
checked whether further precipitation of AIN took place after
coiling or not. If there is no significant variation in the TEP values
between the first and second set that would imply complete
precipitation of AIN after coiling. Further precipitation of AIN after
coiling, that is, during the second heat treatment of isothermal
annealing at 800 °C for 2 hours, would lead to further depletion of
nitrogen from solid solution which would lead to higher measured
TEP2 values and from this observation it would be possible to
establish whether the AIN had partially or fully precipitated during

the coiling process.
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Figure 10.5: Heat treatment cycles for TEP measurement after coiling
simulation on the Gleeble 1500™, TEP 1 is TEP measurement after the

first heat treatment cycle while TEP 2 is after the second one.

In the first heat treatment cycle in which TEP measurements
TEP1 were carried out, the specimens were annealed at 600 °C
for 1 minute and quenched into water. The purpose for this heat
treatment was to ensure that all specimens had the same amount
of carbon in solid solution during the TEP measurements and
these measurements were carried out immediately after
quenching into water in order to avoid strain aging by nitrogen. In
the second set of TEP2 measurements, the same specimens were
soaked at 800 °C for 2 hours to precipitate any remaining

nitrogen into AIN and, thereafter, the specimens were cooled to
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600 °C, annealed for 10 minutes and then quenched into water.
The purpose for holding the sample at 600 °C for 10 minutes was
to ensure that the same amount of carbon was in solid solution

before the TEP measurements were taken.

10.6 TEP methodology for the determination

of the dissolution of AIN during reheating

Figure 10.6 shows a schematic illustration of the heat treatment
cycles and TEP measurement sequences for the study of the
dissolution of AIN during reheating of the hot rolled Al-killed low
carbon steel. In the as-hot-rolled condition, the AIN is either fully
or partially precipitated and the expected absolute TEP value
would be S,. The volume fraction of the precipitated AIN in
austenite and ferrite X,, which is dependent on the cooling rate, is

estimated by“®:

X, =K¢" (10.1)
where K is a constant dependent on the initial nitrogen and
aluminium levels, the grain size and the transformation behaviour
of the steel; ¢ is the cooling rate (K h') and m is the cooling

rate exponent (for C-Mn steel, Honer et al®*® found that K = 10.8
and m = -0.49).

All the specimens were first (before solution treatment) annealed

at 800 °C for six hours in order to ensure that the AIN precipitated
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into incoherent particles because the strain field around any
undissolved coherent particles would contribute to the TEP effect,

and would thereby, have affected its measurement.

The annealing temperature of 800 °C was chosen because it is
close to the TTT nose for the precipitation of AIN in austenite, see
figure 4.2. The absolute TEP measurement at this temperature
Sgoo, became the reference for “no dissolution”. The TEP
measurements were conducted near or at room temperature after

the steel had fully transformed to ferrite.

The samples were then soaked at various test temperatures and
quenched into water, after which the absolute TEP measurements
Si were recorded. Assuming the diffusion component of the TEP
was predominant at room temperature and as the concentrations
of both the aluminium and nitrogen were low (< 0.1 percent), the
Gorter-Nordheim rule could be used with confidence. Therefore,
for a stoichiometric composition of the AIN, the relative TEP value

ASy could be obtained through the linear relationship:

AS, =Sy, — S, = K, [N] (10.2)

where Kpn is the aluminium nitride TEP coefficient and N is the
nitrogen content (wt percent) in solid solution at the test

temperature.
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It is important to point out that the TEP coefficient Kan includes
the specific influence on the TEP measurement of both aluminium

(Ka) and nitrogen (Ky) leaving the solid solution during the

precipitation of AIN (144,
Sso00
—_ I
X |
=
o
= So
w
5
2
e
— Si
Heat treatment cycle

Figure 10.6: Schematic diagram of the sequence of heat treatment
cycles and TEP measurements for determining the dissolution of AIN
during reheating of Al-killed low carbon steel.

10.7 Checking the wvalidity of the AIN

equilibrium solubility trend in section 10.6

The trend of the nitrogen in solid solution determined by the
schedule in figure 10.6 above was checked by the one in figure
10.7 below and the results were in good agreement as the relative

TEP values tallied well with the nitrogen and carbon contents in

- 97 -



&
&
W UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Chapter 10 Experimental procedure for
determining the AIN solubility in low
carbon Al-killed steel using TEP
measurements

solid solution, see figure 10.8 below. The TEP coefficient for the
dissolved nitrogen Kan was found to be 10 nV/K.ppm-N which is

within the range observed by other authors(*®,

State 2: 5,
_ |
N |
2 |State 1: 5,
ol
L
E State 4: 5400
3
-
<

—_
|

State 3.5,

| State 5: Sgmo

Heat treatment cycle

Figure 10.7: Schematic diagram of the sequence of heat treatment
cycles and TEP measurements for determining the carbon and the

nitrogen content in solid solution.

10.7.1 State 1, 2 and 3 of the TEP schedule

In figure 10.7, the absolute TEP measurement S, represented
the initial condition of the steel thus as-received condition which,
generally, is as-hot rolled condition. The specimens were then

soaked at 1150 °C for 12 minutes and furnace cooled to room
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temperature to fully precipitate both the cementite (FesC) and AIN
and the corresponding absolute TEP measurement was designated
Sec. The specimens were then heated to the test temperature,
(1300 °C in order to dissolve all the AIN), soaked for 12 minutes
and thereafter quenched into water as schematically shown in
figure 10.1. The absolute TEP measurement S; represented the
carbon and nitrogen that were in solid solution assuming
negligible or constant TEP contributions from quenched-in

defects and other alloying elements in solid solution.

10.7.2 State 4 and 5 of the TEP schedule

In order to separate the contribution of the carbon from that of
nitrogen to the TEP measurements, one set of specimens was
annealed at 400 °C for 3 hours to precipitate the Fes;C without
precipitating the iron nitride (FesN) as this temperature was above
the solubility limit of the (FesN) (144:43),

The equilibrium solubility of carbon in a-iron is given by(4®:

C (10.3)

C-eq

s s10g] 42401

where R is the universal gas constant which is 8.314 J mol?! K!

and T is the absolute temperature in K.
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Therefore, at 400 ©C, the equilibrium solubility of carbon Cc.eq
would be 9.72 x 10™ wt% (10 ppm). This implied that the
contribution of the residual carbon to the TEP value would be
negligible compared with the amount originally in solid solution

that was between 250 and 500 ppm.

According to Fast et al**®, the solubility of nitrogen in equilibrium

with FesN in a-iron is given by:

C (10.4)

N-eq

=12.3exp{—%}

Therefore, at 400 °C, the solubility of nitrogen in equilibrium with
Fe4sN would be 250 ppm. Since the maximum nitrogen content for
all the steels that were studied was 104 ppm, no iron nitride was
expected to form at 400 °C. The absolute TEP measurement after
annealing at 400 °C is desighated as Saigo. The nitrogen solubility

trend could then be correlated to:

ASN:(SFC_Si)_(SFc_S4oo):KN'Nss (10.5)

where Ky is the TEP coefficient for the nitrogen in solid solution

In state 5, the specimens are annealed at 800 °C to precipitate
the AIN while the carbon remains in solid solution and thereafter

qguenched in water. At this annealing temperature, AIN equilibrium
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solubility models predict that less than 5 ppm nitrogen will be in

solid solution***?), The carbon content can then be correlated to:
AS,. :(SFC_Si)_(SFC_SSOO):KC'Css (10.6)

where K¢ is the TEP coefficient for carbon in solid solution.

Figure 10.8 shows typical results obtained from the TEP

measurement sequence shown in figure 10.6.

10.5

10.0

Y F
DS I

AS,

9.5
£ Seen

9.0

a8.5

Absolute TEP, [pV/K]

a.0

7.5 T T
SEc Si Saoo S400

Treatment

Figure 10.8: Typical absolute TEP measurements for steel LS16-101
where ASc.y represents carbon plus nitrogen, ASc the carbon and ASy

the nitrogen in solid solution.
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11.1 Introduction

The static recrystallisation after cold work was studied in two
stages. Firstly, the study was done on the as-cast steels, which
were solution treated at 1300 °C and quenched into water. The
purpose for this treatment was to dissolve the AIN, CuS/Cu,S and
MnS before cold working and annealing. Secondly, specimens
from the as-cast steels were hot rolled and coiled by simulation on
the Gleeble 1500™ to follow the industrial conditions before cold
working and annealing. In both cases, the primary objective was
to investigate the influence of the sulphur and nitrogen content on

the recrystallisation process.

11.2 Hot rolling simulation and cold working

before isothermal annealing
Steels HS140-104, LS70-38 and LS2-65 whose chemical

compositions are given in table 10.1, were hot rolled and coiled
according to the hot rolling schedule given in table 11.1 and the
heat treatment cycle given in figure 11.1 below. Both the hot
rolling and the coiling were done in an argon atmosphere in order

to avoid excessive oxidation.

As may be seen in table 11.1, the only variable was the coiling
temperature. It was not possible to simulate the very high
industrial strain rates on the Gleeble due to machine and friction

limitations. The highest strain rate that could be achieved with
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good repeatability was 2 s which was significantly below the

industrial strain rates in hot rolling that are as high as 150 s™.

Table 11.1: The hot rolling and coiling schedule simulating the industrial
hot rolling and coiling processes on the Gleeble 1500™, the interpass
time is before the rolling pass, RT = reheat temperature, FMH =

finishing mill head and F = rolling pass.

Simulated CCR hot rolling on the Gleeble 1500™

Sample size: length 15 mm; diameter 10 mm

RT : 1150 °C

Parameter RT F1 F2 F3 F4 FMH
Initial height H in (mm) 15.00 | 11.11 | 7.83 5.80 4.75
Final height h out (mm) 11.11 7.83 5.80 4.75 4.75
Entry temperature (°C) 1150 | 1100 | 1050 | 980 900 | 900
True strain per pass -0.30 | -0.35 | -0.30 -0.20
Cumulative true strain -0.30 | -0.65 | -0.95 | -1.15
Cumulative Ah in (mm) -3.89 | -7.17 | -9.20 | -10.25

Strain rate per pass (s™!) -2.0 -2.0 -2.0 -2.0
Interpass time (s) 30.00 | 2.00 2.00 2.00

Coiling for 1hr (°C) 650
Coiling for 1hr (°C) 600
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Figure 11.1: The schematic diagram for the simulated hot rolling and
coiling processes on the Gleeble 1500™ hot rolling simulator.

After coiling, the specimens were cold worked using a laboratory
cold rolling machine and the total reduction in thickness was 70
percent. The rolling was done in small reductions of less than 5
percent per pass in order to achieve a final uniformly deformed
structure as large reductions had produced “cobbles” on the
specimens, probably arising from the small diameter rolls on this

machine.
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11.3 Isothermal Annealing after cold work

The isothermal annealing was carried out in a lead bath that was
pre-heated to the annealing temperature. The specimens were
immersed for different times and temperatures depending on the
experimental requirements. The arrangement for the lead bath is

shown in figure 11.2.

thermocouple suspension wire
| — ]
(] o heating element
insulation —— | | 1] b
1
€ & = sample
lead ] o .
steel erucible
stainless —| 240V
steel casing K F:lm
/
i
temperature controller

Figure 11.2: The experimental arrangement for isothermal annealing in
the lead bath.

The specimen size was minimised to avoid undesirable
temperature gradients with time between the surface and the
interior of the sample, which was relevant at very short annealing
times. The optimum specimen size was found to be 15 mm long, 4
mm wide and 1.5 mm thick. The steel crucible that contained the

molten lead was 65 mm in diameter and 140 mm deep. The
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volume of the molten lead was approximately 400 cm™ and no
temperature change was observed in the lead when immersing
the 0.09 cm™ specimen as the thermal mass of the specimen was
negligible compared to that of the lead. In optimising the
specimen size, it was observed that when larger specimens were
immersed in the lead bath there was an immediate drop in
temperature of up to 20 °C, depending on specimen size, and it
took up to 200 seconds for the lead bath to be reheated to the
programmed annealing temperature, in the process affecting the
accuracy of the annealing temperature as well as the entire
results. The experimental arrangement that was used to
determine the heating rate of the 15 x 4 x 1.5 mm specimen in
the lead bath is shown in figures 11.3 and 11.4.

Thermocouple spot-welded Thermocouple
to sample I ]
Lead bath S i
|- Sample
Computer dt800 1 P100| 240V
‘ v
Data Taker Furnace Temperature Controller

Figure 11.3: The schematic experimental arrangement for measuring
the heating rate of the specimen at the start of isothermal annealing in
a lead bath.
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A 0.384 mm diameter R-Type (Pt/Pt-13%Rh) thermocouple was
spot welded onto the sample to measure the heating rate upon
immersion into the lead bath. The thermocouple was coated with
a paste of alumina and insulated with a high temperature sheath.
The data logger sampled the analogue voltage signal from the
thermocouple at a frequency of 1 Hz. The data was downloaded

and was analysed using Microsoft Excel, see figure 11.5.

Figure 11.4: Photograph of the experimental arrangement for measuring
the heating rate of the specimen at the start of isothermal annealing.

As may be seen from figure 11.5, both the heating to the

annealing temperature and the quenching to room temperature
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were almost instantaneous when compared to the longer
isothermal annealing times of more than 15 seconds i.e. the
respective heating and cooling time of the specimens was

negligible compared to the isothermal annealing time.

600 -
%)
o,
L 400
-
d
©
(O]
Q.
g 200
(O]
- l\-w-oﬁﬂ
0 T T T T T 1
0 5 10 15 20 25 30

Time [sec]

Figure 11.5: A typical heating rate curve for a 15 x 4 x 1.5 mm
specimen at the start of isothermal annealing for steel HS140-104 in a
lead bath followed by water quench.

