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SYNOPSIS

The dual stabilised type 441 (DIN 1.4509) ferritic stainless steel is primarily used in
the automotive industry for catalytic converters. The steel, in addition to oxidation
and corrosion resistance, is required to have a certain degree of creep resistance in the
operating environment. The customer, by means of a modified creep test known as the
sag test, usually specifies this requirement. This requirement is attained in most cases;
however, in certain instances the customer places a severe requirement on the
material, which exceeds the normal capabilities of type 441 material for sag
resistance. There appears to be a lack of understanding of the mechanisms that
facilitate creep (sag) resistance and how these can be applied to the steel.

The stabilisation of stainless steels with titanium and niobium is primarily to inhibit
sensitisation after welding. In certain ferritic grades the niobium is added in excess in
order to improve the creep resistance of the material. The literature has shown that a
certain degree of over stabilisation is required to improve the creep resistance of the
material (greater than 0.3 per cent niobium). In addition, the niobum needs to be in
solution to obtain the maximum benefit for sag (creep) resistance. The thermo-
mechanical processing of the material thus becomes critical in optimising the amount

of niobium in solution.

This work indicates that a longer annealing time improves the sag resistance of the
cold rolled material. The combination of longer higher temperatures on the hot band
and on the final anneals appears to be beneficial to the sag resistance of the material.
This translates directly into a grain size and niobium in solution relationship with the
sag resistance of the material. This relationship with grain size on the final cold rolled
material has been proven via experimental and plant results. Detailed statistical
analysis has indicated that the sag resistance is conclusively related to the final grain

size in the material on final annealing.

It was found that with production material the effect of grain size is only significant
up to a grain size ASTM number of approximately 6.5 (mean linear intercept length

of 0.034mm). The contribution to the sag value from a modelling perspective flattens



out at a coarser grain size (smaller ASTM number). This, therefore, appears to be a
critical grain size should the present processing parameters be adhered to in order to

obtain a significant increase in sag resistance.

Experimental work on final cold rolled material has shown that there appears to be a
change in the “bulk” activation energy (recovery, recrystallization and grain growth)
from below approximately 1000°C to that above this temperature. The values were
1114 kJ/mol and 113 kJ/mol respectively for below and above 1000 °C. The “bulk”
activation energy was determined as material is generally annealed in production
plants from cold rolled material to obtain a final grain size. The annealing speed
would thus be significantly slower at temperatures below 1000°C if a specific grain
size is required than it would be above 1000°C.

The sag resistance of type 441 material does not appear to be significantly increased

by ageing heat treatments on final annealed material.

The sag resistance of the material can be significantly increased with a hot band
anneal temperature of 1150°C and above. It appears that this is due; to a greater
degree of solid solution strengthening by the niobium. The elongation of the material,
however, annealed at these higher temperatures, is negatively affected. The optimum
results as far as sag and elongation properties is concerned is to anneal the hot band
between 1000°C and 1100°C followed by a similar heat treatment at 1050 °C on the
cold band material to obtain an ASTM grain size of approximately 6.5 or less.

The as-cast material had a similar increase in the sag resistance at temperatures below
and above the reheat temperature of approximately 1100°C. It would appear at this
stage from a processing perspective that the material should be reheated at a
temperature of approximately 1150°C. The temperature should be sufficient to cause
the maximum amount of niobium to go in to solution. This temperature is also not
significantly higher than the present practice of reheating at approximately 1100 °C.
The formation of laves phase should thus be avoided by the fast laminar cooling after
hot rolling to below approximately 600°C. The processing parameters would,
however, need some modification to take account of the higher mass percent niobium

in solution. The sag values should not, however, be significantly altered by the



slightly larger grain size, but could be improved upon (by assuming that the same
model would apply to final annealed material with a higher niobium content) should
the grain size be limited to a maximum ASTM number of 6.5. The longer anneal on
the final material may be critical to ensure that maximum dissolution of the niobium

has occurred both from an elongation and sag resistance perspective.

The optimum processing parameters for maximum sag resistance, with some

consideration of the final elongation, could thus be determined.
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Chapter 1 Introduction

1.1 Project background

Columbus stainless is the only primary manufacturer of flat cast and wrought stainless
steel products in Southern Africa. The plant produces approximately 430000 tons of
stainless steel per annum. The local market consumes approximately 100000 tons per
annum with the remainder being exported. It is strategically important that Columbus
grows the local market. One of the growth sectors is the automotive component
industry and more particularly the catalytic converter industry. The primary steel used
in this application is type 441, which is equivalent to the DIN 1.4509 and Euronorm
specification X2 CrTiNb18 contained in the British standard BS EN 10088-2: 1995.

Type 441 is a dual stabilized (titanium and niobium) ferritic stainless steel with
approximately 17% chromium. The dual stabilization imparts beneficial corrosion,
oxidation, elevated temperature and thermo-mechanical processing improvements to
the standard 17% chromium steel. Of particular interest as far as a customer
requirement is concerned is the creep or sag resistance of the material during
operation at temperatures in excess of 800°C. It was identified, as is the case with
many of the inherent properties of ferritic stainless steels, that the thermo-mechanical
history of the material may play a role in determining the degree of sag resistance that

the material is capable of.

The thermo-mechanical history would affect the morphology and distribution of
precipitates and thus impact on the sag (creep) resistance of the material. This would
be directly influenced by the distribution of the niobium prior to creep. It was further
identified that solid solution strengthening from the niobium may also play a role.
Research was thus undertaken to identify the role that the thermo-mechanical history

plays in determining the degree of sag resistance of the material.



1.2 Ferritic strategy and the automotive industry

The development of ferritic stainless steels is of strategic importance to most stainless
steel producers as approximately 40 per cent of the operating cost to produce
austenitic stainless steels can be attributed to the nickel content in the stainless steels
produced. The ferritics are thus seen as a low cost alternative to austenitic stainless
steels from a customer and particularly a manufacturers perspective. The early 1930’s
saw the first commercial use of stainless steel in an automotive application, as the
radiator of a Rolls-Royce ¥ motor vehicle. The first exhaust application was of a
Type 409 (Allegheny type MF - 1) used in 1960 for the mufflers in the Thunderbird
exhaust system @,

The automotive component industry is one of the major growth areas in the local
South African market. The general properties of stainless steels; recyclability, relative
weight to strength ratio and high temperature properties make them ideally suited to
certain applications in the automotive industry, notably the exhaust and structural

applications.
1.3 Project aim

The primary focus of the research was to improve the sag resistance of type 441
material via improvements to the thermo-mechanical processing route to which the
material is subjected. Type 441 ferritic stainless steel is produced via a conventional
continuous casting, hot rolling and final cold rolling process. Several heat treatment
stages are integrated into the process to ensure appropriate microstructure and
property evolution. This rather broad aim can be subcategorized as follows:
e An analysis to identify any trends from historical processing data as related to
the sag resistance of the material.
e Investigate the morphology of the precipitates after each thermal cycle in the
processing of the material.
e To quantitatively determine the minimum and rate of precipitate dissolution at

critical thermal cycles in the processing route.



o To determine the effect of various times and temperatures at final annealing on
the sag resistance of the material

e To determine the effect of various times and temperatures at hot band annealing
on the sag resistance of the material.

e To determine the effect of various temperatures at slab reheating on the sag
resistance of the material.

e Determine if there is a processing route that gives the optimum sag resistance.



Chapter 2 Literature review

2.1 Short history of stainless steel development

This short history focuses mainly on the commercial development of stainless steel.
Monnartz in Germany discovered and thoroughly investigated the improvement in
corrosion imparted to a steel with more than 10% chromium %, This laid the
foundation for the commercial exploitation of stainless. steel by Harry Brearley who
produced the first commercial ingots (50 cwt) on the 20" of August 1913 in
Sheffield, England. The steel contained 0.24%C, 0.2%Si, 0.44%Mn and 12.86%Cr.
The first commercial application was for gun barrels, which was not very successful.
Material from the same heat was subsequently used to make cutlery blades. The
Krupp Research Department in Germany patented the first austenitic stainless steel
containing about 20% chromium and 7% nickel in 1912. Maurer and Strauss from
Krupp developed these steels in the period from 1909 to 1914, This austenitic grade
expedited the large-scale production of flat rolled products originating from mills for
further fabrication. The first commercial use of this steel occurred in about 1914.
Dantsizen and Becket were responsible for the development of the ferritic stainless
steels and their commercial use . The commercial production of stainless steel in the
United States of America occurred in the 1920°s®. In March 1925 William Hatfield
presented data on the new “Firth Staybrite” steel; this was the now well known 18-8
steel. In the 1920°s originally tungsten, then tungsten and titanium, and finally only
titanium were added to the 18-8 steel to prevent inter-granular corrosion. This steel
was eventually known as type 321. Krupp patented a steel for higher oxidation
resistance in 1927®. This steel contained 25% chromium and 20% nickel and this
steel eventually became known as Type 310. The main three groups of stainless steel,
namely austenitic, ferritic and martensitic were established within 20 years of
Brearley’s first commercial heat. Duplex stainless steels were already produced in the
1930’s at Avesta Ironworks ©. The precipitation hardenable steels were produced in
1945 by U.S. Steel ©. In 1950 the nickel shortage caused many manufactures to look
for substitutes. Manganese, copper and nitrogen were evaluated as suitable and the
200 series of stainless steels were designed. Duplex stainless steels (only appear in
production figures from 1987"”) and high nitrogen stainless steels (Cromanite, first



produced by continuous casting in South Africa in November, 1994(7)) are the latest
viable production additions to stainless steels, although these steels were produced in
small batches and on an experimental base much earlier. Fifty three years passed after
the first commercial heat by Brearley before a commercial stainless steel production
heat was made in South Africa on the 28" of October 1966® in Middelburg,
Transvaal (Mpumalanga).