11.4 Experimental procedures for the

metallographic analysis

Metallographic analysis of the microstructures was done for three
reasons; namely to confirm the AIN equilibrium solubility trend for
the TEP results, to study the percentage recrystallisation after cold
work and to study the precipitation of AIN and MnS in these

steels. Both optical and electron microscopy methods were

applied in this study.
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11.4.1 Preparation of the carbon extraction
replicas for the observation of MnS and

AIN particles

The samples were mounted in epoxy, ground to 3 um and etched
in 4% Nital. The carbon was then deposited on these samples
using a carbon coating unit (Speedivac Coating Unit 12E6/1419)
under a vacuum pressure of 10™ Torr. Squares of approximately 3
x 3 mm? were scribed on the carbon coated surface using a
surgical knife and removed by electrolytic etching of the substrate
using an electrolytic solution of 10 percent nitric acid and 90
percent ethanol at a potential of 10 volts and a current density of
about 0.2 A cm™. Higher voltages were avoided because faster
separation of the extraction replica from the substrate resulted in
broken carbon replicas. The replicas generally floated off after

about 4 to 10 minutes etching times.

Alternatively, the samples were floated off by chemical etching in
the same 10 percent Nital. In these instances, the floating off took
a bit longer, 10 to 60 minutes depending on the microstructure
and depth of etching. After floating off, the replicas were stripped

in distilled water and dried on filter paper.

The carbon extraction replicas were observed by transmission
electron microscopy (TEM) on a Phillips CM200, which uses a

tungsten filament and was operated at 160 kV. The particles were
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identified by electron dispersive x-ray spectroscopy (EDS) and X-

ray diffraction patterns.

All diffraction work was carried out at the same TEM settings
which were as follows: the accelerating voltage was 160 kV,
selected area diffraction (SAD) aperture number 1, the condenser
lens current C2 (intensity) was set at 1600 mA, the camera length
was 950 mm, the exposure time was 40 seconds and the

diffraction lens current was 1.170 mA.

The TEM’s camera constant was calibrated with a gold film that
was sputtered onto a carbon film. Figure 11.6 shows the
diffraction pattern for the gold layer that was used to determine

the camera constant.

Figure 11.6: The diffraction pattern for the polycrystalline gold film that
was used to calibrate the camera constant for the Phillips CM200 TEM.
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Using the lattice parameter for gold of 0.40788 nm, the camera
constant was determined from the following equation which is

derived from the Bragg equation:

AL =70 d i, (11.1)

where A is the wavelength of the incident beam, L [mm] is the
camera length and the product AL is the camera constant, d [nm]
is the lattice spacing of the reflecting plane and r is the measured

spacing of the dny planes on the photographic plate.

From this calibration, the camera constant was found to be 2.776
(nm.mm). This value was compared to one determined from the

calculated camera constant where:

A= h (11.2)

2m0Ee(1+ Ee ZJ

2myc

where h is Planck’s constant (6.626 x 1073* J Hz'!), mq is the rest
mass of an electron (9.11 x 107! kg), e is the elementary charge
(1.602 x 10™*° C), c is the speed of light in vacuum (2.998 x 10® m

s!) and E is the accelerating voltage in volts (160 kV).

The camera length that was used to photograph diffraction
patterns was 950 mm and the calculated camera constant was

found to be 2.66 (nm.mm), giving an error of 4 percent from the
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experimentally determined one. In the identification of the
particles from the diffraction patterns the experimentally

determined camera constant was used.

11.4.2 Optical metallography for the study of

the recrystallised volume fraction

The samples were mounted in epoxy, ground and polished to 6 um
and chemically polished by immersing them in a 3 ml hydrofluoric
acid (HF) and 97 ml hydrogen peroxide (H»0,, 30 percent) solution
for 5 seconds and rinsed in H,O,. Immersing the samples for
longer times resulted in undesirable pitting. An alternative
chemical polishing solution that was equally suitable was 14 ml
HF, 100 ml H>05, 100 ml H,O solution.

Generally, grinding disturbs the structure of the surface metal
and, therefore, the chemical polishing was intended to remove
this disturbed metal in order to minimise any artefacts that would
interfere with the quantification of the recrystallised volume
fraction. After polishing, the samples were etched by swabbing up
to 5 seconds in 4 percent Nital. Under the optical microscope, the
recrystallised regions appeared lighter while the unrecrystallised
ones darker, creating the needed phase contrast for the

quantitative analysis of the recrystallisation process.

Two methods, both of them based on metallographic analysis

were used, namely, the point count method and the image
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analysis technique that employs a computer software package
called anlySIS™. Each point that was plotted in the graphs of
recrystallised volume fraction versus the isothermal annealing
time was an average of the recrystallised volume fraction taken
from twenty-five different areas of the specimen and the error bar

was the standard deviation.

11.4.3 Preparation of thin foils for TEM

observations

Specimens for thin foil TEM observations were electro-erosion cut
into discs 3 mm in diameter and 0.6 mm thick. They were then
mechanically ground to a thickness between 40 and 100 um
before thinning them in a twinjet thinning apparatus. The
electrolyte that was used was 1.25 litres of acetic acid, 0.08 litres
of perchloric acid and 0.7 g of chromium oxide (CrOs3) while the
voltage was set at 50 V. Figure 11.7 shows the characteristic
curve of current versus voltage that was obtained from the twinjet
that was used in the thinning of the foils. The flat region was the
applied voltage range where electrolytic polishing was achieved

and below that, etching took place instead of polishing.

After thinning i.e. after a small hole appeared in the foil, the foil
was rinsed thoroughly in ethanol to remove all the acids that could

corrode and contaminate the specimen.
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Figure 11.7: Voltage-current characteristic curve for electrolytic
polishing in the twin jet apparatus that was used in this work.

- 114 -



&
&
ﬂ UNIVERSITEIT YAN PRETORIA
. UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Chapter 12 Results

12.1 Introduction

Results from this study are in four parts:

o the first part deals with the equilibrium solubility trends of
AIN in low and high sulphur low carbon Al-killed hot rolled
strip steels during reheating;

e the second part deals with the study of the static
recrystallisation behaviour after cold work of these steels in
the as-quenched form;

e the third part presents the recrystallisation behaviour in
laboratory coiled steels; and

o the last part deals with the nucleation of AIN on MnS and its

impact on static recrystallisation in these steels.

12.2  Equilibrium solubility trends of AIN in low
and high sulphur Al-killed strip steels

The equilibrium solubility trends of AIN in low and high sulphur low
carbon Al-killed strip steels were studied in five steels with sulphur
content ranging from 2 ppm to 140 ppm using the TEP technique.
The steels were LS2-65, LS10-83, LS70-38, HS130-50 and
HS140-104 and their compositions are given in table 10.1. The
first numeral figure represents the sulphur and the second the

nitrogen content, both in ppm.

The aim of this study was to investigate if the sulphur content
does have an effect on the equilibrium solubility of the AIN in
these steels and to compare the results from the TEP technique
with the results from other workers that used other methods, in

particular the Beeghly method.
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12.2.1 Effect of soaking time on the dissolution
of the AIN

Figure 12.1 shows the evolution of the relative TEP values after
isothermally soaking two steels with high and low sulphur content,
steels HS140-104 and LS2-65 respectively, at 1150 °C for various
times and then quenching them into water. The relative TEP
values were taken with reference to the “no dissolution” TEP
values at 800 °C as these specimens were given a prior

isothermal annealing at 800 °C for 2 hours to precipitate the AIN.

0.8
Steel HS140-104
0.6 - Steel LS2-65
v
>
©
© 0.4
X //
g //
I/
0241/
l/
I/
I/
0-0 T T T T
0 5 10 15 20 25

Soaking time [min]

Figure 12.1: Relative TEP measurements AS for steels HS140-104
and LS2-65 after soaking for various times at 1150 °C and quenching

into water.
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The TEP values leveled off after soaking for more than 5 minutes
and this was an indication of equilibrium condition in the solubility
of the dissolving AIN. An important observation from this study
was that equilibrium dissolution of AIN is not affected by the

sulphur content in these steels.

12.2.2 Equilibrium solubility trends of AIN in low
and high sulphur low carbon Al-killed hot

strips during reheating
The TEP results for the equilibrium solubility trend of AIN in

austenite are given in table 12.1 and the corresponding curves of
relative TEP values versus the soaking temperature are given in
figure 12.2 below. The leveling off of the TEP values at higher
soaking temperature may indicate the solubility limit of the
dissolving AIN and the final relative TEP values are, therefore,

dependent on the nitrogen content.

Instead of plotting the relative TEP value AS versus the solution
temperature as in figure 12.2, the logarithm of the solubility
product log[%AIl][%N] derived from AS through equation 8.7, is
plotted against the inverse of the absolute solution temperature in
figure 12.3. This data is for 5 to 95 percent AIN dissolution and
this was approximated from the sigmoidal curves in figure 12.2.
Despite some scatter in the results, an important observation was
that the sulphur content did not have a significant effect on the
equilibrium solubility trend of AIN as the data points for all the five

steels were within the reasonable scatter. It is to be noted that it
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was the solubility product of the stoichiometric composition of the
AIN that was plotted against the inverse of the absolute

temperature in figure 12.3.

The equation from the regression analysis of the plot of the
logarithm of the solubility product of the AIN, i.e. Log[%AIl][%N],
versus the inverse of the absolute solution treatment temperature

in figure 12.3, was found to be:

1
Log[%Al][%N] = 2.6 — ? (12.1)
where the aluminium and the nitrogen contents are in weight

percentage and T is the absolute solution temperature in Kelvin.

In addition, the equilibrium solubility of AIN in steel HS140-104
was modelled by Thermo-Calc and the results are shown in figure
12.4. Curve number 5 in figure 12.4 shows the modelled
precipitation behaviour of AIN as the sulphur content is varied with

no predicted effect of the sulphur content.
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Table 12.1: TEP measurements for the various steels that were solution

treated at different temperatures for 12 minutes and quenched into

water. The TEP values were within an error of + 0.033 pV K while the

AS values were taken relative to the “no dissolution” TEP values at

800°C.
Solution Temperature [°C] and TEP [uV/K]
Steel 800 | 925 | 1000 | 1050 | 1100 | 1150|1200 | 1225 | 1250|1290
HS130-50 9.01 8.734 | 8.741 | 8.668 | 8.61 | 8.5 | 8.511 | 8.68
AS = Sgog - S 0 0.28 | 0.27 | 0.35 | 0.41 | 0.46 | 0.45 | 0.39
LS10-83 9.15 9.00 | 8.96 | 8.80 | 8.55|8.52 | 8.50
AS = Sggp - S5 0.15 | 0.19 | 0.35 | 0.60 | 0.63 | 0.65
HS140-104 8.63 8.48 | 8.25 | 8.28 | 7.91 7.84
AS = Sg - S 0.15 | 0.38 | 0.35] 0.72 0.79
LS2-65 8.12|8.10| 7.86 7.74 | 7.65 | 7.82 7.89
AS = Sgog - S; 0.00/0.02| 0.25 0.38 | 0.47 | 0.30 0.23
HS90-34 8.99|8.93| 8.76 8.78
AS = Sg - S 0.00/0.06| 0.23 0.21
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Figure 12.2: Equilibrium solubility trends for AIN in low carbon Al-killed

hot rolled strip steels during reheating for the steels which are labeled
on corresponding solubility curve.
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Figure 12.3: The logarithm of the AIN solubility product log[%AI][%N]
as a function of the inverse of the absolute solution treatment
temperature.
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Figure 12.4: Thermo-Calc results for steel HS140-104: note curve

number 5 that represents the precipitation of AIN.

12.2.3 Metallographic analysis

The results from the TEP measurements were checked
metallographically in order to confirm that the AIN had been fully
dissolved. Both extraction carbon replicas and thin foil techniques
were used for this. Out of the five steels that were studied by TEP,
two steels, one with the highest and the other with the lowest
sulphur contents were chosen for metallographic analysis i.e.
steels HS140-104 and LS2-65. Figure 12.5 shows micrographs
and corresponding EDS spectra for the particles in steels HS140-
104 and LS2-65 after solution treatment at 1150 °C, hot rolling
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and annealing at 800 °C for 6 hours as shown in the schematic
diagram in figure 10.1. After isothermal annealing at 800 °C for 6
hours, the AIN precipitated into coarse cuboids and fine round
particles.

A: ppt B: 23:31:11 11-Jul-86
Fsc: 420 Cps: 115 LSec: 188 Prst: 10AL Kev: B.52 Cnt: 38

A1Ke

CuKee
S Ho FeKaCo Ko
e -
¥ ; j ; ¥ ? i ; ¥ ¥ i
i.88 2.88 3.88 4.88 5.88 6.88 7.88 § .88 7.88 i8.8
(a)
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(b)
Figure 12.5: Micrographs and the corresponding EDS spectra for the
steels (a) HS140-104 and (b) LS2-65 which were hot rolled, cooled to
room temperature and then isothermally annealed at 800 °C for 6 hours

and then quenched into water.

Extraction carbon replicas were also prepared for specimens that

were only solution treated at 1150 °C for 12 minutes and water
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qguenched and their micrographs are shown in figure 12.6. As may
be seen in the carbon extraction replicas below, there was partial
dissolution of AIN in the higher nitrogen steel HS140-104
(micrograph (a)) while almost complete dissolution in the medium
nitrogen steel LS2-65 (micrograph (b)). The particles in
micrograph 12.6 (a) were also analysed by the x-ray EDS and

were found to be AIN as in figure 12.5 above.

®12000

(a) (b)
Figure 12.6: Micrographs for the two steels (a) HS140-104 and (b) LS2-
65 after solution treatment at 1150 °C for 12 minutes and quenched

into water.

The fact that AIN particles could not be seen in steel LS2-65 did
not necessarily mean that there were not any as the extraction

carbon replica technique is known to be insensitive to very small
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particles and, therefore, TEM thin foils were prepared. Figure 12.7
shows the TEM thin foil results for steel LS2-65 after solution
treatment at 1150 °C for 12 minutes and then quenched into
water. Some AIN particles (< 30 nm) were observed but they
were sporadic. No AIN particles could be observed when the
solution treatment temperature was raised to 1200 °C. This meant
that the dissolution of AIN in this steel was some where between
1150° and 1200 °C, which was about 50 °C above the

temperature determined by the TEP technique.