2.2 Stainless steels types and general characteristics

Stainless steels have been defined as any steel containing at least 12% chromium to
impart a certain degree of corrosion and oxidation resistance to the environment by
the development of a passive film on the surface of the material. Stainless steels
generally do not contain more than 30 per cent chromium. The iron-chromium phase
diagram © shows that the steels in the composition range 12-30 percent chromium can
exist in predominantly two phases: ferritic (o) and austenitic (y) (figure 2.1). The
addition of austenite stabilisers (nickel, carbon, nitrogen, copper and manganese)
increases the size of the gamma loop. This ensures that austenite, after solution

annealing at approximately 1100°C, is generally stable at room temperature.
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Martensitic stainless steels are formed in a similar manner; however, the material
contains insufficient austenite stabilising elements. In this case the material has a
martensite start and martensite finish transformation temperature, in which the
austenite present on quenching or rapid cooling from within the y loop transforms to
martensite. The major groups of stainless steels generally consist of ferrite, austenite,
martensite or a combination of the above. Each of these phases has a unique
crystallographic structure (Table 2.1) which imparts certain basic metallurgical
characteristics. The most obvious is the mechanical properties and it can be seen that
the austenitic structure imparts excellent mechanical properties to the material. (Table
2.2).
Table 2.1

General crystal lattice parameters for some of the more common phases found in
stainless steels 7.

Phase Lattice | n= number of N, = Co-ordination = d= Density
atoms per unit | Number — max no of atoms | Atomic
lattice cell in contact with one atom | radius
Ferrite (o) BCC 2 8 av3/4 2.A/(&b.c.cNy)
Austenite (y) | FCC 4 12 av2/4 4.Al(@5c.Ny)
Martensite (y’) | CPH 6 120r6 a2 | 6.A/(3/2¢c, a3 N,)

*BCC= Body Centered Cubic, FCC= Face Centered Cubic, CPH= Close Packed
Hexagonal

Stainless steels can be categorised into the three original major groups ©:
e Martensitic
e Austenitic
e Ferritic
A number of further classifications of stainless steels have been developed and can be
classified as
e Super ferritic
e High strength austenitic stainless steels
e Duplex
e Precipitation hardenable
The general metallurgical aspects of each of these groups will be briefly discussed

with some focus on the effect of niobium and the creep resistance of that group.




Table 2.2

Typical mechanical properties for each group of stainless steels.

Type Mechanical properties
Yield strengthjTensile strength|Total elongation|
{(MPa) (MPa) 50mm (%)
Ferritic
409 255 440 32
430 343 511 27
441 316 486 28
Austenitic
304 308 642 52
316 351 641 48
321 249 611 54
Martensitic (tempered at 700)
410 525 725 26
420 550 750 21
431 600 850 25
Precipitation hardening
17-4PH annealed 758 1034 10
17-4PH Precipitation Hardened 1227 1379 12
15- 5 Annealed 586 862 10
156-5 Precipitation Hardened 1275 1379 14
Super ferritic
E-Brite 345 480 30
29-4-2 515 655 25
Duplex
SAF2205 430 790 25
7Mo 565 683 31
3REBO 450 800 30
Super austenitic (high nitrogen)
Cromanite 592 885 40
Tenelon 480 860 40
Nitronic 32 380 690 30




2.2.1 Creep in austenitic stainless steels.

Nickel is the most important alloying addition in these stainless steels. Nickel expands
the gamma (y - austenite) loop in the iron-chromium phase diagram. This increases
the amount of austenite present during solution treatment. In addition it also
suppresses the M; temperature to below room temperature in an 8% nickel alloy. The

structure thus remains fully austenitic on cooling to room temperature.
2.2.1.2 Creep resistance

In austenitic stainless steels carbon, nitrogen, chromium, molybdenum, tungsten,
vanadium, boron, titanium and niobium increase the creep resistance (013 Austenitic
steels have an inherently higher creep resistance than ferritic stainless steels (figure
2.4). The increase in creep resistance by the addition of molybdenum is due to solid
solution strengthening. The interstitial elements, particularly boron and nitrogen,
improve the creep strength at low temperatures (<700°C). The carbide and nitride
formers, particularly titanium, vanadium and niobium, strengthen the matrix when
precipitated as fine particles in the matrix. The rate of secondary creep is dependent
on the amount of precipitation during service to lock dislocations. If the precipitates
are too stable they will not go into solution and secondary creep increases (figure 2.2).
Alternatively if the affinity to form nitrides or carbides is too weak, insufficient

precipitation could occur with no benefits (10,

It was found that for niobium alloyed steels the maximum amount of carbide
precipitation occurs at the stiochiometric level. At small deviations from the
stiochiometric value (Nb:C=10.32:1 for Nb4(C;), for both NbC and NbyCs, there is
rapid reduction in the amount of niobium carbide available for precipitation (%) This
reduction is greater for an excess of niobium than for carbon. The niobium carbide
reportedly precipitates at the grain boundaries restricting slip, which reduces
cavitation (creep damage — lowest at stiochiometric value) and improves creep

resistance.
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Figure 2.2: Variation in secondary creep at 650°C after a solution anneal at

1050°C for various carbides and nitrides in an austenitic stainless steel ',

Earlier researches have shown that the grain size does not have a significant effect on
the creep resistance of the material '® and it was shown that solid solution hardening
or the subsequent precipitation (high degrees of solid solution hardening) has a far
greater effect. It was argued that in a niobium stabilised austenitic (Type 347)
stainless steel the niobium going into solution plays a major part in improving the
creep resistance of the material (figure 2.3). It was further indicated that the increase

in creep resistance was mainly confined to primary creep (see section 4.2) rather than

secondary creep.

It has, also been shown that “normal” residual elements such as phosphorus are
important in increasing the creep resistance of the steel. Phosphorus reportedly

decreases the stacking fault energy of the steel and in turn decreases the creep rate !>,
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2.2.2 Crecp in martensitic stainless steels

These alloys have sufficient carbonr in solution to make them fully ausicnilic at
annealing temperatures. On cooling they pass through the M, crperature that is
above room temperature to produce a martensitic structure. The chemical composition



of these steels is generally between 12-17% chromium, 0-4% nickel and 0.1-1.0%
carbon with additions of molybdenum, vanadium, niobium, aluminium, titanium and
copper 1D The hardness in these steels is principally obtained from the carbon and
the hardenability is influenced by all the alloying additions notably chromium .

These steels suffer from temper and hydrogen embrittlement.

The creep resistance in these steels is primarily attributed to the formation of plate
like precipitates particularly in the vanadium alloyed steels. The ideal precipitate size
to increase creep resistance has been calculated to be 8.5-15nm in diameter and 0.7-
1.2nm in thickness. Laves phase precipitates during long service periods at high
temperature, increasing the creep resistance further in that this more than compensates

for the decrease in solid solution strengthening @,

2.2.3 Creep in precipitation hardened steels.

In general terms the hardening of a material involves impeding the movement of
dislocations ‘9. In a solid solution the interstitial elements are normally the most
effective in locking the dislocations. These form a stable atmosphere around the
dislocation known as Lomer-Cottrell atmospheres. The dislocations need to be torn
from these atmospheres and this causes the well-known phenomenon of Liider Bands.
Alternatively, precipitates can act as barriers to dislocation movement. In general

terms three stages of precipitate development have been identified 1%:

o Pre-precipitation; formation of Guinier-Preston G.P. Zones
These can only be detected by x-ray diffraction techniques. They represent the
pre-alignment of clustered elements ready for precipitation.

e Formation of coherent precipitates
At this stage the atomic groupings of atoms are visible under an electron
microscope. The atoms and the lattice planes of these atoms remain coherent
with the matrix material.

e Formation of incoherent precipitates.
Precipitates form that are in equilibrium with the matrix, with a clearly defined

chemical composition.
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The first two stages above lead to the strongest strengthening since they act over a
longer distance and are commonly known as “age hardening”. When precipitates are
present the dislocations overcome the barrier by means of the Orowan mechanism.
The strengthening in this instance is localised at the precipitate.

There are generally three categories “ 19

of precipitation hardened steels:

e Martensitic
The martensite in these steels on cooling in air is weaker than conventional
martensitic steels. The martensite is then aged to strengthen the material.

e Austenitic
The strength due to precipitation is not significantly increased in these steels.

¢ Semi-austenitic
Martensite is formed in these steels by cold working or subzero cooling. The steel
is conditioned at about 750°C to form chromium carbides. The material forms

martensite on subsequent cooling and is then aged as in the martensitic

precipitation hardened steels.