Similarly, steel HS140-104 was solution treated further at 1250 °C
for 12 minutes to dissolve the still remaining AIN at 1150 °C and
the results are shown in figure 12.8 i.e. no more AIN was
observed after quenching from 1250 ©°C, instead only Al;O3
particles were observed. This observation agreed with the TEP

equilibrium solubility results.
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Figure 12.7: (a) Thin foil micrograph for steel LS2-65 after solution
treatment at 1150 °C for 12 minutes and quenching into water and (b)
the corresponding EDS spectrum of the single particle in the

micrograph.
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Figure 12.8: Micrograph and corresponding EDS spectrum for the
particles which were observed in steel HS140-104 after solution
treatment at 1250 °C for 12 minutes and quenching into water.
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12.3 Recrystallisation behaviour in the as-

quenched condition

The recrystallisation behaviour of low and high sulphur low carbon
Al-killed strip steels was studied in steels HS140-104, HS90-12,
LS70-38 and LS2-65 with the first digit representing the sulphur
content and the second digit the nitrogen content respectively,
both in ppm. As mentioned earlier in the experimental procedures,
the study was done in two stages. Firstly, the recrystallisation
behaviour was investigated in the as-quenched condition in order
to observe the effects of both sulphur and nitrogen when they are
in solid solution at the start of recrystallisation. Secondly, the
study was extended to as-hot rolled and coiled specimens in order
to investigate the effect of coiling and the interaction of AIN with
the sulphides vis-a-vis the recrystallisation process in the two
groups of steels; one with low sulphur content and the other with
medium to high sulphur content. The latter set of results will be

presented in section 12.4 below.

12.3.1 Progression of the recrystallisation as

investigated by metallography
Steels HS140-104, HS90-12, LS70-38 and LS2-65 were solution

treated at 1300 °C for 10 minutes and quenched into water and
the resulting microstructure was massive ferrite. The as-quenched
steels were immediately given a 70 percent cold deformation and,
thereafter, isothermally annealed at different temperatures for

various times to induce the static recrystallisation.
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The micrographs in figure 12.9 show the progression of the
recrystallisation process during isothermal annealing at 610 °C in
steel HS140-104 with the light coloured areas the recrystallised
regions and the dark ones the non-recrystallised ones. The
micrographs in figure 12.9 show that there was no significant
change in the recrystallised volume fraction as the isothermal
annealing time was extended from 5 to 18 minutes i.e. there was
a recrystallisation arrest. The recrystallisation process resumed

again after 18 minutes.

Figure 12.10 shows the progression of the recrystallisation
process in the same steel HS140-104 but now annealed at 550
°C. No recrystallisation arrest was observed at this annealing

temperature.

Figure 12.11 shows the micrographs of the progression of the
recrystallisation process in steel HS90-12 with the lowest nitrogen
content of 12 ppm. This steel was also solution treated at 1300 °C
for 10 minutes, quenched into water, given a 70 percent cold
deformation and isothermally annealed at 610 °C for various

times. No recrystallisation arrest was observed in this steel.
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a1l minute b (Z minutes)

c (5 minutes) d {8 minutes)

g (12 minutes) f {18 minutes)

g (21 minutes) h {25 minutes)

Figure 12.9: Progression of the static recrystallisation in steel HS140-
104 after solution treatment at 1300 °C, quenching into water, cold
working 70 percent and annealing at 610 °C for various times.
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a (25 minutes) b {120 minutes)

(240 minutes) d (360 minutes)

Figure 12.10: Progression of the static recrystallisation in steel HS140-
104 after solution treatment at 1300 °C, quenching into water, cold
working 70 percent and annealing at 550 °C for various times
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a (Z minutes) b (6 minutes)

C {12 minutes) d {18 minutes)

Figure 12.11: Progression of static recrystallisation in steel HS90-12
after solution treatment at 1300 °C, quenching into water, cold working
70 percent and annealing at 610 °C for various times

12.3.2 Quantitative results of the static
recrystallisation kinetics in steel HS140-

104 in as-quenched condition

In figure 12.12, the recrystallised volume fraction as determined
through area analysis micrographic software, is plotted against
the isothermal annealing time for various recrystallisation
temperatures for steel HS140-104 that was given the treatment

as mentioned in section 12.3.1 above. In some cases a clear
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region of “recrystallisation arrest” was found as shown collectively

by the cross hatched area in figure 12.12.

= 0 G
L0 lA=700°C Ef"a
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Figure 12.12: Recrystallised volume fraction versus isothermal
annealing time for steel HS140-104 after solution treatment at 1300 °C,
quenching into water, cold working 70 percent and annealing at various
temperatures for various times. The cross hatched area is the

recrystallisation arrest region.

Some specimens of steel HS140-104 were also annealed at 450
°C for 30 minutes in order to precipitate the Fes;C prior to the 70
percent deformation and the recrystallisation annealing. According

to Konig et al®? and Leslie et al®®, see figure 4.2, no AIN is
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expected to precipitate at this temperature at shorter annealing
times and, therefore, only the cementite would be precipitated.
This was done to investigate the possible effects of the carbon (in
or out of solid solution) in the as-quenched specimens on the
recrystallisation process after cold work. The results are given in
figure 12.13 which confirmed that the movement of carbon does
not appear to play any role in the kinetics of the recrystallisation

process in these steels.

1.0 4
O Annealed at 450 °C for 30 min

c before deformation
o
0 0.8 1 l
© ® As-quenched
Y-
)
€
S5 0.6
)
>
°
3
= 04
)
(0]
-
o)
o 0.2 7

0.0 A

T T
101 100 10t 102

Annealing time, [min]

Figure 12.13: Recrystallised volume fraction versus isothermal
annealing time for steel HS140-104 that was solution treated at 1300
°C, quenched in water; one annealed at 450 °C for 30 minutes and the
other as-quenched, then both cold worked 70 percent and isothermally
annealed at 610 °C for various times.
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The log of the inverse of the recrystallisation arrest start time tra
is, therefore, plotted against the inverse of the absolute
isothermal annealing temperature in figure 12.14. The apparent
activation energy of the process that led to the recrystallisation
arrest was derived from the slope of this graph and its value was
230 kJ mol™. This activation energy is reasonably close to that for
the diffusion of aluminium in ferrite which Germaz et al**®) found
to be 196.5 kJ mol™.

2.5

Q = 230 kJ mol™
R%? = 0.9969

1.5 4

Ln[1/tral

-0.5
1.04 1.06 1.08 1.1 1.12 1.14

1/Temperature, [x107° K]

Figure 12.14: The inverse of the recrystallisation arrest start time tga

versus the inverse of the isothermal annealing temperature.
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The Zener-pinning effect start Zgax and finish  Zgnish times
observed in figure 12.12 above and plotted separately in figure
12.15 can indirectly be used to measure an estimated AIN
precipitation start Psare and finish  Pgnisn  times in these steels.
This is, of course, only an approximation measured indirectly by a
Zener-like recrystallisation pinning effect which is dictated by the
ratio (V./r) of AIN particles. For instance, some AIN precipitation
may, therefore, already be present before the estimated  Pstart

but is merely ineffective due to a very low volume fraction.

720

700 7 Zstart Zfinish
680 ~
660 ~
640 ~

620 ~

600 ~

Temperature, [°C]

580 -

560 -

540

520 T T T
0.1 1 10 100

Isothermal holding time, [min]

Figure 12.15: The Zener-pinning effect start Zg.+ and finish  Zgnish
times in minutes which were derived from the recrystallisation arrest
times in figure 12.12.
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12.3.3 Comparison of the recrystallisation
kinetics in low and high sulphur content

steels in as-quenched condition

The recrystallisation behaviour of four steels, two with low to
medium sulphur content (LS2-65 and LS70-38) and the other with
medium to high sulphur content (HS90-12 and HS140-104) is
compared in figure 12.16. All four steels were solution treated at
1300 °C, quenched into water, cold worked 70 percent and
annealed at 610 °C for various times. It is worthwhile observing
that, regardless of the nitrogen content, the steels with lower
sulphur content in solid solution recrystallised at earlier times

compared with the ones with the higher sulphur content.

The Avrami plots for steels LS70-38 and HS90-12 are given in
figure 12.17 and it is evident that the sulphur content does not
affect the recrystallisation kinetics but rather the incubation period
as there was significant no difference in the values of the MAJK

exponent n.
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Figure 12.16: The recrystallised volume fraction versus isothermal
annealing time for steels LS2-65, LS70-38, HS140-104 and HS90-12
after solution treatment at 1300 °C, water quenching, cold working 70

percent and isothermally annealing at 610 °C for various times.
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Figure 12.17: Avrami plots for steels LS70-38 and HS90-12 from the
data in figure 11.16.

12.4 Recrystallisation behaviour in as-coiled

condition

The recrystallisation behaviour of steels HS140-104, LS70-38 and
LS2-65 with sulphur contents of 140, 70 and 2 ppm respectively
was studied in this series. These three steels were hot rolled and
coiled through simulation on the Gleeble 1500™ and details of the

process were given in table 11.1 and figure 11.1. The main
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variables in these experiments were the coiling temperature (600°
and 650 °C) and the sulphur content of the steel.

12.4.1 Quantitative results of the
recrystallisation behaviour of the as-

coiled hot strips

Figure 12.18 shows the plots of the recrystallised volume fraction
versus isothermal annealing time for steels HS140-104, LS70-38
and LS2-65. These steels were coiled in the Gleeble 1500™ at 600
°C and 650 °C, given a cold deformation of 70 percent and
isothermally annealed respectively at 600 °C and 650 °C in the

lead bath for various times.

The Avrami plots derived from the sigmoidal curves in figure
12.18 are given in figure 12.19. The main observation from these
two figures was that, unlike in the as-quenched condition with all
the sulphur in solid solution, steels with lower sulphur content
recrystallised at later times and this effect was more prominent at

the lower coiling temperature of 600 °C.

In figure 12.20, the static recrystallisation time i.e., 5 percent
recrystallisation tsq, has been plotted against the corresponding
sulphur content of the three steels that were studied in this series.
A very pronounced effect of “sluggish” recrystallisation at low
sulphur contents and low coiling temperature is apparent, which
confirms the differences in recrystallisation behaviour reported
within industry from nominally the same product but from

different process plants that originally led to this study.
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Figure 12.18: Recrystallised volume fraction for steels HS140-104,
LS70-38 and LS2-65 which were coiled at 600 °C and 650 °C, cold
worked 70 percent and isothermally annealed at 600 °C and 650 °C in a
lead bath for various times. CT stands for coiling temperature.
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Figure 12.19: Avrami plots from the sigmoidal curves of recrystallised
volume fraction versus isothermal annealing time for the steels and
treatment given in figure 12.18.
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Figure 12.20: The 5 percent recrystallisation time tso, in minutes,
plotted as a function of the sulphur content (ppm) of the corresponding
steel as labeled in the figure.

The logarithm of the recrystallisation start time tso, is plotted
against the sulphur content in ppm in figure 12.21. The empirical
expressions for predicting the recrystallisation start time tso, as
a function of the sulphur content in ppm, are given in table 12.2
and these expressions have been derived from the results given in

figure 12.21. It is, however, necessary to mention that these are
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not universal equations; they are specific for these steels under

the processing conditions specified above.

4

L52-65 m CT=600°C
T 3 A CT=650°C
E
=4
- LS70-38
(0] 1 -
£
S
® 01 A ——m__
o T ——
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Sulphur content, [ppm]

Figure 12.21: Logarithm of the static recrystallisation start time tso

versus the sulphur content in ppm.

Table 12.2: Empirical expressions for predicting the recrystallisation

start time tso, as a function of the sulphur content in ppm derived from

the results in figure 12.21 above; CT = coiling temperature.

160

CT (°C) SRX tse, R? value
600 tso, = 33.78exp(-0.03455) 0.993
650 tso, = 0.99exp(-0.008S) 0.94

- 145 -



&
&
ﬂ UNIVERSITEIT YAN PRETORIA
. UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Chapter 12 Results

12.4.2 Metallographic  analysis on static
recrystallisation in steels HS140-104 and
LS2-65

The metallographic analysis through TEM of thin foils focused on
the nucleation of recrystallisation during the annealing process
and the possible influence of the AIN particles on the kinetics of
the recrystallisation process. Figures 12.22 to 12.24 show
preferential nucleation of new recrystallised grains on subgrain
boundaries and around extensively cold worked regions around
FesC particles in both steels HS140-104 and LS2-65. These areas
provided extra driving force for the nucleation of new

recrystallised grains in both low and high sulphur steels.

Figure 12.23 shows a new grain that nucleated on the deformation
band in steel HS140-104, and is growing in the direction of the
arrows parallel to the deformation bands while growth normal to
the sides parallel to the deformation bands is probably inhibited

by orientation pinning from low angle grain boundaries.
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Figure 12.22: Nucleation of new recrystallised grains on subgrain
boundaries growing into the deformed matrix by Strain Induced
Boundary Migration (SIBM): (a) and (c) new recrystallised grains are
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formed in steels LS2-65 and HS140-104 respectively while in (b) and
(d) the grains are growing into the deformed matrix as indicated by the
arrows in steels LS2-65 and HS140-104 respectively.

Figure 12.23: Steel HS140-104, showing a new grain that nucleated on
a deformation band and is growing in the direction of the arrows parallel
to the deformation bands.
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oo

Figure 12.24: Nucleation of new recrystallised grains within extensively
cold deformed regions around pearlite colonies and Fes;C particles. (a)
steel LS2-65, (b) and (c) steel HS140-104 .

Figure 12.25 shows the micrographs from TEM thin foils in which
observations of the pinning interaction of AIN fine particles (< 30
nm) with the recrystallisation process in the low sulphur content
steel LS2-65, were made. The wavy recrystallisation front
observed in figure 12.25 (a) shows the pinning effect of the fine
AIN precipitates in the low sulphur steel LS2-65 which,
consequently, retards the recrystallisation process in this steel.
More evidence of the pinning of the recrystallisation front by the
Zener drag effect is seen in the micrographs in figures 12.25 (b)
and (c) which were taken at higher magnification. The same

investigation was done on the higher sulphur content steel HS140-
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104 and no particle pinning of the recrystallisation front was

observed, see figure 12.26 below.

.-\: L

(b)
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(d)

Figure 12.25: Particle pinning of recrystallisation (SRX) in steel LS2-65:
(a) a wavy recrystallisation front, (b) particle pinning of the SRX front
by two AIN particles which were about 100 nm apart, (c) dislocation
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pinning in and around the SRX front and (d) dislocations pinned by AIN
particles just behind the SRX front.

Figure 12.26: Recrystallisation front that is growing into the deformed
matrix without encountering particle pinning in higher sulphur steels
HS140-104.
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12.5 Precipitation of AIN on MnS and the

resulting mean particle size of the former
Steels HS140-104 and LS2-65, one with high and the other with

low sulphur contents respectively were hot rolled and coiled in the
Gleeble 1500™ according to the schedule and heat treatment
cycle specified in table 11.1 and figure 11.1 respectively. The TEP
measurements were carried out according to the procedure given

in section 10.5.

12.5.1 TEP measurements in an as-coiled

condition

The absolute TEP measurements were taken from eight specimens
which were obtained from each of the steels and the results are
given in table 12.3 below. As may be seen in table 12.3 and figure
12.27, there was no significant change in the absolute TEP values
immediately after coiling and after isothermal annealing at 800 for
2 hours. This was evidence that there was no further significant
precipitation of AIN, in both steels, after hot rolling and coiling for
1 hour at 600 °C in a Gleeble 1500™ simulator.
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Table 12.3: Absolute TEP values for the steels LS2-65 and HS140-104
which were solution treated at 1150 °C for 10 minutes, hot rolled in 4
passes and then coiled at 600 °C for 1 hour; TEP1 = absolute TEP value
immediately after coiling while TEP2 = absolute TEP value after
annealing at 800 °C for 2 hours cooled to 600 °C and annealed for 10
minutes and quenched in water. Error = 0.033 pV K.

Steel LS2-65 Steel HS140-104
Specimen TEP1 TEP2 TEP1 TEP2
HV/K HV/K HV/K HV/K
1 9.21 9.10 9.40 9.40
2 9.20 9.14 9.26 9.14
3 9.14 9.00 9.31 9.32
4 9.28 9.06 9.28 9.38
5 9.10 9.12 9.10 9.23
6 9.06 9.00 9.16 9.17
7 9.21 9.20 9.10 9.21
8 9.10 9.10 9.07 9.00
Mean 9.16 9.09 9.21 9.23
Std. dev. 0.07 0.07 0.12 0.13
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Figure 12.27: Absolute TEP measurements for the as-coiled condition of
steels (a) LS2-65 and (b) HS140-104 where TEP1 and TEP2 are as
defined in table 12.2 above.
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12.5.2 Precipitation of AIN during hot rolling and

coiling simulations

Metallographic analysis was carried out on steels HS140-104,
LS70-38 and LS2-65 in the hot deformed and as-coiled condition
in the Gleeble 1500™ in order to investigate the possible influence
of the sulphur content on the precipitation of AIN during coiling at
600 and 650 °C. The hot rolling and coiling schedules were given
in table 11.1 and figure 11.1. The results from the metallographic

analysis are given in figures 12.28 to 12.31.

It was observed that in the higher sulphur content steel HS140-
104, the AIN was associated with MnS and [Mn,Cu]S, see figures
12.28 (b) and (c) below, and the particles were generally coarse
between 50 and 300 nm in size. In the medium sulphur content
steel LS70-38, the AIN was also associated with [Mn,Ti,V]S
complex sulphides but the particles were relatively finer compared
with steel HS140-104, between 50 and 100 nm, see figure 12.29.
In the lowest sulphur content steel LS2-65; no AIN could be
observed on extraction carbon replicas as this technique is not
sensitive enough to reveal the very fine particles and, therefore
TEM thin foils were used. Through this technique fine AIN particles
(< 30 nm) were observed and these were not associated with the
MnS as there was none due to the very low sulphur content of

only 2 ppm in this steel, see figure 12.30 below.
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The main observation here was that the heterogeneous
association of AIN with the MnS in medium to high sulphur content
steels, modified the effective particle size of the former if
compared with the low sulphur content steels in which the AIN
nucleated homogeneously in the matrix or heterogeneously on
grain boundries as shown in figures 12.30 and 12.31 respectively.
This difference in effective particle size of the AIN between the
higher and the lower sulphur content steels contributed later to
the difference in the recrystallisation behaviour of these two
groups of steels i.e. it is generally “sluggish” in the lower sulphur
content steels due to presence of much finer AIN particles which
may pin the dislocation sub-boundaries and the static

recrystallisation fronts through Zener drag.

The mean particle size for steels HS140-104, LS70-38 and LS2-65
was measured from approximately one hundred particles and their
mean is plotted against the sulphur content of their respective
steels in figure 12.32. The error bars represent the standard
deviation from the diameter measurements. The main observation
in figure 12.32 was that the 5 percent recrystallisation time tso,
increased as the mean particle size decreased with the decrease in

sulphur content of the steel.
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(a)

A: pptrrrs” B: 23:192:33 15-Febh-87Y

Fsc: 346 Cps: 927 LSec: 188 Prst: 100L HKev: B.47 Cnt: 11

(c)
Figure 12.28: TEM replica micrographs and EDS spectrum for the higher
sulphur content (140 ppm) steel HS140-104 in the as-coiled condition,
hot rolled and coiled at 600 °C. (a) AIN particles observed at low

maghnification, (b) about 150 nm particle in micrograph (a) now
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observed at higher magnification, (c) EDS spectrum of the particle in

micrograph (b).

(a) (b)

A: ppts  B: 22:02:38 B1-Nov-86
Fsc: 533 Cps: B LSec: 108 Prst: 18AL Kev: 2.75 Cnt: 8

()
Figure 12.29: TEM replica micrographs and EDS spectrum for the
medium sulphur content (70 ppm) steel LS70-38 in the as-coiled
condition, hot rolled and coiled at 600 °C. (a) AIN particles observed at
low magnification, (b) about 80 nm particle in micrograph (a) now
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observed at higher magnification, (¢) EDS spectrum of the particle in
micrograph (b).

A: pptss” B: B4:18:17 13-Jul-B6
Fsc: 233 Cps: 196 LSec: 180 Prst: 100L Kev: A.49 Cnt: 17

(b)
Figure 12.30: TEM thin foil micrograph and EDS spectrum for the low

sulphur content steel LS2-65 in the as-coiled condition, hot rolled and

- 161 -



P

UNIVERSITEIT YAN PRETORIA
UNIVERSITY OF PRETORIA
Qo VUNIBESITHI YA PRETORIA

Chapter 12 Results

coiled at 600 °C. (a) micrograph showing a typical AIN particle, (b) the
EDS spectrum for the particle in (a).

(a)

pptsss A4:86:42 13-Jul-86 KkU:208. Tilt:20.0 TKoff:29.1
Fzsc:= 233 Cps:= 227 LSec: 188 Prst: 108L Kev: B.49 Cnt: 30

(b)
Figure 12.31: (@) TEM thin foil micrograph showing precipitation of AIN

on prior grain boundary and on dislocations and (b) EDS spectrum of
the AIN particles that were observed in (a) for the low sulphur content
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steel LS2-65 in the as-coiled condition, hot rolled and coiled at 650 °C

for 1 hour.
100
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Figure 12.32: The recrystallisation start time ts¢, and the AIN mean
particle size as measured from thin foils, are plotted as a function of the
sulphur content in steels HS140-104, LS70-38 and LS2-65. The cross
hatched area represents possible particles that were “"missed” due to a

lower limit of detection of about 20 nm by thin foil TEM.

12.5.3 Crystallographic orientation relationship
between AIN and MnS

As mention earlier in section 11.3.1, the TEM camera constant
was calibrated using a gold film and from which the lattice
parameter for the AIN and the MnS were found to be 0.318 and
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0.529 nm respectively. This was in reasonable agreement with

literature values where the lattice parameters for AIN and MnS

were found to be 0.311 and 0.522 nm respectively(36:43),

The compound MnS/AIN particle and the electron diffraction

patterns for the AIN, MnS and the compound particle are given in
figure 12.33. The zone axis for the AIN was [2110] while that for
the MnS was [110]. The orientation relationship between the AIN
and the MnS was found to be (111),,//(0001) , and

[110],,//[2110],,, Which agrees with the observation of Ushioda et
al®® in a 0.036%C steel with 150 ppm sulphur and 41 ppm

nitrogen. The schematic diagram of the electron diffraction pattern

for the compound particle is given in figure 12.33 (e) below.
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(e)
Figure 12.33: Crystallographic orientation relationship between AIN and
MnS: (a) an AIN particle that nucleated on MnS (b) diffraction pattern
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of AIN on [ZﬁO] zone axis, (c¢) diffraction pattern of MnS on [110] zone

axis, (d) diffraction patterns of both AIN (in open symbols) and MnS (in
solid symbols) (e) schematic diagram of the diffraction pattern in (d)

with (111),, //(0001),r [110]y,s/[2110], -
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13.1 Introduction

The discussion of the results given in the previous chapter is

divided into four parts:

the first part, which comprises section 13.2 and 13.3, deals
with the equilibrium solubility trends of AIN in low and high
sulphur low carbon Al-killed hot rolled strip steels during
reheating;

the second part, which consists of section 13.4, deals with
the study of the concurrent static recrystallisation and
precipitation of AIN during isothermal annealing of the cold
worked steels HS140-104, HS90-12, LS70-38 and LS2-65 in
the as-quenched condition;

the third part, which is in section 13.5, presents the
recrystallisation behaviour in laboratory simulated coiled
steels HS140-104, LS70-38 and LS2-65 in which the sulphur
content and the simulated coiling temperatures were varied;
and

the last part, which is in section 13.6, deals with the
nucleation of AIN on MnS particles during hot rolling and
coiling and its impact on the static recrystallisation after cold

working in these steels.

13.2 Effect of soaking time on the dissolution of

the AIN

In figure 12.1, the relative TEP values AS are plotted against the

isothermal soaking times at 1150 °C for high and low sulphur

content steels HS140-104 and LS2-65 respectively. Assuming that
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the contribution from lattice defects and other substitutional
alloying elements was negligible and/or the same for all of these
specimens, the measured relative TEP value AS  after
quenching from the solution treatment temperature represented
the carbon and nitrogen in solid solution. At this solution
treatment temperature of 1150 °C, the carbon was already
completely in solid solution and, therefore, any variations in
measured TEP values could be attributed to the partial or

complete dissolution of the AIN particles.

As may be seen in figure 12.1, there was no significant change in
the relative TEP values after about 5 minutes and up to 20
minutes soaking times and this meant that no further significant
dissolution of AIN took place after soaking the steels for more than
5 minutes. The soaking time of about 5 minutes or more was,
therefore, adequate to achieve equilibrium conditions during AIN
solution heat treatment of these two steels, which were at the
extreme limits of the range of sulphur contents used here. This
already suggests that differences in the sulphur levels in these
steels do not affect the kinetics of equilibrium dissolution of the
AIN after soaking for 5 minutes or more at a solution treatment
temperature of 1150 °C. The differences in the relative TEP values
were, therefore, only due to the differences in nitrogen content
whereby the steel with the higher nitrogen content registered
higher TEP values. Similar observations were made by Mayrhofer
et al®”) that, during AIN solution treatment even in the presence
of coarse AIN, equilibrium was achieved in less than 10 minutes at

temperatures above 1000 °C. It may, therefore, be concluded that
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AIN dissolves relatively quickly in low carbon Al-killed steels

during a solution or reheating treatment.

13.3 Equilibrium  solubility trends during
reheating of AIN in low carbon Al-killed
strip steels with low and high sulphur

contents

As may be seen in both figures 12.2 and 12.3, there is some
scatter in the TEP results and this may possibly be attributed to
quenched-in defects, presence of coherent or semi-coherent
particles and interaction of nitrogen and carbon with other alloying
elements in these commercial low carbon strip steels. Interstitials
that segregate to dislocations and other lattice defects may not
contribute measurably to the TEP effect any more while the
strain field around coherent particles and lattice defects such as
dislocations, on the other hand, may do so*”). As a result there
will be some variation in TEP measurements from such
metallurgical effects and, of course, also from purely extraneous
experimental effects in measurement. However, the R-squared
value (R®> = 0.8) from the regression analysis in figure 12.3,

shows that the effects of the scatter are still reasonable.

In order to correlate the nitrogen content in solid solution to the
measured relative TEP or AS values, some assumptions had to

be made:
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(a)

(b)

(c)

(d)

(e)

All the nitrogen had precipitated into coarse and
incoherent AIN during the prior annealing process at 800
°C for 6 hours and that the nitrogen in solid solution that
was in equilibrium with the AIN at that temperature, was
negligible. This assumption was tested with an existing
AIN equilibrium solubility equation in ferrite (equation
13.3 below) and it predicts that at 800 °C, only about 3

ppm of the nitrogen would be in solid solution®.

All the nitrogen was in solid solution at the points where
the TEP measurements leveled off after the specimens
had been solution treated at higher temperatures, as was

shown in figure 12.2.

TEP contributions from other dissolving substitutional

alloying elements were negligible and/or constant.

TEP contributions from quenched-in lattice defects were

negligible and/or constant.

As TEP measurements were done at room temperature
and the fact that all the steels that were studied were low
carbon steels with a maximum of 0.058%C and 104 ppm
N, the specimens were fully ferritic and there were no

TEP contributions from matrix phase variations.