Precipitation hardened steels appear to be extensively used for creep resistant
applications up to approximately 600°C"». The effect of niobium in these steels
appears to be mainly beneficial as a grain growth inhibitor and facilitating the
maximum amount of nitrogen being present to combine with other elements such as
vanadium 7. It was also found that when the steel was alloyed close to the
stiochiometric ratio (VN) the steel had the highest creep resistance. This effect was

reported in the austenitic steels above.

2.3 Ferritic stainless steels

The pure iron-chromium phase diagram (figure 2.1) indicates that a steel with 12 to
13 percent chromium does not pass through the vy (gamma —austenite) loop on the left.
This is not true of most ferritic stainless steels as they contain some residual
austenitising elements notably carbon and nitrogen that increases the y loop

substantially. The common AISI type 430 stainless steel with 17 percent chromium

12



content will form martensite on quenching from the y region. The dual stabilised
(titanium and niobium) 441 material with approximately 18 percent chromium does
not go through the y phase. This is due to the titanium and niobium taking carbon and
nitrogen out of solution and thus decreasing the size of the y loop. Ferritic stainless

steels range in composition from about 17 to 26 percent and contain no nickel.
Mechanical and formability properties.

The mechanical properties when compared to the other grades of stainless steel are
(Table 2.2) generally acceptable with lower elongation than the austenitics but
significantly higher than the precipitation hardened steels and the martensitic steels.
These materials tend to have the lowest tensile strength of all the stainless steels. In
addition they exhibit impact transition strength at a given temperature known as a
ductile to brittle transition temperature (DBTT). The DBTT is primarily dependent on
grain size in these steels, decreasing as the grain size number increases 12) (figure
2.5). The gauge of the material also plays a significant role and the DBTT increases
as the gauge of the material increases. This is due to the fact that the stresses change

from biaxial in thin gauge to triaxial in thicker gauges @3),

A measure of the stretchability of a steel is determined by obtaining the gradient of
the log stress versus log strain after the onset of plastic deformation and prior to
necking. This value is known as the plastic strain ratio and is denoted by the letter n.
The n-value appears to be adversely affected by most interstitial or substitutional
elements in a steel ®”. It has been shown that for titanium stabilised 13 percent

chromium ferritic stainless steel the n- value can be determined mathematically:

n= 0327 — (0.015*Si + 0.003*Mn + 0.560*P +0.004*Cr +0.050*Al +
0.069*[Ti] + 0.094*[C+N]'?)

Where; [Ti] = 0 and [C+N] = [C+N] - Ti/10, for Ti/(C+N)<10
[Ti] = Ti— 10*(C+N) and (C+N)=0, for Ti/(C+N)>10

13
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Figure 2.5: Decrease in DBTT with increasing grain size ¥

Creep resistance

Ferritic steels generally have higher stacking fault energy than austenitic stainless
steels. This causes the ferritics to have a higher secondary creep rate and accounts for

the fact the ferritics have lower stress rupture strength (figure 2.4) than the austenitic.
Super ferritics

These steels can be seen as a sub category of ferritics, however, these steels are
guaranteed to be ferritic at all temperatures due to their high chromium content ¢,
Their interstitial contents (carbon and nitrogen) are normally below 0.02 weight
percent for increased corrosion resistance ). These steels are also termed the third

generation ferritics .

2.4 Stabilisation in ferritic stainless steels

The literature search will be focused to gain some insight as to the impact that
stabilisation and more specifically niobium has on the metallurgical properties of
ferritic stainless steels. The focus will be on the high temperature properties and in

particularly the creep (sag resistance) of the material. Ferritic stainless steels are

14



stabilised with niobium to improve their high temperature strength for use in
automofive exhaust syslems. The exhaust gasses should be above 700°C Jor the
optimal performance of the catalvtic converter. The temperature to which the material
is usually exposcd can be in excess of 950°C. The material should thus exhibit
excellent high femperature properties (creep, thermal latigue and oxidation
resistance). In addition the material should also be resistant to high lemperalure

corrosion in chloride solutions (salt used lor ice melting on roads in colder climates).
2.4.1 Production Considerations

2.4.1.1 Steel plant practice

‘The solubility of ttanium nitrides in a liquid ferritic stainless steel increases as the
chromium increases and as the nitrogen level decreases lor any given ttanium level
{figure 2.6)*%. Thermo-cale (compuler software packape that uses a data base
containing thermodynamic data to predict the stable phases present in a multi-
component system) has been used 1o calculate the phases present at equilibrium on
cooling of a 14%Cr. 1%S8i, 0.4%Cu, 0.15%7Ti, 0.38%Nb steel ™. Primary ferrite
solidifies first lollowed by the precipitation of carbo-nitrides at abour 1500°C. The
laves phase staris o precipitate out at about 7007C {ligure 2.7).

_ " Solubility of TiN in liquid Ferritic Stainless Stesl (Hill, 1988)
i 0_4 . 2z e P —

—115%Cr
18%Cr

TITANIUM {WT%)

0.05

80 W0 120 40 80 80 20 20 M40 X0 20 A0
NTROGEN (PPM)

Figure 2.6: Solubility of TiN in liquid ferritic stainless steel (H1ill, 1988}
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Fignre 2.7: Equilibrium molar fraction of phases represented at various

temperatures on eooling of a 14% Cr, 1%51, 0.4"%C0, L15%TL, 0.38%ND alloy.

2.4.1.2 Hot and cold mill processing — effect on surface gquality and

formability.

Generally no indication of the solution temperature prior to hot rolling is given, it
was, however noled that for 4% Cr03Nb-0I1Ti-0.5Mo sicel Y the reheat
temperature was quoted as 1250°C. This is rather high and expericnee with a walking
beam {wnace 15 that the slabs tend to bow between the beams making them
impassible to hot roll. In addition, the hich drop out temperature causcs the matenial
to [inish al oo high a temperature and can cause embritlement problems due to either
the precipitation of the laves phase {due te slow cooling in the range 5300 —
QDGGC)} or the formation of excessive amount of nitrides ™. The hot rolling practice
thus needs o be optimised along with the quenching oblained vig laminar cooling

with water to aveid these precipitation phenomenon.

An aceelerated degree of reerystallization is required to reduce the severity of ndging

and roping in a nicbium stabilised steel (17%Cr and 0.44% NbY* I'his ig generally

16



achieved by finishing rather cold on the Steckel mill (less than 700°C) and using a
high temperature anneal of the hot and cold band al approximately 950°C.
Altrernatively it has been suggested that finishing al 800°C is just as Favourable ¥
however, a mimmum reduchion of 30% 15 required followed by a similar anneal as

ahove.

A 17%0T — 0.44% 0D steel appears Lo cxbil @ maximum rale of recrystallization at
about 950°C for various reduclions during hot rolling. The malerial reporledly has
70% recrystallivation at 40% hol reduction at 950°C. The original as-cast siruelure
appears under lhese condibions 1o have been replaced by a new recrystallised,

]
homogencous structure .

The plashe stram ralio {R-value), which is a measure of the deep drawability of steel,
generally increases as the amount of cold reduction increases. The addition of
niobium to 12% chromium stecl in addition appears to incrcase the materials affinity
Lo form a more Tavourable erystallographic texture and subsequently a higher R-valuc

is obtained B, (figure 2.8).

Change in Rvalue as a function of cold reduction. Viterial

’ annegled at 927C
15
=
> —— 40005
o ;
—4—400 |
0
40 50 80 70 80

Cold reduction (%3}

Figure 2.8: The influence of cold reduction on the R-value.



Various ideal annealing temperatures after cold rolling are discussed in the
proceeding sections related to the precipitation of the laves phase and increasing the

degree of creep resistance in the material.

2.4.2 Weldability

The principal effect that welding has on ferritic stainless steels is two fold:
e It decreases the impact strength and ductile to brittle transition temperature of the
material due to grain growth and

e [t sensitises the steel if it is not stabilised with titanium or niobium.

The first issue is discussed here while the latter is discussed in section 2.2.5.5 —
Oxidation and corrosion resistance. It has been shown that the addition of niobium to
titanium stabilised steel does not adversely affect the weldability of the steel ®?. The
addition may in fact increase the toughness of the titanium stabilised steel V. In
addition dual stabilisation was found to produce tough, clean weld lines after high
frequency welding when compared to titanium stabilised steels ®®. A balance or ratio
normally exists between the titanium and niobium (with the niobium being the greater
i.e. Nb:Ti shown to be 2:1 for a 17 % chromium ferritic steel) for optimum toughness
and ductility of weldments ®*3¥. Finally it has been shown that dual stabilised steels
can be susceptible to intergranular hot cracking in the fusion and heat affected zones
©5 It has further been shown that in this respect niobium is in fact the more

deleterious element and care should be taken to minimise this stabilising element .
2.4.3 High temperature strength and creep resistance

Creep in a material appears to be governed by three factors % 37 %39 ((figure2.9);
these are;

e Temperature

e Applied stress or strain

e Internal structure (grain size, dislocations, vacancies, precipitates and

substitutional and interstitial elements to mention a few)
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Figure 2.9: Factors mﬂuencmg the rate of creep in a material.
The creep resistance of steel has been further categorised into two components %
namely:

e Inherent creep resistance and

e Latent creep resistance.
The inherent creep resistance is dependent on the initial internal structure as
mentioned above while the latent creep resistance is seen to depend on one or more

precipitation processes 9

The high temperature tensile strength was found to increase with the addition of an
excess of niobium in ferritic stainless steels alloyed with Molybdenum “?. The
minimum excess niobium required for achieving a strengthening benefit, at 900 °C,

was 0.2, as determined by the equation:

Nbexcess™ Nb —8*(C+N) = 0.2 minimum
Where:

Nb = Niobium in weight percentage

N = Nitrogen in weight percentage

C = Carbon in weight percentage
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'The strengthening or incrcase m prool siress depends on the heat treatment and the
amount of niobium present in the sieel e (Ogure 2111, The amount of niobium m
solution or solid solubion strengthenmg i1s the primary souree of the strengthening

observed in these stecls at high temperatures.

The 0.2% Proof stress in a 0.02%{CHN}- 19%Cr steel at 950°C.

4D - —- = St el =
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Figure 2.14): The inereasc in .2% proof stress in a (.029%%(C+N) — 19%,Cr steel at

950°C as a function of nivbinm vontent and annealing temperature ™',

There appears to be an upper limit of niobium, bevond which the creep resistance of’
the material drops to the levels which were expericnecd pnor o alloying (fignre
211", The ideal range of niobium content, aftcr stabilisation issues have been
accounicd for, appears to be approximately 0.6 10 |00 per cent by weight (this lcrritic
stainless steel contained abour 16%Cr and 0.3%11). The atmealing lemperature also
appearcd to affect the degree of creep particularly at the lower niobium contents,

where the higher annealing temperature decreascs the maierials resistimee to creep

{sagging).



Creep Resistance as a function of Niobium content
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Figure 2.11: The creep life of a 16%Cr-0.3%Ti alloy at 871°C and an applied

stress of 8.274MPa as a function of niobium content ™.

The amount of niohium in selid selution prior to testing the material appears to be the
criical factor in detcrmining the creep resistance of the material. In the range of
700°C 1o 1000°C the solid solubility of niobium in a 14%Cr, 0.153%711, 0.38%Nb
appecars to he approximately 0.34% by werght ¥ In addition the CTERP TESISTANCE Was
found 1o inerease with the dissolution of intra-granular precipitates that could form in
this stccl on final processing. ‘The steel should be annealed above 1040°C tor

complete dissolution ol the precipitates ™",

2.4.3.1 Titanium and niobium carbides.

Titanium carbides (Ti(7) are a class one carbide {cubic type). Niohium carbides can
cxist as a class one (NbC) or a class two carbide (close-packed hexagonal Nb,CyH*3H,
The cubic nichium carbide exists over a range of compositions trom NbC o NbyCs.
The latter composition is due to the [ormation of a lattice defeet in the carbide ™. In

addition there is also a high degree of solubility of nitrogen in both these types of
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carbides. The carhides are generally not a pure binary system and some alloving of

the surrounding matrix material oceurs.

Generally steels which rely on carbides for their creep resistance have between (.1
and 0.2 percent carbon. This is obviously not the case in the present steel, as this
would adversely affect the already low mechanical properties, particularly elongation.
of this material. These steels are also generally tempered to obtain the greatest benefit
from carbide formation. There is normally a sequence {wilh time and dependent on
chemistry) in which carbides would precipitate (Fe;C — MoC — MnCs - MG, —
MgC) and can be broadly described by use of the Hollomon-Jaile tempering
parameter {figure 2.12)**. These carbides either form by two methods;
e “In situ™ when the existing carbide is transformed mto another

» Nucleation and growth at new sites within the matrix material,

Cold deformation prior to the tempering treatment reportedly increases the rate of
precipitation from the matrix that is supersaturated in the elements necessary for
carbide formation. In supersaturated steels (martensitic) the precipitates form by a

sequence of reactions involving:

1. The lormation of zenes rich in the elements to form the precipilates
{embryoni¢ phase).

2. The formation of an intermediate precipitate (MaC)

3. The formation of the equilibsrium precipitates (MasCy and M;C)

The transitions of the various reactions above from 1 te 2 and 2 to 3 generally oceur at
a reasonable rate at 0.4 to 0.5Tm and above 0.5 Tm respectively {Tm = absolute
melting temperature}. In low supersaturated selutions (non-martensitic) precipitate
mucleation is difficult and only occurs at favoursble sites such as dislecations.
Deformation during precipitation increases the disloecation density producing a morc

uniform dispersion and finer precipitate ¥,

Mast creep resistant steels derive their superior creep properties from a [ine dispersion

of particles Y. Inter-particle spacing is an important factor. These act as barners to



dislocation movement. There is a ¢ritical spacing above which the creep resistance
decreases *Y. The effect of particle shape is not known, however, it is generally
perceived ihat this is overshadowed by the affects of size and spacing “**. More stable
carbides (cubic carbides -V4Cs, NBC) are preferential, as these should theoretically
not grow as rapidly, thus. maintaining a maximum dispersion of fine carbides the

longest al elevaled temperalures,

047% Mo

- 090% Vo

LS5 Vo

205% Mo

3.07%: M

13 15 T 18 21
T(20+log t) x 1

Figure 2.12: The effect of (ime, lemperalure and composition on  the

e s 44
precipitation of earbides in a 0.1% carbon molybdenum steel .

2.4.4 Oxidation resistance and corrosion resistance.

Niobium additions to stainless steels appear to increase the oxidation resistance of the
malerial to both continuous and cyclic oxidation B2 The spalling resistance of a
ferritic stainless steel with a basic composition of 18% Cr and 0.45%Nb exhibited a
significant reduction in mass loss due to spalling if the manganese content in the sieel
exceeded 0.6 percernt "M(figure 2.13).
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Figurce 2,13; Spalling resistance of an 18%Cr — 0.45%Nb steel as a function of

manganese (100hrs at temperature).

'The rusting tendeney in type 430 malenal (17 percent chromium), prior to (unwelded)
and atter TIG welding. in a salt spray-testing covironment (5 per cenl Nal’l fog) can
be significantly reduced by an over stabilisation of cither titanium or nichium !, The
minimum amoeunt ol excess llanium or niobium is 0.2 as determined by the (ollowing

equalions;

E173% =11 - 4C = 34N - 1.58 — 0.2 Minimum
{Nb}% =Nb -7.8C — 6.6N — 0.2 Minimum

Where:
11="Titanium in mass perccidage € = Carbon in mass percentage
N — Nitrogen in mass percentage S = Sulphur in mass percentage

Wb — Niobiwm in mass percentage

The general pitting resistance (critical pitting potential and induction lime for pitting)
of a lerritic stamless steel {28Cr-4Ni alloy) generally increases as the niobimm conlent
inercases in the steel ™. A simiblar effect was Tound in a 20Cr-0.8Mo-0.5Cu alloy '+

and the optimum nigbium to carbon plus nitrogen ratio was scen Lo be between 15 and



30, when copper 15 above 0.4%. The addition of niobium to a 17% chromium
containing steel, in some instances, generally does not appear to ncrease its pilling
resistance """, The reason for this is that the MnS inclusions act as pit initiation sites
and the niobium does not combine freely with either manganese or sulphur. ‘Iitaniunm,
however, appears to have an affinity for sulphur and forms insoluble TiS. The pits
formed in steel alloved with titanium are believed to initiate at the interface between
the matrix material and the titanium carbo-nitride and titanium sulphides. This
imitiation 1s reportedly at a much higher potential than at MnS sites.

The ability of a ferritic stainless steel to exhibit resistance to intergranular corrosion
after welding (sensitisation) is generally determined by its degree of stabilisation. The
minimum alloying additions to obtain a stabilised alloy, either with titanjum alone or
dual stabilisation with titanium and niobium, for a sleel containing 12 per cent

chromium was found 1o be:
017 or %011 + el b — 008 +8%(%a( +HUaN)

This relationship was determined as the boundary between alloys that passcd and
those which exhibited inier-granular attack after welding (figure 2.14)*%.

Earlier work by Gates and Jago indicated that the minimum ratio of stabilisation
elements to carbon and nitrogen content for a steel with 18%Cr and 2%Mo i3 10 times

the carbon and nitrogen content (figure 2.14) for complete stabilisation ™,

Sensitisation work by Onoyamoe et al found the following relationship to prevent

sensitisation "'

(Ti+Nb) > 16X[C-+N] for [C-+N]= 0.017%
(Ti+Nb) > BX[C+N] for [C+N]< 0.017%
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Figure 2.14: Stabilisation requirement fur a 12% chromium containing steel to

inhibit inter-granular attack.

2.4.5 Laves phasc

The laves phase 0 a low €. N-19%Cr-2%Mao stainless steel appears to be a hexagonal
precipitate in the form of (Fe, Cri (Mo, 11, NbY¥™ The preeipitation behaviour ol the
laves phase was investigated m this stecl by annealing samples, after hot rolling, at
various temperatures lor 1 hour tollowed by water quenching. The Laves precipitates
appear to peak at aboul 700 °C (Tgare 2,15 The cooling rate affected the amount
of precipitates that formed. The faster the cooling rate (2.4%107) the fewer precipitales
formed and the higher the elongation, In addition the amount of cold reduction prior
i tinal anmealing also impacted on the amount of preeipitales present. The higher the

cold reduction the lower the amount of precipitates that formed.
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Figure 2.15: Precipitation characteristics of lave phase with isochronal annealing

for 1 hr at each temperature ™.