The amount of nitrogen in solid solution could then be deduced

from the Gorter-Nordheim law**® using equation 10.2 (ASy =
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Ssoo — Si = Kan[N]). The amount of aluminium required to
combine with the nitrogen was calculated from the stoichiometric
composition of AIN, which was less than the analysed acid soluble
aluminium content for all the steels that were studied, see

chemical compositions in table 10.1.

The equation from the regression analysis of the plot of the
logarithm of the solubility product of the AIN, i.e. Log[%AIl][%N],
versus the inverse of the absolute solution treatment temperature
in figure 12.3, is the equilibrium solubility equation for the AIN in
austenite in these steels as determined by the TEP technique and

was found to be:

Log[%Al][%N] = 2.6 — ? (13.1)

where the aluminium and the nitrogen contents are in weight

percentage and T is the absolute solution temperature in Kelvin.

From figure 12.3, the most important observation is that the
sulphur content does not appear to have any measurable effect on
the equilibrium solubility of the AIN in these steels, at least within
the experimental scatter found, i.e. the AIN equilibrium solubility
of both the low and high sulphur steels that were studied could be
modelled by the same equation 13.1. This is in agreement with
the observations made by many workers in these steels using

other techniques than TEP*1-2),
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The results in figure 12.3 were checked by Thermo-Calc and the
results predicted that sulphur should not influence the equilibrium
solubility of AIN in low carbon Al-killed steels, see figure 12.4. This
was not surprising as Thermo-Calc employs similar
thermodynamic models (given in the appendix) to compute the
solubility limits of the AIN.

The AIN equilibrium solubility model from this work is compared
with models from others workers in figure 13.1 below. The results
from this study give slightly higher solubility limits when
compared with the results obtained through the Beeghly technique
and could be due to a number of reasons arising from the different
techniques employed. While the TEP technique is based on the
assumptions made above, the Beeghly technique also has its own
shortfalls, mainly the lack of sensitivity to particles of less than 10
nm in diameter and its failure to isolate the AIN from other
nitrides*?. Consequently, lower solubility temperatures are

reported by the Beeghly technique compared to other techniques.
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Figure 13.1: Comparison of the TEP equilibrium solubility model from

this work with the models from other authors; details for the other

curves are given in the appendix.

Curves M,

N and O

in figure 13.1 were calculated from

thermodynamic data and are based on the Fe-AlI-N system(*°>1),
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Hence, any possible interactions of the AIN with other alloying
elements, as may be the case in commercial strip steels, are not
taken into account by this approach. This may account for the
difference between the solubility model from this work and those

derived from the thermodynamic data.

Despite the differences in the predicted AIN solubility limits, all
models including the one from this work, indicate that the sulphur
content in these low carbon Al-killed strip steels does not influence

the equilibrium solubility of AIN.

It may be worthwhile to also compare the TEP coefficient Kan for
AIN from this work with those from other work. Using equation
10.2 and with the assumptions regarding TEP measurements

made above, the solubility coefficient Kan is given by:

(5800 - Sf) AS

K,y= =

[N] V]

where Sgoo is the absolute TEP measurement for the specimen
that was solution treated at 800 °C for 6 hours, St is the absolute
TEP value at the solution temperature where the absolute TEP
values level off and [N] is the nitrogen content in solid solution,

in this case the one that was obtained from the LECO analyses.

Values of the TEP coefficient Kan for AIN obtained in this work

are compared with values from the literature in table 13.1.
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Table 13.1: TEP coefficients Kan for AIN obtained from the five steels
that were studied and compared to published values.

Steel N [ppm] | AS[pV/K] | Kan [x107° Literature
V/K.ppm] [x107° V/K.ppm]
HS130-50 50 0.43 8.6 6.7 to 10 (Biron et
(148)
HS90-34 34 0.21 6.4 al**®)
HS140-104 104 0.79 7.6
LS10-83 83 0.63 7.5
LS2-65 65 0.46 7.1

As may be seen from table 13.1, the TEP coefficients for AIN
obtained in this work are in good agreement with those obtained
by Biron et al®*® on low carbon (0.02 to 0.066%C) and 17 to 102

ppm nitrogen Al-killed steels.

The TEP results were checked by TEM on carbon extraction
replicas and the results are given in figures 12.5 to 12.8. After
isothermal annealing at 800 °C for 6 hours, the AIN had
precipitated into coarse cuboids and fine round particles as shown
in figure 12.5. When these specimens were solution treated at
higher temperatures in order to dissolve the AIN, in the medium
nitrogen steel LS2-65 the AIN disappeared at 1200 °C and this
was somewhat higher by nearly 50 °C than the dissolution
temperature determined by the TEP technique, which was about
1150 °C. The difference might be due to the scatter in the TEP
results, see figure 12.3. As for steel HS140-104, there was good
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agreement between the dissolution temperature determined by
TEM on carbon extraction replicas and the TEP technique as no
more AIN could be observed after a soaking temperature of 1250

°C, see figure 12.8.

13.4 Concurrent static recrystallisation and
precipitation of AIN during isothermal
annealing of a low carbon Al-killed cold
worked steel HS140-104 in an as-

quenched condition
Steel HS140-104 was solution treated at 1300 °C for 12 minutes

to dissolve both the AIN and MnS and quenched into water (see
figure 10.1), cold worked 70 percent, and isothermally annealed
at 610 °C to induce static recrystallisation. Figure 12.9 shows the
progression of the recrystallisation process and it is evident from
the micrographs that between 5 and 18 minutes, there was a
complete recrystallisation arrest i.e. there was no significant
increase in the recrystallised volume fraction with an extension of
the isothermal annealing time. This observation was supported by
the quantitative results given in figure 12.12 in which the
recrystallised volume fraction was plotted against the isothermal
annealing time, see the cross hatched area. However, no
recrystallisation arrest was observed in this steel at temperatures
of 580 °C and below or above 700 °C, see figures 12.10 and
12.12.
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A recrystallisation arrest in Al-killed low carbon steels within the
intermediate temperature range of 550 to 650 °C, has also been
observed by other workers and was attributed to the clustering or

nucleation of AIN(119)

. It was reported that at an isothermal
annealing temperature of 550 °C and below, AIN precipitation
precedes recrystallisation while at temperatures higher than 650
°C the latter precedes the former. However, in this study, it was
observed that even at 580 °C, AIN still preceded recrystallisation
and, therefore, this suggests that the lower temperature limit may
also depend on the chemical composition and the supersaturation
of the nitrogen and aluminium of the steel. Both of these will
reflect in the ratio V,/r which dictates effective Zener pinning

above a certain critical value.

It was also established that in cold worked low carbon Al-killed
steels, AIN nucleates predominantly on dislocation sub-boundaries
whereas grain boundaries are preferred nucleation sites in

recrystallised material(11122:149)

probably due to a lack of
dislocations and subgrain boundaries. As a result, the
recrystallisation process is inhibited through particle pinning of the
dislocation sub-boundaries as well as the recrystallisation
interfaces in what is commonly called the “Zener drag” or “Zener

pinning” effect.

As may be seen from figure 12.13, there was no significant
difference between the as-quenched material and the one that
was annealed at 450 °C for 30 minutes to precipitate the FesC

prior to cold working. The presence of carbon in or out of solution,
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therefore, does not appear to affect the kinetics of the
recrystallisation process. It, therefore, appears that the
precipitation of AIN and not FesC may be responsible for the
recrystallisation arrest, with the start of the arrest time,
representing the start time for AIN nucleation that becomes
effective in Zener drag. This start time was estimated from the
crossing point of an extrapolation of the horizontal arrest plateau
and the slope of the rising curve in Figure 12.12 just before the

arrest started.

The arrest finish time should also represent a stage where the
particle size of the AIN becomes ineffective for Zener drag on
moving recrystallisation interfaces and this time is assumed to be
associated with the “end of nucleation”, i.e. the time where there
are no new very small precipitates that are forming and that can
still exercise Zener drag. This time was also estimated through
the extrapolation of the two lines as indicated above for the start

time.

While it is impossible to observe directly by electron microscopy
the very early stages of the precipitation of AIN and its effect on
the recrystallisation process in cold worked material, it was
observed in this work that the apparent activation energy of the
process that led to the recrystallisation arrest was 230 kJ mol™,
and this was somewhat close to that for the diffusion of aluminium
in the matrix of a-ferrite which is quoted as 196.5 kJ mol™* (149,
see figure 12.14. The observed value of 230 kJ mol! differs

slightly from that obtained by Ogawa et al*®® in an assessment of
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the activation energy for the precipitation of AIN in both annealed
and cold worked iron, which was reported as 243 kJ mol™. Biron
et al’® used the TEP technique to assess this same activation
energy in Al-killed low carbon-manganese steels and also found a
value of 243 kJ mol™. Using the same TEP technique, however,
Brahmi et al®* observed two temperature regimes for the
nucleation of AIN in an Fe-Al-N alloy with different activation
energies; the first was 250 kJ mol™? for the temperature range of
500 to 575 °C and the second was 210 kJ mol™ for the range of
600 to 700 °C. Due to the high diffusivity of nitrogen in ferrite, it
is generally assumed that no rate controlling nitrogen
concentration gradient will occur during nucleation and growth of
AIN and, therefore, the diffusion of aluminium atoms is likely to be

rate controlling in the precipitation of AIN(1>%),

13.4.1 Modelling the activation energy for the
nucleation of AIN in ferrite, AG*,N and

the critical radius r*

The classical model for the rate of homogeneous nucleation of AIN

is given by equation 3.16 and is as follows(%29);

. Q. i +AG,
N aw = N,Z BExp —( D(A”RT w) (13.2)

where  Qpan is the activation energy for the diffusion of

aluminium in ferrite, AG*an is the activation energy for the
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nucleation of AIN in ferrite and the rest is as defined in equation
3.16.

The activation energy for the isothermal and homogeneous
nucleation of AIN in ferrite is modelled using data from literature,

which are given in table 13.2.

Table 13.2: Parameters that have been used to calculate the activation
energy for the isothermal and homogeneous nucleation of AIN in ferrite
AG*NN.

Parameter Values Reference
Interface energy, (J m™) 0.2 151
Enthalpy of formation of AIN in ferrite 138 49
AH, (k3 mol?)
Bulk Modulus K for AIN (GPa) 210 152
Shear Modulus G, for AIN (GPa) 151

@jK(l—Zv)
G, =—""—

1+v

Poisson’s ratio v of AIN 0.21 152
Lattice parameter of fcc AIN aan (nm) 0.4071 38
Lattice parameter of bcc iron age (nmM) 0.286 153
Density of AIN (kg m™) 3200 35
Molar volume V., for AIN (m™ mol™) 1.28 x 10
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Previous studies have shown that AIN nucleates with a coherent
cubic (NaCl-type) crystal structure and with a Bain

crystallographic orientation relationship with respect to the bcc

(37-39)

iron matrix Using equation 3.12, the resulting misfit strain

is calculated as:

(0.407-(J§ X 0.286))
Misfit, 0 = = 8.86 x 107
0.286

Since this study did not cover the equilibrium solubility of AIN in
ferrite but only in austenite, the enthalpy of formation of AIN in a-
iron has been derived from the AIN equilibrium solubility model
given in reference 38 and using equation 4.3 (AH = 1.15RA). The
equilibrium solubility equation for the AIN in o-ferrite is given as

follows:

Log[%Al][%N] = 6.061-# (13.3)
where both the aluminium and the nitrogen content are in weight

percent and the absolute temperature T is in Kelvin.

At equilibrium, the driving force for the isothermal nucleation of
AIN in ferrite, in this case during isothermal annealing at 610 °C,

has been calculated from equation 3.7 as:

S

AG =AH AT | _138000[ 298] = 59.5 ki mol?
T 1550
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where the equilibrium solubility limit temperature Te (in K) has
been predicted from the solubility model developed from this
work, equation 13.1, to be about 1280°C.

For homogeneous nucleation and negligible strain energy around
the nucleus, the activation energy AG* for isothermal nucleation

of a particle of critical radius r* is given by equation 3.6 as:

. l6my’Vv;:

AG,,, = 3(AG )2 = 6.2x107%" J

where a value of the surface energy y of 0.2 J m? for a

coherent interface of the AIN in ferrite has been used®°Y,

The critical radius r* for homogeneous nucleation without strain

energy around the embryo is given by equation 3.5 i.e.:

I/ AS

I’AZN :F = 8.6 X].O_11 m

This modelled value of the critical radius r* is very small and
appears to be less than the size of an aluminium atom (~0.14
nm). This might be as a result of the overestimation of the driving
force AG, or underestimation of the surface energy vys or a
combination of both. However, AIN particles of about 15 nm in
size were observed in these steels and, therefore, it is believed
that the critical radius r* should actually be somewhere between

about 3 and 10 nm, where the latter is the estimated lower limit
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of effective observation in thin foil TEM. The fact that the value of
the critical radius r* diminishes to practically zero (r* — 0) may
signify that AIN nucleates with ease in ferrite at temperatures

above 600 °C as already observed by other workers(®®,

By dividing and multiplying the activation energy AG*an per
critical radius (of an assumed value of r* = 3 nm) by the volume
of the critical radius (V* = 1.13 x 10% m3) and the molar
volume of AIN (Vm = 1.28 x 10 m? mol?) respectively the
modelled activation energy AG*an for homogeneous nucleation
of AIN in ferrite during isothermal annealing at 610 °C becomes
0.7 J mol?l. This seems very low compared with the value
observed in this work of about 30 kJ mol™ i.e. (Qpny + AG*an) =
230 kJ mol™® where Qpy has been found elsewhere*® to be
196.5 kJ mol?. The discrepancy might be a result of
overestimation in the assumed values of the critical radius r*
or/and the driving force AG,. Therefore, the value of 30 kJ mol™
may be a realistic estimation of the activation energy for the

nucleation of the AIN in ferrite.

The strain energy AG. resulting from a coherent interfacial misfit
of the AIN/ferrite interface, is very small if compared to the
chemical driving force AG, and was neglected in the calculation
for r* and AG* above. Its size may be estimated through

equation 3.13 i.e.:
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AG — M = 4,1x10%® ]

=460 J mol*
where V* is the volume of the critical radius r* of the AIN

embryo.

The rather relatively small value of the activation energy AG*an
for the homogeneous nucleation of AIN in ferrite of 30 kJ mol? is
not surprising because previous workers** have found that in o-
ferrite the isothermal nucleation of AIN is controlled by the
diffusion of aluminium (which means that the activation energy
for nucleation, must be very low in comparison) while at higher
temperatures and in austenite, it is limited by the nucleation
barrier i.e. by a high activation energy AG*ay 447153159 The
modelled low strain energy of 460 J mol™ is the result of a low
misfit (8 = 8.86 x 1073) between the coherent cubic structure of
AIN and the a-ferrite matrix. Furthermore, the activation energy
for nucleation of AIN in ferrite may even reduce further than the
above estimated 30 kJ mol?! if the reported heterogeneous
nucleation on subgrain boundaries and dislocations of AIN is

considered.

The results from this work, therefore, confirm that Qpea)y >>
AG*A”\] i.e. (QD(AI) + AG*AlN) X QD(Al), and AG*A|N - 0. This leads
to the conclusion that the activation energy for the nucleation of

AIN is very small and may be ignored without affecting its
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predicted nucleation rate. The nucleation rate of AIN in ferrite
should, therefore, be very high and it may be assumed that in an
as-quenched microstructure during annealing at 610°C in these
steels, that the nucleation of the AIN is over relatively quickly with
effective recrystallisation arrest through Zener pinning setting in
soon thereafter. This means that the recrystallisation arrest, which
is associated with the diffusion of aluminium, can indeed be used
to indirectly observe the start of precipitation of AIN in cold

worked low carbon Al-killed strip steels as:

(Pstart - Zstart )

(PSlarl_P_ﬁm‘Sh) =0 (13-4)

and

(Paior = Z i) - 0

(Pstart —-P finish )

where Pgare is the AIN precipitation start time, Zsart is the

(13.5)

recrystallisation arrest start time, Psnishn IS the AIN precipitation

finish time and Zsnish is the recrystallisation arrest finish time.

Figure 12.15 may, therefore, represent a reasonable estimate of
the TTT-diagram for the precipitation of AIN in ferrite in cold

worked material, as measured indirectly from this arrest-effect.

Since this method of estimating the TTT diagram for AIN is based
on the recrystallisation arrest effect, the end of the arrest, Zsinish
may not necessarily mean the end of growth by supersaturation

i.e. the AIN precipitation finish time Psnisn (Which is generally
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included in the classical process of nucleation) but it does
represent the end of "“particle effectiveness” which is due to
coarsening and may, therefore, reasonably represent the end of

the precipitation process.

13.4.2 Recrystallisation in an as-quenched
condition of the steels with various

nitrogen and sulphur contents

Steels HS140-104 , LS70-38, LS2-65 and HS90-12 were solution
treated at 1300 °C for 12 minutes to dissolve both the AIN and
MnS and quenched into water (see figure 10.1), cold worked 70
percent, and isothermally annealed at 610 °C to induce static

recrystallisation.

At the beginning of the isothermal annealing process directly after
quenching from solution treatment, both the aluminium and the
nitrogen were in solid solution and the volume fraction of the
precipitated AIN during the isothermal annealing process can be
predicted from the equilibrium solubility of AIN in ferrite which is
given in equation 13.3 (log[%AI][%N] = 6.061-14442/T) and it is
found to be less than 1 ppm of nitrogen in solid solution at a

temperature of 610 °C.

Sennour et al®® also observed that the AIN had a stoichiometric
composition and with this information the volume fraction of
precipitated AIN can be estimated. Assuming that the volume

fraction of the other alloying elements in solution in these steels
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are negligible compared with that of iron, the volume fraction V,

of the AIN is given by:

(m/p)AlN
(mlp),, +(mlp),,

where m and p are the weight percentages and the densities of

Vv

v =

(13.6)

the respective elements. The densities of iron and AIN are taken

as 7.8 and 3.2 g cm™ respectively.

The estimated volume fractions V, of the precipitated AIN during
isothermal annealing at 610 °C in the four steels that were studied

in this series, are given in table 13.3 below.

In this study, the recrystallisation arrest was observed in the
steels with nitrogen content of 65 ppm and above while none was
observed for the steels with nitrogen content of 38 ppm and less.
Assuming that nucleation by site saturation condition was met and
that during the early stages of nucleation and growth of the AIN,
the mean particle size for all four steels in table 13.3, did not vary
much from steel to steel, then the difference in the Zener pinning
effect, which is governed by the ratio (V./r), would be proportional
to the volume fraction V, of the particles which, in turn, is
dependent on the chemical composition of the steel. Therefore, it
is not surprising that no recrystallisation arrest was observed in
the lower nitrogen steels LS70-38 and HS90-12 with AIN volume
fractions of only 2.67 x 10 and 8.4 x 107 respectively, see
figures 12.11 and 12.16.
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Table 13.3: Estimated volume fraction V, of the precipitated AIN during
isothermal annealing at 610 °C in 70 percent cold worked steels HS140-
104, LS70-38, LS2-65 and HS90-12.

Steel N (%wt) Al (%wt) Estimated V,
(acid soluble) (x10™)
HS140-104 0.0104 0.047 7.29
LS2-65 0.0065 0.037 4.56
LS70-38 0.0038 0.02 2.66
HS90-12 0.0012 0.039 0.84

It also needs to be recognised that within the isothermal
annealing temperature range of 550 to 700 °C, there must have
been other alloying elements which were diffusing out of solid
solution as well, among them manganese, copper and sulphur,
see figure 5.1. However, it has been observed from this work that
in low nitrogen but high sulphur material, for instance in steel
HS90-12 with a very low volume fraction of AIN (8.4 x 10™), there
was nho recrystallisation arrest, see figure 12.16. This suggests
that it was the AIN precipitation alone that was responsible for the
recrystallisation arrest that was observed in the medium to high
nitrogen steels, HS140-104 and LS2-65 where the volume fraction
V, of AIN was sufficiently high (Vy > 4.555 x 10™) to provide an

effective arrest.

The results in figure 12.16 also show that the steels with a lower
sulphur content in solid solution, i.e. steels LS2-65 and LS70-38,
despite having higher a nitrogen content than steel HS90-12,
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recrystallised at earlier times compared to the steels with higher
sulphur content, such as steels HS140-104 and HS90-12. The
advantage of a lower nitrogen content with regards to a faster
recrystallisation process in steel HS90-12, was completely
overshadowed by the higher sulphur content in solid solution. This
observation is in agreement with the results of Jolley et al*?® that
the sulphur content in solid solution retards the start of the
recrystallisation process by segregating to dislocation sub-
boundaries and recrystallisation fronts in low carbon-manganese
steels, see the earlier figure 7.2. However, as was observed in this
work, the sulphur does not necessarily cause a complete
recrystallisation arrest as in the case with the nucleation
(“clustering”) of AIN. It appears that the higher sulphur content
affected the incubation period of the recrystallisation process
through boundary drag rather than affecting the kinetics as the
Avrami exponents for both the low and high sulphur content steels
were the same, i.e. n = 1 see figure 12.17, but the values for the
MAJK constant k differed significantly; 0.18 for the low sulphur
content steel LS2-65 and 0.042 for the higher content one, steel
HS140-104.
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13.4.3 Modelling the Zener drag force P, in steel
HS140-104 in the as-quenched and cold
worked condition during isothermal

annealing at 610 °C

The loss in Zener pinning effect as the annealing time is extended
can be explained in terms of the ratio (V./r) which governs the
Zener pinning effect as illustrated with steel HS140-104 that was
solution treated at 1300 °C for 12 minutes, quenched into water,
given a 70 percent cold deformation and isothermally annealed at
610 °C, see figure 13.2 below.

In this model, it has been assumed that all the nuclei with the
estimated critical radius r* = 3 nm were activated in the early
stages of precipitation in what is called site saturation and that r*
= o, i.e. although the particles were very small, at time t <
Pz(starty time the volume fraction V, was also very small (Vy, — 0)
and, therefore, P, = 0. The time dependent mean particle size
has been estimated by equation 4.12 (In(r-r,) = 16.4+0.85In(t)-
14433/T) while the precipitation volume fraction V, and its
corresponding precipitation time has been obtained from the TTT-
diagram in figure 12.15. The MAJK model for precipitation kinetics
has been assumed for the transformation time between 2 and 12
minutes during the isothermal annealing process at 610 °C, and
working backwards, the following expression was obtained for the
volume fraction X of recrystallised material in a time t in

minutes:
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X = 1—exp(—0.0232¢"%) (13.7)

The Avrami exponent of n =1.96 is in agreement with the values
of between 1.4 to 2.3 which Brahmi et al®** found in an Fe-AI-N

alloy.

For Zener pinning to be effective in arresting the recrystallisation
process, P, must be above a certain critical value. In the case of
the recrystallisation arrest in figure 12.12 that was observed in
steel HS140-104 in the as-quenched and cold worked condition
during isothermal annealing at 610 °C, the estimated critical value
for P, must be above 0.53 J mol?, see figure 13.2 below. This
value may vary depending on the isothermal annealing

temperature and steel composition.

As mentioned earlier, the nucleation of the AIN is over relatively
quickly with effective recrystallisation arrest through Zener
pinning setting in soon thereafter. The curved dashed line in figure
13.2 may, however, be a better representation of the time
dependent Zener-pinning force P, than the solid curve which was
obtained from the MAJK model through equation 13.7 (X =1 -
exp(-0.232t1°%) which possibly underestimates the precipitation
rate of the AIN. The observed early start of the recrystallisation
arrest is enough evidence that there is an adequate volume

fraction of AIN to induce an arrest.
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Figure 13.2: The time dependent particle volume fraction V,, the
inverse of the particle radius 1/r, and the Zener drag force P, =
(3y/4)(V./r) modelled for steel HS140-104 at 610°C after solution

treatment at 1300°C, quenching into water and 70 percent cold work.

As may be seen from figure 12.12, the recrystallisation arrest
times decrease with an increase in the isothermal annealing
temperature. This may be attributed to the faster diffusion rates
that accelerate both the recrystallisation process and the
precipitation and coarsening rate of the AIN, with the latter
leading to lowering of the pinning force and, therefore, to the end

of arrest.
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Using equation 4.12 (In(r - r,) = 16.4+0.85In(t)-14433/T) that
predicts the particle size as a function of time t (recrystallisation
arrest time) and isothermal annealing temperature T and
assuming that the end of recrystallisation arrest coincides with the
end of isothermal nucleation of the AIN, and from the predicted
volume fractions of AIN particles V, (that are assumed constant)
and given in table 13.3 above, the Zener drag force P, can be
modelled for steel HS140-104 in the as-quenched and cold worked
condition during isothermal annealing at various temperatures.
The modelled time and temperature dependent Zener-pinning
force P, at the point when it becomes ineffective is given in figure
13.3 below.

As may be seen in figure 13.3, the modelled Zener drag force P,
increased with an increase in annealing temperature and reached
a peak at about 610 °C and started declining as the isothermal
annealing temperature was increased further. The practical
implication of this observation is that for the Zener pinning force
P, to cause recrystallisation arrest, it must lie at least above the

"non-arrest” point on the curve.

The value of P, is dependent on the particle radius ri which is

dependent on temperature and time as:

Vi (13.8)

14433}

-
r,+ exp{16.4 +0.851n(z) -
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where r, = r* and the rest are as defined in equations 4.12 and
6.14.

The value of r in equation 4.12 (In(r - r,) = 16.44+0.85In(t)-
14433/T) is dependent on the isothermal annealing time (during
recrystallisation arrest) t and the temperature T. Since at low
isothermal annealing temperatures (<580 °C), recrystallisation
can only resume when the values of P, are low, this leads to
longer recrystallisation arrest times (apparent incubation period
when precipitation precedes recrystallisation) in order to allow
the particles to become ineffective by coarsening. Although the
Zener-pinning effect is low at lower isothermal annealing
temperatures, it is still effective because of a lower diffusion and

coarsening rate of the AIN particles.

The values of P, increase with a decrease in isothermal annealing
time and an increase in temperature respectively, as the AIN
particle radius r is a function of both of them, until a peak is
reached at about 600 °C. The decline in the values of P, at
temperatures higher than 610 °C could be attributed to the faster
growth rate and coarsening rate of the AIN particles at higher
isothermal annealing temperatures due to higher diffusivity of the

aluminium atoms, leading to smaller values of V,,r again.

The observed peak in the Zener-pinning effect in figure 13.3
below has no significant practical (industrial) application as the
AIN particle size in an as-coiled condition is influenced by the

coiling temperature and the chemical composition of the steel.
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Although the Zener-pinning force may not be substantially
effective in an as-coiled condition in medium to high sulphur
content steels (as it will be learnt later), the modelled results in
figure 13.3 still paint a picture of its variation with isothermal
annealing temperature at a time when the Zener-pinning loses its
effectiveness and the recrystallisation resumes after the arrest,
i.e. the point at which the AIN particles have coarsened large

enough to render the Zener-pinning ineffective.

Table 13.4: Isothermal annealing temperatures and times, the modelled
particle radii ry and their corresponding modelled Zener drag force P,
in J m™ at the point when the recrystallisation resumes after the arrest.

Temperature Time (min) ry (nm) Pz = (3y/4)(V./r)

(°C) (kI m3)
640 8 14.5

35.87
625 10 13.94

38.60
610 12 8.71

43.40
580 36 21.54

30.40
550 240 77.0

11.28
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Figure 13.3: Estimated temperature and time dependent Zener drag
force P, = (3y/4)(V./r) for as-quenched steel HS140-104 at times t

(in parenthesis) when the recrystallisation resumes after the arrest.