2.4.6 Ridging

A number of investipators have identified thal ridging or roping can oceur in

stabilised ferritic stainlcss steels %% @

2} Ridging or roping is the formation of
surface corrugations, dug to crystallographic textural effects, which emerge,
prefercatially in the rolling direction during forming operations in ferritic stainless
steels. All of the authors allude to optimum hot rolling and hot band anngaling
parameters. ‘The purpose of these various optimum-processing paramelers is to
stimulate the mast recrystallization in the material during hot band annealing. Thus by
[inishing cold on the hot mill with a relatively high reduction on the last pass imparts
a high residual drving force for recrystallization o the material on subsequent
annealing. The hot band annealing occurs at relatively high temperatures to take
advantage of this stored encrgy and to overcome the matenals stuggish response to

recrystallization, The ideal hot band structure after anncaling is one with a uniform

cqui-axed grain structure with an ASTM grain size number of approximately 6.

The effect of niobium on its own in reducing the ridging scverity in a 18Cr-1.3Mo

steel 7 was not as affective as titanium and in fact appeared to increase the severity
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of ridging. The greater improvement due to titanium additions and not niobium is
attributed to the fact that titanium precipitates out first on solidification and causes a
finer as-cast grain structure. In addition the titanium alloyed material should
theoretically recrystallise more readily during hot rolling than the niobium alloyed
steel. Other investigators on the other hand have found that niobium additions in fact

eliminate roping ®*.

2.4.7 Niobium and titanium stabilised alloys in the

automotive (exhaust) industry.

A number of ferritic stainless steel grades have been utilised in the manufacture of
exhaust systems and for high temperature applications (Table 2.3)®>° 6.57and58) These
steels have been selected for one or more of the following reasons; their relatively
high oxidation resistance, corrosion resistance and high mechanical properties at
elevated temperatures. The steels generally have the addition of aluminium,
zirconium, yttrium, titanium, niobium, manganese and/or silicon to enhance the

corrosion and oxidation resistance of the material.

Stainless steels will be used to a greater extent particularly in exhaust manifold
systems. As engines become more economical and the air to fuel ratio approaches
stiochiometric values ®”, the temperatures in the exhaust gasses will be in excess of
1050°C.

2.4.8 Conclusions of literature search

Niobium when added to a ferritic stainless steel, appears to be beneficial to the
oxidation, corrosion, weldability, formability, ridging and creep resistance of the
material. The literature too indicates that the amount of niobium in solution
predominantly determines the sag resistance of the material. The literature also
indicates that material alloyed with niobium requires a certain degree of care when
processing to obtain the optimum metallurgical properties.
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Table 2.3

Chemistries of some typical alloys used in the automotive industry.

Alloy Cr Mo Ti Nb Al Cu Zr Y ete
409 11 - 0.16 - - - - -
Aluminised 409 | 11 - 0.16 - - - - -
FAL 13 - - - 4.0 - - -
466 115 |- 0.15 0.25 - - - -
Alfa ITI™ (406) | 13 - 040 |- 4.0 - - -
408 Cb or Nb 12 - 0.28 0.70 1.0 - - -
429M 14 - 0.20 0.40 - 0.4 - 1.2 8i
430M 17 - - 0.25 - 0.5 - -
Ugine FK 17 - - 0.45 - - 0.3 -
Inoxium 180 Al | 175 |- 0.5 - 2.0 - - -
439 17.5 |- 0.42 - - - - -
436Sor434M | 175 |1.22 0.25 - - - - -
Fecralloy BF1 | 155 |- - - 5.0 - - 0.45
BF3 |20 - - - 5.0 - - 0.10
368 18 - 0.12 0.25 - - - -
434LN2 19 1.9 - 0.35 - - - -
436LT 177 11.23 0.27 - - - - -
441 18 - 0.29 0.71 - - - -
A 18 2.0 0.12 0.35 - - - -
468 18.25 | - 0.12 0.25 - - - -
Nishen steel 185 2.0 - 0.40 - 0.20 - 1.0 Mn
433 20 - - 0.53 - 0.53 - -
433Mo 20 1.0 - 0.5 - 0.50 - -
AlfaIV(445) |20 |- - - 5.0 - - 0.03 Ce+La
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Chapter 3 Experimental procedure

The main objective of the project was to characterise the sag resistance of Columbus

type 441 material and determine methods of increasing the sag resistance. Based on

this, the project can be broadly divided into two distinct areas (figure 3.1), which are;

1.

The investigation of the sag resistance of production material randomly obtained
from the plant and the determination by statistical means of any significant
processing or compositional parameters that may impact on sag resistance of the
material. The changing morphology of the precipitates through the production
processes were analysed after each production process.

The investigation by experimental means to determine if any thermo-mechanical
treatment could be identified that would significantly improve the sag resistance
of type 441 material without impacting negatively on the material’s mechanical
properties. Due to the complex nature of determining the impact of various
thermo-mechanical processing steps on a particular property of a material, the
laboratory experiments were backward integrated. That is, experiments were
started on the cold band material first to observe if the sag resistance could be
improved significantly. This was done on cold rolled material at various
temperatures. Ageing treatments were also attempted to facilitate the possible
embryonic formation of precipitation zones. Following this attempts were made at
increasing the sag resistance by various heat treatments on the hot band material
while finishing the material at fixed cold band processing route parameters.
Finally, the slab material was heat treated and the sag resistance determined on
final product by applying a similar processing route to the hot band and cold band
material. The rate of grain growth and precipitate perceniage was determined for
each of the experimental processing stages, namely hot band annealing and cold
band annealing. Only the effect of temperature was investigated and not that of
roll pass reduction on these material characteristics. The complete project flow is

shown diagrammatically in figure 3.1.

30



The experimental techniques used during the investigation can be broadly categonsed

as:

+ Mctallographic analysis, grain size and amount ef second phase.

» The sag test.

* Deep ctehing.

e« Scanning clectron microscopic analysis after bulk etching including energy
dispersive spectroscopy.

e Statistical analysis.

¢ Heat ireatment.

s  Hat and cold rolling.

Praject Flow Chart
Plant Material

LCald band Final Sag lasls
Processed via various Gralh &k
Temperatres _ Statistical Analysis

Maero deap ofch of mach proviuchion
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SL'C 1100 Grain size = _ Stofistical Analysis

Soaond puise aree fraction
Aging at Different temperatures
TOOC50°C and tres 1130
minute5| Fap tests

(Frain siza
Hot band Matenal

= Gansee P CadRoel =

fnned diferenttemperstures Second phase arce frection Graln sizm
G070 185070 Machanicsl pravarties Anneal gt 1000°C end 1080°C  Sagtests
Shabmatersl ————n—
Brneal different ternoeratures i -
0EGnT . {2000 Saceng phaga sred fraction Hot Rall : Cold Rell Sag teats

Mazto teen enhod aach heat Anneal at 1000°C and

raarment Anneal at #5070 and 1 000"0 il Grain size

Red tend = heal reatments applied Blue Text = experimenta] techmigues used Cireen text = statistical analysis

Figure 3.1 Diagrammatical representation of the project flow,
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3.1 Metallographic procedure

The samples were prepared by standard metallographic techniques on an automatic
polishing system (Struers Maps) to a 3um ‘ﬁnish. The samples were etched
electrolytically in concentrated nitric acid ®” in order to optimise the phase contrast
and grain boundaries for measurement using a Leco IA3001 image analyser. The
samples were etched for a shorter period of time for second phase volume fraction
analysis. This was followed by a longer etch time to determine the grain size. The
Leco 1A3001 image analyser enabled the user to optimise the contrast (via the
threshold image command) for optimum coverage of the phase or grain boundary.

Although the utmost care was taken in ensuring that all measurements were done
accurately, some variation could be attributable to sample preparation (scratches —
only scratch “free” samples were used, however, there may still have been some
residual scratch marks), etching (under-etching or the formation of micropits — these
were also avoided and samples prepared again if found to be present) and finally
measurement (over filling or under filling could give a large variation — this was
avoided by checking the fill prior to measurement). The number of fields measured
per sample were a minimum of three and four for the grain size and second phase
fraction analysis respectively. The reason for the minimum number of fields required
for grain size is given statistically below. In most cases the author tried to obtain a
typical field and also fields that appeared to be significantly different from the norm.
This was particularly necessary when investigating the second phase fraction analysis

as:

e The second area fraction was very low and
e An indication of the possible spread in second phase fraction would be obtained,
which could either be due to natural variation or due to the combined effect of

sample preparation, etching and measurement.
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3.1.1 Statistical analysis of grain size measurement

The grain size was measured on a transverse metallographic polished surface of a
sample taken from the longitudinal sag specimen prior to testing at 850°C.