13.5 Recrystallisation behaviour in an as-coiled

condition
This study was carried out on steels HS14-104, LS70-38 and LS2-
65, which were hot rolled and coiled according to the schedule in
table 11.1 and the heat treatment in figure 11.1. There were two

parameters which were varied in this study; the coiling
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temperature and the sulphur content. Two coiling temperatures
were employed, i.e. 600 and 650 °C while the sulphur content

varied from 2 to 140 ppm.

13.5.1 Quantitative results of the
recrystallisation behaviour in an as-

coiled condition
In this series of tests, steels HS140-104, LS70-38 and LS2-65

were solution treated at 1150°C for 10 minutes, hot deformed in
the temperature range from 1100 to 900 °C to a total strain of
1.15, cooled at 80 °C s to two different simulated coiling
temperatures of 600 and 650 °C for 1 hour, cold worked 70
percent at room temperature and then isothermally annealed at
610 °C.

In figure 12.18, the recrystallised volume fraction at 610°C is
plotted against the isothermal annealing time in the as coiled
steels HS140-104, LS70-38 and LS2-65. As may be seen, in all
three steels a higher coiling temperature shifted the
recrystallisation process to earlier times. The higher coiling
temperature did not only promote the precipitation of AIN but its
coarsening as well which, in effect, reduced the Zener pinning
effect on the dislocation sub-boundaries and the recrystallisation

fronts.

It is also evident from figures 12.18 and 12.19 that for both

coiling temperatures of 600 and 650 °C, the recrystallisation
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process was shifted to longer times as the sulphur content
decreased. In general, the recrystallisation start time tsoe
increased with a decrease in the sulphur content. The sensitivity in
tso, to sulphur content was exacerbated by a decrease in coiling
temperature to 600°C after simulated hot rolling, as the
recrystallisation start time tso, for the low sulphur steel LS2-65
was two orders of magnitude higher than that for the high sulphur
content steel HS140-104.

As may be seen from figure 12.19, the parameter that contributed
to the variations in the recrystallisation behaviour between the low
and high sulphur steels was the Avrami constant k (it varied
from 3.7 x10! to 8.2 x107 for the steels that were coiled at 600
°C) rather than the exponent n (which was n ~ 2 for all the
three steels) as there was no large variation in the latter among

these steels.

In the MAJK equation, the constant k comprises the shape factor
of the nucleus, nucleation frequency and growth rate of the new
grains. In both groups of steels, it was observed that nucleation of
recrystallisation was by a SIBM mechanism. Since it is suggested
that there is no nucleation of thermally activated embryos in this

(94,99.100) “the Avrami constant k in this

nucleation mechanism
case will strongly depend on the initial growth rate of the pre-
existing recrystallisation interfaces and not on the nucleation rate
per se and secondly, it will depend on how these developing
“nuclei” interact with any second phase particles®®11”) that may

also provide effective pinning.
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This is presented schematically in figure 13.4 below in which the
pre-existing recrystallisation interfaces of the low sulphur content
steel are shown to take longer to grow into a critically sized
“nucleus” of hemispherical shape for further growth into new
recrystallised grains. The presence of the finer AIN particles in this
steel reduces the net driving force for growth of these pre-existing
recrystallisation interfaces through the Zener pinning effect. As
was observed in the as-quenched condition above, complete
recrystallisation arrest occurred in the instances where the Zener
drag force P, was greater than the net driving force for

recrystallisation, equation 6.15 ((Prx + P.) > P,).

Messager et al*®® observed that the growth of dislocation sub-
boundaries was more sensitive to the levels of impurities (solute
atoms) through “solute drag” effects than the dislocation
rearrangement during the annealing process of cold worked
aluminium. In these steels studied here, instead of solute atoms,
fine AIN particles are likely to have been responsible through
Zener drag for the slow growth rate of the pre-existing
recrystallisation interfaces in the low sulphur content steel LS2-
65, thereby providing a longer effective “incubation” time. This
arose in this particular steel because of a lack of MnS particles,
which “forced” the nucleation of AIN to be effectively

homogeneous and thus to be very fine particles.
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13.5.2 Modelling the minimum value of L and
the net driving force for recrystallisation Pr, in
steels HS140-104 and LS2-65 in an as-coiled

condition

If pinning of recrystallisation interfaces by particles is the effective
SIBM initiating mechanism, the recrystallisation process will be
thermodynamically possible if the actual pinning distance in the
steel Lact > Lmin  Where Lpin is the minimum L value given by
Lmin = 2Ygb/AGRrx and AGRry is the driving force for
recrystallisation and vy4 is the surface energy of the moving
interface. For the same amount of deformation energy in both

steels, AGrx will be the same and, therefore Lmin is given by:

L. = 2V — 27y = 2.3 um

"™ AG,  (aG,p’N,)

for values of a = 1, shear modulus for iron Gn = 8.6 x10%° Pa,
Burger’s vector for iron b = 2.48 x1071° m, estimated dislocation
density for cold deformed metal Ng = 10 m™2, (AGrx = 528 kJ

m™) and the grain boundary surface energy of Yobp = 1.0 ] m2.

The fact that the recrystallisation process was able to take place in
both steels is enough evidence that Litx > Lmnmin and was
somewhere between Lnin = 2.3 um and the observed subgrain
diameter of about 5 um (see figure 12.22). However, the kinetics
of the growth of the pre-existing recrystallisation interfaces was

significantly different between the two steels because in steel
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HS140-104, the subgrain diameter of about 5 um was observed
after about 2 minutes while in steels LS2-65 it was found only
after 240 minutes at 610°C.

The net driving force for recrystallisation Pgy is given by(16®:

_ 37/SVV _ 278b
4r L

where Py is given by equation 6.11, i.e. Py = aGmb®Ng and the

= b

(13.9)

rest are as previously defined in equations 6.10 and 6.14.

As may be seen from equation 13.9, recrystallisation in the SIBM

mechanism will only proceed when Pgryx > 0 i.e:

3 7/va + 2 7817

Pl >
|d| 4r L

(13.10)

Assuming that the values for the interface energies for the
incoherent particle-matrix interface and the high angle grain
boundary are ¥s = 0.75 J m? the values for Pyq for the

respective steels can be modelled as follows:

S 3(0.75)(4.555x10'4)+ A

P 2
d(LS2-65) 4(7 . SX 1 0_9 ) Lact—LSZ-GS
2
> 34,000+t
Lact-LSZ-65
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and

3(0.75)(14.665){10'4) 2ng
Pd(HSl4O—104) 2 9 +
4(57.5x107) Lact—HSl40—104

2
> 14,3504 — e

act-HS140-104

With finer AIN particles in steels LS2-65, Lact-1s2-65 IS expected to
be smaller than Lact-nsi40-104, thus, assuming that the bulge is
anchored by particles rather than the subgrain boundaries, i.e. L
= (4(1-V,)r/3V,) as observed by Corti et al'® Therefore,
assuming that the grain boundary surface energy yg is the same
in both steels, steel LS2-65 will require a higher driving force Py

for recrystallisation for the condition Prx > 0 to be met.

The growth rate (movement) of the recrystallisation front is given
by equation 6.12 (v = mPryx) and is governed not only by the
mobility m of the recrystallisation front but also by the net
driving force for recrystallisation Prx as well. Therefore, for the
same amount of deformation energy (AGrx = Pg = aGmb?Ng = 528
k] m3) in both steels, steel HS140-104 with the higher net
driving force Pgry, see equation 13.9 above, is expected to have a
shorter “apparent” incubation time than steel LS2-65 and this was
exactly what was observed in this study. Figure 13.4 is a
schematic illustration of the initial slow growth rate of the pre-

existing recrystallisation interfaces of the two steels.
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Figure 13.4: Schematic presentation of the apparent incubation time
due to the initial slow movement of the recrystallisation fronts in steels
HS140-104 and LS2-65 which were coiled at 600 °C and isothermally
annealed at 610 °C, where L = Lnin.

In steel HS140-104, with a dispersion factor (Vy/r) of 0.26 pm,
the recrystallisation process proceeded normally while in steel
LS2-65 with a dispersion factor of 0.61 um™, it was impeded
through a longer apparent incubation period. Previous
workers16>168) on  the recrystallisation of aluminium-silicon alloys
observed that the early growth towards a hemisphere of the pre-
existing recrystallisation interface in the SIBM mechanism, was

impeded for a dispersion factor (V./r) > 0.2 um™.
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13.5.3 Nucleation of the recrystallised grains
In both the low and high sulphur content steels LS2-65 and

HS140-104 respectively, it was observed that the nucleation of
new recrystallised grains occurred on subgrain boundries and in
extensively deformed areas around cementite and pearlite
colonies, see figures 12.22 to 12.24. As may be seen in these
figures, the new recrystallised grains continued to grow into the

deformed matrix by SIBM.

The carbon content for the two steels LS2-65 and HS140-104 was
0.051 and 0.047 weight percentage respectively and, therefore,
since it was not a significant variable in these steels, the
cementite and pearlite colonies present in these steels and
possibly acting as potential nucleation sites for recrystallisation
similarly to the PSN mechanism observed in Fe-0.033%0

alloy(%”

, may not have been different between these two steels.
Hence, the availability of nucleation sites may not be one of the
contributing factors to the observed difference in the

recrystallisation behaviour of the steels.

As was mentioned earlier in section 6.5.2, no new recrystallisation
embryos are required for the SIBM mechanism because new
recrystallised grains grow from pre-existing recrystallisation
interfaces and, therefore, no activation energy AG* for the
nucleation of thermally activated embryos and a classical
incubation period 1t are required. It is, therefore, the initial
growth rate of these pre-existing recrystallisation interfaces to

grow to a size of Lict > Lmin that contributes to the difference in
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recrystallisation behaviour of these two groups of steels; one with
high and the other with low sulphur content. It was observed that
the homogeneously nucleated finer AIN particles in the low sulphur
steel LS2-65 were more effective in the pinning of the
dislocations, dislocation sub-boundaries and the static
recrystallisation fronts, see figures 12.19 and 12.25, hence, the
difference in the “apparent incubation periods” from high sulphur
content steels. As may be seen in these micrographs, the AIN
particles in steel LS2-65 were so small that it was only their strain
fields that could be observed in the thin foils, see figure 12.25 (b).

13.6 Heterogeneous nucleation of AIN on MnS
particles during hot rolling and coiling at
600 and 650 °C in low carbon Al-killed

steels with various sulphur content

In this series of metallographic analysis, the steels HS140-104,
LS70-38 and LS2-65 were solution treated at 1150°C for 10
minutes, hot deformed in the temperature range from 1100 to
900 °C to a total strain of 1.15, cooled at 80 °C s to two
different simulated coiling temperatures of 600 and 650 °C for 1
hour, see table 11.1 and figure 11.1. The metallographic analysis
was carried out in the as-coiled condition in order to investigate
the status of the AIN in all these steels prior to cold working and

isothermal annealing.
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13.6.1 Precipitation of AIN on MnS and its effect

on static recrystallisation after cold work

In the lowest sulphur content steel LS2-65 with an absence of any
MnS, the AIN nucleated homogeneously in the matrix or
heterogeneously on sub- or grain boundaries during coiling, see
figures 12.30 and 12.31. It was observed that these AIN particles
were not only very fine (<30 nm) but sparse and infrequent and
this suggested that a greater volume fraction of them were so
small that they could not easily be observed in the TEM due to a
lower limit of detection of about 20 nm by thin foil. The TEP
results showed that after coiling for 1 hour at 600 °C, the AIN had
completely precipitated as no further precipitation could be
observed afterwards; see table 12.2 and figure 12.27. As
opposed to the as-quenched condition, no recrystallisation arrest
was observed during the isothermal annealing process in the as-
coiled condition and this suggests that either partial or full
precipitation of AIN had already taken place during the 1 hour
coiling at 600 °C and that the particles had already grown to

beyond their “full arrest size”.

In the medium to high sulphur content steels HS140-104 and
LS70-38, the sulphur precipitated as coarse particles of
[Mn,Cu]S/MnS and [Mn,Ti,V]S/MnS respectively. Some copper
sulphide particles were also observed particularly in steel HS140-
104. These sulphide particles, particularly MnS, were the favoured
nucleation sites for the AIN and the heterogeneous nucleation
encouraged its precipitation during the coiling process after hot
rolling, see figures 12.28, 12.29 and 12.33. The result was that
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the AIN in medium to high sulphur content steels was generally
associated with coarse sulphides and, therefore, the mean particle
size of the AIN/MnS compound particles in the as-coiled steel prior
to cold working and annealing, was generally much coarser, i.e.
between 50 and 300 nm see figure 12.32, than in the steels with
low sulphur content. Hence, no pinning of the static
recrystallisation fronts was observed in these steels as may be

seen from figure 12.26.

In a study{*®® on the optimization of the strain aging resistance in
low carbon Al-killed strip steels with 80 to 90 ppm sulphur content
and which were produced by continuous annealing, it was
observed that the steels with a high Mn content (0.36%Mn) were
less sensitive to strain aging than those with a low Mn content
(0.16%Mn) at a coiling temperature of 620 °C. This was also
attributed to the heterogeneous nucleation of the AIN on MnS
which promoted the precipitation of the AIN. It was concluded that
the low manganese steels had provided less nucleation sites for
the precipitation of the AIN hence more nitrogen was in solid
solution and, therefore, caused the strain aging. These findings
can be linked to the sensitivity of the low sulphur content low
carbon Al-killed strip steels to the coiling temperature vis-a-vis
the sluggish recrystallisation behaviour of these steels. In the
absence of sulphur in the steel, there are no MnS particles which

are favoured sites for the nucleation of the AIN.