The linear intercept method was used for grain size measurement. The precision of the
grain size measurements for a particular sample can be determined by calculating

percent relative accuracy. The percent relative accuracy is calculated (according to the

ASTM E112-96 Y standard) by the following means;

» calculate the number of mean values N (number of grains per mm?) or ¢ (mean

lineal intercept length) from the individual field values according to:

X= ZXi/ n
Where X; is the individual reading (Na or £) and X is the mean and n the
number of measurements.
» Calculate the standard deviation (s) of the individual measurements as
S = VE(X-X)/(n - 1))
» Calculate the 95 % confidence interval (95% CI) as:

95% CI=1t*s/ Vn

Table 3.1 lists the 95 % confidence internal multipliers t as a function of sample size

n
» The percent relative accuracy (%RA) is calculated as:

%RA = 95%CI/X*100
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Table 3.1

95% Confidence internal multipliers, ¢

No. of fields, n t No. of fields, n t
3 4.303 7 2.447
4 3.182 8 2,365
5 2.776 9 2.306
6 2.571 10 2.262

A %RA of less than 10 or lower is generally considered to be acceptable precision.
The precision was obtained with the initial verification method (Table 3.2). The data
obtained was for 12 samples spaced evenly across the width of a strip cut from a
production coil of material. The width of material was 1310mm, the initial sample
was taken 105mm from the edge and thereafter at every 100mm (12 samples in total).
The data had a normal distribution (figure 3.2) and as such the sample size required
for an ASTM grains size with a spread of +/- 0.3, to be accurately determined to a
confidence level of 95% could be calculated by applying the following formula 2

n= ((1.96*s)/ (R/2))* (Equation 3.1)

Where n = the number of the actual fields required to obtain an accuracy to 95%
s = the standard deviation of the measurements in this case it was determined
as 0.0035mm.
R/2 = Range deemed acceptable. The ASTM grain size range was taken as +/-

0.3. Converted to mm for an ASTM grain size of 6.1, £/2 = 0.004mm

The result is a value of 2.9 which indicates that 3 fields of view will be required to
obtain the desired accuracy at a 95% confidence level.
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The image analyscr uses the following standard ASTM fermula to determine the grain

size number:
G = 10+6.0641og3{n1)

Where:

n = the number of horizontal intercepts (477) and

[ = length of the tesi line at 100X
3.1.2 Statistical analysis of second phase fraction

Tnitially the sccond phase area fraction was nol measured on the production material
as il was obscrved to be extremely low. It was, however, necessary to attempt and
quantify the second phase area [raction once laboratory experimentation was initiated.
Area phase fraction amalysis was performed to determine the dissolution rate of
precipitates in the hot band material at | 1007C. T'he statistical analysis carried out on
this material was similar to that done for the grain sive above and it was tound that the

data for thig initial experiment had a normal distribution {{igurc 3.3).
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Figure 3.3: Histogram distribution of the second phasc arca fraction present in

hot band material aftcr anncaling at 11060°C.
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The normal distribution had an average of 2.24% area fraction and a standard
deviation of (.234% area fraction. The value used as an indieation thai a sigmlicant
change in arca fraction had occurred was taken as +/-% of the average value. The
change in sccond phase area fraction would thus be 0.224%, the range would thus be
+/- .224%. The calculated sample size requircd to obtain a 95 percent and 9{)
percent (usc 1.65 in place of 1.96 1n equation 3.1) is 4.2 and 2.98 respectively. that is
4 and 3 flelds of measure. The small pereentage analysed is extremely difficull o
accurately measure, 1 was thus [clt that in most cases a sample size of 3 fields (90 per
cent confidence ievel of being within .224% of the correct rcading) could be used.
The phase analysis thus is uscd to give a general trend of second phase area fraction

and should nol be scen as absolute values at the particular heat treatments.

3.2 Sag Test Alternative Creep Test

The ercep test is used as a siandard Lest in the aulometive industry “. The test is
reporled to give a rapid indication of the sag (ereep) resistance of a number of
samples tested simultaneously. The results appear to correlate with the gencral crecp

properties of the steel (compare figure 2.4 to figure 3.4).

SAG at 950°C for various Steels 1.5mm gauge
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Time

Figure 3.5; Classical Creep Curve under constant load.

Creep tests arc normally done under a constant applied tensile load at a set

temperature and the increase in length is measured periodically 6439 The engineering

creep curve under constant load normally has three stages (ligure 3.5, namely:

Primary Creep

This is a stage of decreasing creep rate (Ggure 3.5). This material normally
gxhibits an nereasing resislance to crecp with hime due o the amount of
deformation thal the material expericnces at this stage. The stape is characieristic
of low temperature and stress scemarios and is sensitive Lo temperature and stress

(36}

Secondary or Steady State Creep

The creep rate in this stage is constant and is called the minimum creep rate ™,
There is 2 balance between strain hardening {inereasing dislocation |gngths) and
recovery (decreasing dislocation lengths i.e. screw slip annihilation and edge
dislocation climb) of the matenial B8 Thig stage 1% sensitive to temperature and
stress P07,

T'ertiary Creep

There is a reduction in cross-sectional area at this stage. It is also normally

associated with high temperature and stresscs. Melallurgical changes such as



precipitate coarsening, recrystallization or diffusional changes in the phases

present occur at this stage .

a4 Sag samples
after 100 hr

Enlarged Area (below)

A Test Frame

- +/- 254 mm >

Figure 3.6: Sag test frame

Figure 3.6b: lnlargement of the sag test frame showing the in situ

measurgment of the sag,
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The samples are placed on a rectangular frame (figure 3.6) where the sample supports
have an outer radius of Smm and are 254mm apart. The design is similar to that used
by I.A. Douthett 7. The deflection was measured in situ on the frame prior to
placing the samples in the furnace al 850°C for 100 hr. The permanent deflection of
the sumples ts measured, in sitw, at the peint of lowest sag between the supports from

a horizontal line joining the two supports after the 100 br test period.

3.2.1 Effect of gauge on the sag fest

The idealised stress strain curve (fipurc 3.7) used for the determination of inelastic
{plastic) bending of beams appears to simulate in many respeets the steady state of

creep (stage 2 strain rate is constant for a constant applied stress).

Fiastic Plastic

.

Stress

Yield Stress

Strain

Figurc 3.7; Idealiscd stress strain curve for clastic and plastic deformation.

The maximum siress momenl or moment of reststance lor a rectangular beam that is

stressed in the fuily inclastic {plastic) region has been determined as Wb o),

My = ¥ Shh?

Where:

5 — the vield point of the material
b = breadth and

h = depth or thickness.
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This formula indicates that the strength of beam-sections is directly proportional to
the square of the depth or thickness of the material.

Theoretically, therefore, it can be postulated that thinner gauge material would show a
higher degree of sag (creep) at elevated temperatures as the inherent strength would
be weaker. The degree to which the same material would exhibit a change in strength
is related to the square of the thickness (given that the other dimensions are fixed).
Multiplying by the square of the gauge should normalise the deflection. The
normalised sagging should theoretically, therefore, be the same for all the gauges.

3.2.2 Effect of grain size on the sag test

Nabarro and Herring have found that diffusion creep is the determining mechanism at
high temperatures and relatively low stresses as would be the case for the sag test. The

Nabarro-Herring creep equation is ®% ¥,

£s= (146b°DY/(KTd)

Where;

d = Grain diameter Dy = Lattice diffusion coefficient

o = Applied stress b = Burgers vector of the dislocation
k = Boltzmann’s constant T = Temperature, absolute scale

€,= Minimum creep rate

The degree of sagging is seen to be inversely proportional to the square of the grain
diameter. A finer grain sized material (larger ASTM grain size number) will exhibit a
higher degree of sagging to that of a sample with a larger grain diameter. At
temperatures approximately 100°C or more below the melting point grain boundary
diffusion creep predominates (Coble - type). The reason for this is that the activation
energy for self-diffusion along the grain boundary is considerably less than self-
diffusion through the bulk of grains ®®. The rate of creep in this case is inversely
proportional to the cube of the grain diameter. The control of the grain size is thus an
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important factor in controlling the creep resistance of a material in the temperature
regimes being investigated.

19 who have found

This is contrary to the findings of Irvine, Murray and Pickering
that grain size in both austenitic (see section 2.2.1.2) stainless and ferritic steels has

no effect on the creep rate.

The gauge and the grain size nevertheless appear to be the two most predominant
factors that affect the degree of sagging from the formula above.

3.2.3 Effect of chemistry on the sag test

Theoretically, from the Nabarro - Herring equation above, the chemistry can affect
sagging in as much as it would change the lattice diffusion coefficient or the Burgers
vector of dislocations. Since the Fe-Cr balance will give the effective lattice size other
elements would have to be present in significant amounts to change the lattice

parameter and the lattice diffusion coefficient.

3.2.4 Verification of sag test

The sag test had to be verified to determine the spread in sag resistance within the
length of the laboratory furnace (a thermal gradient of approximately 10 °C was
measured in the furnace). The sag resistance across the width (1275 mm wide,
samples marked 1 to 12) of a coil processed in the plant was tested to determine the
variability that may exist. The grain size for this particular coil of material varied
between an ASTM number of 5.9 and 6.3 (Table 3.3). The grain size measurement is
an average of three results per field. The grain size appears to be uniform throughout
the width of the sample with an average ASTM grain size of 6.1 +/- 0.3. The sag
resistance varies between 2 and 3.5mm(Table 3.3) and no correlation can be drawn to

the position of the specimen in the furnace and the sag observed (figure 3.8).
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Table 3.3
Sag across the width and through the furnace of MPO 3132870 (Gauge

1.25mmj)

No Position in furnace |ASTM Grain Size Sag (mm)
1 Front 1 6.0 2.0
2 Front 2 6.1 2.0
3 Back 9 6.0 2.0
4 Back 10 6.3 2.5
5 Middle 7 5.9 3.0
6 Middle 8 5.9 3.5
7 Middle 5 6.3 2.0
8 Middie 6 6.2 2.5
9 Front 3 5.9 3.0

10 Front4 59 3.0

11 Back 11 6.2 3.0

12 Back 12 6.1 2.0

Average 6.1 2.5
Std Deviation 0.26 0.54

e Position of sample across the width of the strip from edge (1) to edge (12).

In order to test the sensitivity of the sag test for determining creep rate behaviour, the
rate of sag was determined for a 0.97mm gauge material (MPO 3196653) with an
average ASTM grain size of 6.5 for up to 170 hrs at 850 °C. The sag tests indicate that
a typical creep rate curve is obtained from production material when testing the
material at 850 °C for 100hrs (figure 3.9).
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Verification of Sag test

ASTM grain size

4 5ag 8 Grain Size Ccrrreléting To s_ag Test
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Figure 3.8: Vertfication of the sag test indicating no significant variation in
sagging across the width of a sample and within the length of the furnace.
Rate of Sag for a 0.97mm Type 441 material
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Figure 3.9: Creep rate observed for a 0.97mm 441 material.
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Statistical analysis to determine the number of samples required

The confidenee limits required to make an accurate assessment of any change in Ihe
degree of sagging would be +- Ilmm. The 12 samples tested above arc the largesi
group of sags originating from one sample base. They give an indication of the spread
or standard deviation that may exist for sag values. The standard deviation was
determined as {.54mm. The population of sag values is assumed to have a normal
distribution based on the small sample size (figure 3.10). The sample size required for
a 95 percent conlidence within +/~ lmm of the measured say value was calculated as

1.13 {applving equation 3.1 on page 34).
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Figure 3.10: Histogram plot of the sag values originating from the verification

samples.
3.3 Decp etching, SEM and EDS analysis

The samples werc deep etched at various stages to investigate the morphology of the
maost common precipitales, The bulk etchant was a concenirated nitric acid solutian
{65%) nscd clectrolytically at 0.8 Amps. The zample was left in the solution

(normally 3 hrs) unti! sufficienl maierial was removed. The etched samples were
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evaluated in a scanning electron microscope (Cambridge Instruments Stereoscan 240).
The chemical compositions of the precipitates were determined semi-quantitatively
via energy dispersive spectroscopy (Cambridge Instruments AN10000 x-ray analyser
attached to the SEM).

3.4 Statistical methods

The initial results were obtained from actual plant material. The data obtained from
the plant material was analysed via linear and non-linear regression modelling to
observe if any relationship existed between the various processing and chemical
constituents in the material. The statistical mathematical package used was
Statgraphics-plus (version 6). Initially the data was subjected to correlation analysis.
The correlation analysis generates a table containing the correlation coefficients
between the various components and the probability that this relationship can occur
by chance. The analysis eliminates duplication of components for use in regression
analysis. An example is that grain size can be converted to the number of grains and
the mean grain size in micrometers. There is a strong relationship between all of these
as would be expected, thus in theory only one of these should be used when applying
regression analysis. The results of this analysis (correlation and regression) indicated
that further experimental work was necessary.

3.5 Heat treatment, hot rolling and cold rolling

The samples were heat treated in a glow bar furnace. The furnace temperature was
monitored via a calibrated independent thermocouple and multimeter using the
Temperature Electromotive Force (EMF) tables for standardised thermocouples .
The total time the samples are in the furnace is given and not the time at temperature.
The time at temperature can, however, be calculated as the heating rates have been
determined to be approximately 170sec/(mm thickness) and 85sec/(mm thickness) for
cold rolled and hot band ferritic stainless steels respectively "”. All samples were
water quenched after heat treatment. The experimental heat treatment matrix (Table
3.4) mainly incorporated those temperatures and times that were considered feasible

for a continuous production line.
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Cold Rolling

The material that was cold rolled received a total cold reduction of +/- 77 per cent.
The reduction per pass was not consistent and varied between 6 to 15 per cent. The
mill used was a laboratory scale two high mill with a roll circumference of 644mm.

The roll speed was +/- 26m/minute (0.666 rev/sec).

Hot Rolling

Slab samples (40mm thick by 200mm long and 100mm wide) were hot rolled after
preheating in the glow bar furnace and received a total hot reduction of approximately
85 percent. The reduction per pass was kept at +/- 25 percent. The aim final hot band

gauge was 6mm. The roll circumference was 784mm with a roll speed of about

20m/minute (0.425rev/sec)
Table 3.4 Experimental Matrix
Cold band material
Dissolution of precipitates
Temperature Time in fornace (sec)
1000 60 | 120 | 240 | 360 | 480 | 960 | 1920
1100 60 | 120 | 240 | 360 | 430 | 960 3600
Anneal at different temperatures, phase fraction and grain growth [
Temperature Time in furnace (sec)
900 300 | 3506 | 410 | 530 | 750
925 300 | 350 | 410 | 530 | 750 | 1080
950 300 | 350 | 410 | 530 | 750 | 1080
975 300 | 350 | 410 | 530 1080
1000 180 | 240 | 270 | 300 | 350 | 410 | 530
1025 60 | 120 150 | 180 | 240 | 270 | 300 | 350 | 410 | 530
1050 60 | 120 1 135 150 | 180 | 240 | 270 | 300 | 350 | 410
1075 60 | 120 | 135 180 270 | 300 | 350 | 410
1100 60 | 120 180 | 240 | 270 | 300 | 350 | 410
Ageing at different temperatures sag test
Temperature Time in furnace (sec)
700 60 240 960 3600
750 120 480 1920 7200
800 60 240 960 3600
850 120 480 1920 7200
900 60 240 960 3600
950 120 480 1920 7200
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Table 3.4 Continued

Hot band material

Grain growth and phase fraction

Temperature Time in furnace (sec)

1600 60 | 120 | 240 | 480 | 960 | 1920|3600, 5400

1100 60 | 120 | 240 | 480 | 960 | 1920|3600 5400

Anneal at different temperatures prior to final anneal afier cold rofling at 1000 (264 sec) and

1056 (140 sec), sag test
Temperature | Time (sec)
900 7200
950 7200
1000 7200
1050 7200
1100 7200
1150 7200
1200 7200
1250 7200
Slab material

Phase fraction, sag samples hot band anneal at 950 (15 minutes) and cold rolled material
annealed at 1050 (140 sec), sag test

Temperature | Time (Sec)
1050 7200
1100 7200
1150 7200
1200 7200
1250 7200
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Chapter 4 Analysis of production material

4.1 Statistical analysis of production material

The data analysis is of 178 individual sag values originating from 96 randomly
obtained production samples (appendix 1). The mechanical properties and chemical
composition of the material is shown in table 4.1 and 4.2.
Table 4.1
Typical mechanical properties of type 441 materials investigated.

Mechanical Property Average Std. Deviation
UTS (MPa) 495.4 20.0
Proof Stress (MPa) 3229 16.6
Elongation (%) 29.5 1.6
Hardness (Vickers) 152.9 6.9
ASTM grain size No 6.6 1.1
Table 4.2
Typical chemical composition of type 441 used in the research.
Element [Avg. Per Cent By Mass |Standard Deviation
C 0.0176 0.003
S 0.003 0.002
P 0.0251 0.003
Mn 0.5255 0.062
Si 0.5226 0.045
Cu 0.0972 0.02
Ti 0.1808 0.022
Mo 0.0346 0.017
Cr 17.927 0.101
Ni 0.2506 0.073
Nb 0.4931 0.067
Al 0.0058 0.001
N 0.0209 0.003
v 0.1153 0.016
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The statistical analysis included the following parameters:

Major alloying elements:

Thermo-mechanical processing parameters, notably the slab reheat
temperature, annealing temperatures and the cold reductions.

The grain size, which in essence is the accumulative effect of the thermo-
mechanical history

Calculations of the predicted percent niobium in solution.

The following statistical methodology was followed once all the relevant data had
been obtained:

Correlation analysis

Determination of a linear regression model from the elements with the
strongest relationship

Non-linear regression analysis of the strongest relationship with sag.
Determination of a linear regression model from the elements with the

strongest relationship to the normalized sag value.

4.1.1 Determination of niobium in solution

The amount of niobium in solution is determined from the solubility products of TiC

and NbC. It has been shown that the solubility products in a 16 percent chromium

ferritic stainless steel ®? containing both niobium and titanium can be expressed

approximately as;

[Nb+Ti] [C] =y KNbC + (1-y) KTiC Equation 4.1

It was further shown that the solubility products at different temperatures could be

calculated using the following formula.

log KNbC = log [Nb] [C] = - 10860/T +4.71
log KTiC = log [Ti] [C] =- 12130/T + 6.14 and
log [Nb+ Ti] [C] = -11520/T +5.40
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Where

[Nb+Ti], [Nb], [Ti] and [C] are the equilibrium concentration in mass % of each
element

y is the mole fraction of niobium in the precipitate (NbyTi(. y))C

KNbC and KTiC are the solubility products of NbC and TiC respectively and

T is the absolute temperature (Kelvin).