Mizui et al*®® observed that there is a range of manganese

content which is favourable for the optimum heterogeneous
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nucleation of the AIN on these MnS particles. According to this
author, an excessive increase in the manganese content of the
steel can result in coarsening of the MnS particles, decreasing the
density of the favoured nucleation sites for the AIN. It was also
observed that the precipitation of the AIN is accelerated by an
increase in the manganese level which increases the activity of the
nitrogen in ferrite. Since the optimization of the manganese and
the sulphur content vis-a-vis the nucleation of AIN during coiling
and the recrystallisation behaviour after cold work, was not within

the scope of this study, it will not be discussed further.

Although the Zener drag effect is governed by the ratio of the
volume fraction of the particles V, to the mean particle radius r
(Vy/r) as stated above, in the case of the coarse MnS/AIN
compound particles in the medium to high sulphur content steels
it is not the V, that matters but the particle radius r as a larger
value renders the Zener drag force ineffective. Consequently,
unlike in the high sulphur steels, the finer AIN particles in the low
sulphur steel were more effective in retarding the recrystallisation
process through the Zener pinning of the dislocation sub-
boundaries and the moving static recrystallisation fronts,
particularly during the early stages of the recrystallisation process
before the AIN particles had coarsened and had lost their pinning
effectiveness. This was summarised in figures 12.21 and 12.32 in
which it is evident that the sulphur content in these steels has an
indirect effect on the recrystallisation start time tso, though its
influence on the particle size of the AIN. The empirical equations

that relate the sulphur content in ppm to the static
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recrystallisation start time tso, in minutes in these steels are

given in table 12.2 and are as follows:

tso, = 33.78exp(-0.0345S) for 600 °C (13.11)
and
tso, = 0.99exp(-0.008S) for 650 °C. (13.12)

13.6.2 Modelling of the AG,, AG* and r* for the
nucleation of AIN, Cu,S and MnS in

austenite and ferrite

In order to understand the sequence of precipitation of the MnS,
AIN and Cu,S in these steels, it is necessary to know both the
thermodynamics and the Kkinetics of the formation of these
species. The kinetics are presented in the TTT-diagrams which are
in figures 4.1, 4.2 and 5.1. The parameters that have been used
to model the driving force AGyv, activation energy AG* and the
critical radius r* for the homogeneous nucleation of AIN, Cu,S
and MnS in austenite and ferrite, are given in table 13.5 below.
The enthalpies of formation have been derived from the
equilibrium solubility equation using equation 4.3 (AH = 1.15RA).
The activation energy AG*, the critical radius r* and the driving
force AGv have been calculated from equations 3.5, 3.6 and 3.7
respectively and these parameters have been plotted as a function

of temperature in figure 13.5 below.
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Table 13.5: Parameter values for the calculations of AGv, AG* and
r* for the homogeneous nucleation of MnS, AIN and Cu,S in

austenite and ferrite.

Compound | Solubility model Parameter Value Ref.
MnS LoglaMnlis}=106- 124 AHause (3 mol™) 82500 66
T
10590
Log[%Mn][%S]=4.092-T AH err 101300 157
Yaust (J M) 0.712 158
Yrerr 1.024
Vi (M3 mol™) 2.164 x107°
a (fcc) (nm) 0.522
AIN Log[%Al][%N]=2.44-9490 AHausee (3 mol™) 90800 Present
T work
Log[%Al][%N]=6.l-# AH rerr 138000 49
Yaust (3 M%) 0.75 151
Yrerr 02
Vi (M3 mol™) 1.28 x107°
a (fcc) (nm) 0.311 36
Cu,S Log[%Cu]z[%S]=26.3-44971 AHauee (3 mol™) 286900 159
T AH ferr 286900
Yaust (J m-z) 0.83 160
Yrerr 0.2
Vi (M3 mol?) 2.751 x10°®
a (fcc) (nm) 0.522 62
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Figure 13.5: (a) Modelled driving force AG,, (b) activation energy AG*
and (c) the critical radius r* for the homogeneous nucleation of AIN,
Cu,S and MnS in austenite and ferrite. Solid symbols are for austenite

and open ones for ferrite.

The general conclusion from figure 13.5 may be that, on the one
hand, it is easier for the AIN to precipitate in a-ferrite than in
austenite as both the activation energy AG* and the critical
radius r* are less by two orders of magnitude while the driving
force AG, is higher by 20 kJ mol? compared with the values for
MnS. On the other hand, it is easier for the MnS to precipitate in
austenite as the activation energy AG*, and the critical radius r*

are less while the driving force AG,, is higher than those of the
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AIN. This confirms the previous observations from other workers
that AIN forms readily in ferrite without any incubation period
being observed due to the higher diffusivity of aluminium and low
lattice misfit 6 attained through the Bain orientation between the
o-ferrite matrix and the cubic (NaCl type) crystal structure
AIN(114468) " Ag others have suggested, the nucleation of AIN within
austenite is limited by the nucleation barrier of hcp AIN in

austenite™¥,

Thermodynamically, it is known that MnS forms at higher
temperatures than AIN and is normally present first upon cooling,
see the ThermoCalc results in figure 12.4. As may be seen in
figure 13.5 (b) and (c), AIN may precipitate easier in austenite
than Cu;S does as both AG* and r* are less for the latter.
Therefore, it is logical to conclude that the AIN generally rather
precipitates heterogeneously on MnS as found here and by

S(52,60,162,163)

other The crystallographic orientation relationship

between the AIN and the MnS was found to be (lil)MnS//(OOOI)AlN

and [110],, //[2110],, (see figure 12.33) as observed by others®®?.
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14. 1 Conclusions

The following conclusions were drawn from this study:

14.1.1 Low carbon Al-killed strip steels in the as-

quenched condition

The TEP technique was successfully used to study the
equilibrium solubility of AIN during reheating of low carbon
Al-killed strip steels ranging from low to high sulphur
content and it was found that the sulphur content does not
influence the equilibrium solubility of the former, thus,
regardless of the association of the AIN with the MnS in the
medium to high sulphur content steels. The equilibrium

solubility equation thus obtained was determined as:

9710

Log[%Al][%N] = 2.6 — T
where the aluminium and the nitrogen contents are in
weight percentages and T is the absolute solution

temperature in Kelvin.

During solution treatment at 1150 °C, the equilibrium
dissolution of AIN in these steels was, in general, attained
after soaking for 5 minutes or more. It may, therefore, be
concluded that AIN dissolves relatively quickly in low
carbon Al-killed strip steels during a solution or reheating
treatment, regardless of the process route, i.e. whether it is

the cold charge or hot charge route.
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In the as-quenched condition of both the low and high
sulphur content Al-killed steels, a recrystallisation arrest was
found at some isothermal annealing temperatures. The
recrystallisation arrest was associated with the diffusion of
aluminum atoms with an activation energy of the process
that led to the arrest, being 230 kJ mol™*. This is reasonably
close to the published activation energy for the diffusion of
aluminium in ferrite. The arrest appeared to be caused by
Zener pinning by the precipitating AIN and was not affected
by the sulphur content of the steel in solid solution.
Recrystallisation arrest occurred in these steels with an
estimated volume fraction of AIN particles of 4.6 x10™ or
more and not in steels with a volume fraction of 2.7 x10™ or

less.

The total time over which arrest occurred, was a function of
the annealing temperature and the termination of arrest and
resumption of recrystallisation appeared to be governed by
the end of precipitation of any new AIN and/or its coarsening
to a point where the Zener pinning force P, = f(V./r)
became ineffective. For steel HS140-104, in the as-
quenched condition and during isothermal annealing at 610
°C, this was found to be P, < 0.53 J mol? (41.2 kJ m™).

The recrystallisation arrest was only observed in the

medium to high nitrogen content steels with the volume

- 216 -



&
&
ﬂ UNIVERSITEIT YAN PRETORIA
. UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

Chapter 14 Conclusions and Recommendations

fraction V. > 4.56 x10™* or a nitrogen content of about 65
ppm and higher.

Since the start and termination of recrystallisation arrest
appeared to be linked to the precipitation of the AIN, it was
possible to derive an estimated TTT-diagram from the arrest

data in those steels where this effect was found.

In the as-quenched condition and through Johnson-Mehl-
Avrami-Kolmogorov plots, it was established that the
incubation time of the recrystallisation process increased
with an increase in sulphur content in solid solution of the
steels. However the kinetics of the recrystallisation process
were not influenced by the sulphur content with a JMAK
exponent of n=1 for all the steels tested and neither was
the sulphur content associated with the arrest phenomenon.
Consequently, the recrystallisation process was shifted to
longer times with an increase in sulphur content in solid
solution, possibly through sulphur drag as has been

suggested by others.

14.1.2 Low carbon Al-killed strip steels in the hot

deformed and as-coiled condition

In a hot deformed and as-coiled condition where the sulphur
had precipitated fully as MnS before the recrystallisation
started, the JMAK incubation period of the recrystallisation
process decreased with an increase in the sulphur content of
the steel. This was found to be due to the MnS particles that

are the favoured nucleation sites for the AIN and the
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heterogeneous nucleation enhanced the precipitation of the
latter. The resulting compound and coarse AIN/MnS particles
were generally ineffective in pinning any dislocation sub-
boundaries and recrystallisation fronts and consequently had

little or no effect on the recrystallisation process.

= In the very low sulphur content steels, however, the
absence of any significant quantities of MnS forced the AIN
to nucleate as much finer particles on dislocations and
subgrain boundaries where effective Zener pinning was once
again observed, leading to a much delayed start of
recrystallisation but not to any actual recrystallisation

arrest.

= The sensitivity of the recrystallisation start time (JMAK
incubation time) to the sulphur content increased with a
decrease in the coiling temperature as the finer
homogeneously nucleated AIN particles remained smaller at
the lower coiling temperatures (~ 600°) due to a slower
coarsening rate. The sulphur (ppm) dependent empirical
expressions for the recrystallisation start times tso at
isothermal annealing temperature of 610 °C for steels coiled

at temperatures of 600 and 650 °C were found to be:

tsy, = 33.78exp(-0.0345S)  for 600 °C and

tse = 0.99exp(-0.008S) for 650 °C.
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14.2

The kinetics of the recrystallisation process were not
influenced by the sulphur content with a JMAK exponent of
nx2 for all the steels tested. However, it was the JMAK
constant k that differed much with the sulphur content and
the coiling temperature, decreasing with the decrease in

either one or both of them.

The sulphur content in these hot worked and coiled low
carbon Al-killed strip steels, therefore, plays an indirect role
in the recrystallisation process after cold work by affecting
the mode of nucleation of the AIN, thereby, making it either
effective or ineffective in its Zener pinning force on moving
recrystallisation fronts. This finding is, therefore, the main
reason for the large differences found within industry in the
recrystallisation behaviour of nominally equivalent steels but
with varying sulphur contents, an observation that originally
led to this study.

Recommendations

The following recommendations were also drawn from this study:

Tentatively, a medium to high sulphur content of 50 to 100
ppm would be appropriate to solve the “sluggish”
recrystallisation problem in these steels. However, a
comprehensive study to optimize the sulphur content vis-a-

vis the kinetics of the recrystallisation process and the
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mechanical properties, particularly deep drawability, would

be valuable.

= A higher coiling temperature (-~ 650 °C) would help to
alleviate the problem; however, there is a limit in taking this
route because there are usually temperature gradients in
the coil, with the outer wraps and the edges being cooler
than the center. Higher coiling temperatures may also result
in difficulties in the removal of scale from the coiled strips.
Hence, increasing the sulphur content seems to be a better

option.

= Since the sulphur content both directly and indirectly affects
the recrystallisation behaviour of these low carbon Al-killed
strip steels, there is a likelihood that the recrystallisation
texture of these steels may be affected as well. Therefore, a
study of the influence of the sulphur content on the
development of the recrystallisation texture in these steels

would be appropriate.

= In the medium to high sulphur content steels, the AIN is not
only associated with MnS but with [Mn,Cu]S and [Mn,Ti, V]S
complexes and it appears that there is an information gap in
the literature in the understanding of the crystallographic
orientation relationship of the AIN with these particles and
whether their heterogeneous nucleation enhancement of the
AIN may differ from that of MnS itself.
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= In low sulphur content steels where the finer AIN plays a
direct role in delaying the recrystallisation process, a study
of the kinetics of coarsening of AIN would also be helpful as
it may be used to optimise the coiling temperature vis-a-vis

the subsequent cold worked recrystallisation behaviour.
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Appendix
Item | Approximate analysis [wt%], N in ppm Method Temperature Log[AI][N] Ref.
range [°C]
C Si Mn Cr Ni Al N
A 0.1 0.01 0.4 0.144 Sieverts: 5-65h 1050 - 1350 195_7400 41
’ T
B 0.05 0.008 | 0.35 0.02 0.03 0.02- 5-88 | Beeghly 810 - 1260 6770 42
0.08 1.03_—
T
C Fe-Al- Beeghly 800 - 1300 7184 43
N 1.79-—=
T
D 0.2 0.5 1.5 0.05 240 Beeghly 900 - 1350 18 7750 44
] T
E 0.2 0.15 0.5 0.02 0.02 0- 0-60 | Beeghly 900 - 1200 6180 45
0.084 0.75-——
F 0.17 0.2 0.4 1 3.4 0- 70 Beeghly 900 - 1200 6015 45
0.216 0.309 ——
T
G 0.1 0.24 | 0.8 0.023- | 40- Beeghly 950 - 1350 7500 46
0.15 140 1-48—T
H 0.06 0.24 8?3;- 60 Beeghly 800 - 1250 2.4(Wt%Al)+0.18—56T75 47
K Pure 0.02- 50- Beeghly 850 - 1350 10020 48
Fe 0.05 | 200 3577 -——
L 0.4 0.45 0.8 1.3 1.5 0.03- 250 Beeghly 850 - 1300 9295 48
0.04 3.079—T
M Thermodynamic 11568 49
data 4.5989_T
N Thermodynamic 14356 50
data 6.4-———
T
(0] Thermodynamic 51
dota Y 43821198 1285
P 0.036- 0.30 0.052- | 37- Beeghly 900 - 1350 6690 52
0.039 0.065 |41 L21-——