The mole fraction y for a particular composition can thus be determined from
equation 4.1 above as;

y = ([Nb+Ti] [C] — KTiC)/(KNbC — KTiC)

The amount of niobium in solution for a ferritic stainless steel containing both

niobium and titanium as alloy additions can therefore be obtained directly as

[Nb] [C] =y KNbC Equation 4.2

The weight percent of niobium in solid solution requires that the weight percent of
precipitates is known. The following calculation ® determines the amount of
niobium in solution related to the weight percent of precipitate. An alloy of known
composition contains niobium and carbon, which precipitates as NbC,; the weight

percent of niobium in NbC, is given as

(WxAnp )/ (Anp +n Ac ) =p Wy

Where:

W = the weight percent carbide un-dissolved

n=1 for NbC and 0.75 for Nb4C; (stiochiometric value)
Anp = the Atomic weight of niobium = 92.91

Ac = the Atomic weight of carbon = 12.013
P=(An)/(Anp+nAc)

The weight percent niobium in solid solution is thus given as;

Wb — pWx Equation 4.3
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The weight percent Carbon in solution is given as;

Wc - (1-p)Wx Equation 4.4
Where:

Wy is the total weight percent niobium in the alloy and
W is the total weight percent carbon in the alloy.

Thus from equation 4.2, 4.3 and 4.4 the following relationship is found between the
niobium solubility product, the weight percent niobium and carbon in solution and the
weight percent carbide un-dissolved;

[Nb] [C] =y KNbC =(Wnp — pW: N We — (1-p)Wy)

Therefore

Wi W - y KNbC -Wy (Wi, (1= p) + p We) +p (1-p) Wy 2 =0

Solving the quadratic equation for the weight of un-dissolved carbide yields

Wi =((Wn (1- p) + p We)t/- v (Wb (1-p) + p We)* — 4 (Wny We -y KNbC )(p (1-p))))Y/ 2 p(1-p)

The weight of un-dissolved carbide (Wy ) is used in equations 4.3 and 4.4 above to

determine the percent weight of niobium and carbon in solution.

The theoretical effect of various additions of niobium to the steel if the carbon content
is kept constant (mass percent = 0.017) can be investigated using this equation. It can
be seen that the curves have a power relationship and that the asymptotic (to the x-
axis) residual niobium value increases as the addition of niobium increases (figure
4.1). The amount of niobium going into solution as the temperature increases depends
on the quantity of niobium that has been added to the alloy. This calculation was used

to determine the amount of niobium in solution after reheating and also after down
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coiling. The assumption was made that the malenal would preferentially form the

cubic NbC earbides ™72

Nb in solution
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Figure 4.1: The calculated solid solubility of niobizm in a ferritic stainless steel

based on Fujimura.
4.1.2 Correlation analysis

The correlaticn between all of the various data drawn for analysis was delermined by

(7 At
3 he strongest

means of the standard formula for the correlanion coefficient
relationship existed between the sag value and the final gauge (table 4.3) of the
material tested. In essence this is a logical consequence of the rclationship between

the sirength of a beam and the thickness as shown in the previous section 3.2.1.
The non-linear regression analysis package from Statgraphics was applied to the say
valuc and the {inal cold rolled gauge io obtmin the relationship between the two

parameters. The relationship obtained was:

Sag = 12.7987689% gauge 0206770 Correlation Coefficient = 0.604608



Table 4.3

Enitial correlation analysis of all 31 parameters obtained for investigation,

Parameter Say Grain size {mm) Final Gauge
Sag 1.00 -0.24 -0.62
Calculated grain size -0.24 1.9 -2.19
Final Gauge 0.62 -0.19 1.00
Hot Gauge <33 -0.13 0.85
Reheat Retention Time 0.04 (.05 0.02
Discharge Temperature 0.23 -0.46 0,08
Number of Passes on HotMill | 021 0.23 -0.49
Max. Last Pass Temp 0.22 -0.46 0.08
Ave. Last Pass Temp .23 - 45 313
Down Coil Temp 0.16 -0.48 0,18
Hot Band Line Speed 0.20 0186 -0.50
Hot Band Time at Temp 0.46 -0.07 -0.53
Hot Band Strip Temp 013 .25 .39
Cold Band Final Line speed 0.36 014 -0.67
Celd Band Final Time at Temp | -0.04 -0.07 DA
Cold Band strip Temp -0.23 (.66 -0.09
C -0.05 .04 0.09
I B 0.04 0.34 (0.19
Mn 0.21 018 -0.20
Si 0.01 -0.19 -0.03
Ti Q.27 -0.12 -0.11
Mo -0.03 -0.10 0.08
Cr 0.17 -0.04 005
Nb 0.54 -0.24 -0.20
Al 0.0d 0.35 -0.06
B 0.24 -0.10 -0.05
N i 0.07 .31 -0.23
0  \\ 0.10 -0.41 018
Calculated Reheat Nb 047 -0.25 -0.17
Calculated Down coil Niobium | 047 031 -0.13
% Cold Reduction 0.35 .12 (.48

The formula was simplified to!

Sag= lZ’-*'Ifnraugn:'2

The normalized values for sag would thus be:

(Sag*Gauge”) /Constant = |

54




The above analvses vindicates the use of the plastic region in the analysis of the gauge
on the sag lest in section 3.2.1 and corrclates with the theoretical analvsis that the
maximurm stress moment is dircetly related to the square of the thickness, When the
sag values are normahzed the next strongest relabonship s the ealeulated yrain sz

(table 4.4 and 15 visually shownn figure 4.2,

Table 4.4

Correlation analysis matrix after normalizing the sag vulues.

Parameter (Sag*Gauge2)fConstant |Grain size {mm)|Nb

(Sag*Gauge’)/Constant 1.00 -0.59 0.56
Grain size (mm) -0.59 100 | -024
Hot Gauge 2006 ~0.13 -0.23
Reheat Retention Time 0.10 0.06 0.00
Discharge Temperature 0.32 046 | 048
INumber of Passes on Hot Mill ' -0.06 0.23 0.16
Max. Last Pass Temp 0.34 046 0.41
Ave. Last Pass Temp PDE/R .45 0.43
Down Coil Temp 041 -0.48 0.36
Hot Band Line Speed 0.00 0.16 -0.05
Hot Band Time at Temp 0.24 -0.07 0.39
Hot Band Strip Temp -0.08 .25 0.1
Cold Band Final Line speed | 0.00 C.14 0.16
Cold Band Final Time at Temp -0.02 ' -0.07 0.20
Cold Band strip Temp -0.38 066 018
C ' 002 0.04 042
Mn 0.09 0.18 0.10
Si -0.04 T 049 | -0.09
Ti 0.13 -0.12 | 0.47
Mo | 007 010 [-002
Cr -0.08 -0.04 012
Nb 0.56 -0.24 1.00
Calculated Reheat Nb 0.57 -0.25 0.92
Calculated Down coil Niobium 0.52 - T0.31 . D.ga
% Cold Reduction 0.03 . 0.12 - -0.02
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Figure 4.2; Graph of grain size versus the normalised sag value

The Nabarro-Ierring diffusional creep equation described in section 3.2.2 indicales
that the degree of sagging would be inversely proposiional 1o the square of the grain
size. If this is applied to the above matrix it is seen thal the correlation coetficient
increases significantly between the grain sive and the normalived sag value (table 4.5).
In addition it is seen that the niobivm has a relatively strong relationslnp walh the sag
value. The three most significant parameters that affect the creep sirength n lype 441

malerial have thus been wdentified as the gauge, yrain size and the niobium content.

In light of the fact that both the gauge and grain size have syuared relationship with
the sag value, the regression analysis inclnded the square and mverse square of all of
the paramelers. The most simplistic mode]l obtained (table 4.6}, had an adjusted
correlation coefficient (R.5(Q. (ADJ.) = adjusted for the number of independent
variables in the model} of G.7777. This means that the model accommuodates
approximalely 78 percent of the variance observed in the data. The standard error of
estimale (SE) 1s the calculaied square roule ol the residual mean syuare and gives an
indication of the unexplained variability of the dependent vanable. The mean absolute
error {MAL) is the average error to be expected in a prediction and in ims case il 15

2.94. The model thus predicis a sag value plus or minus 3mm. The Durban-Watson




statishic 19 incleded for reference and (5 a measure of the serial correlation of the

residuals (normally used (or tme based statisties ).

Tahle 4.5

C’hange in correlalion coefficients due fo the inverse sguared value of grain size.

]

Parameter (Sag*Gauge)Constant [t/Calculated grain size” [Nb
[Sag*Gaugezl;‘Cnnstant 1.00 072 (.56
1{Calculated grain size’ 0.72 1.00 0.41
Hot Gauge S 0 0.07 -0.23
Reheat Retention Time 0.10 - 0.03 0.00
Discharge Temperature 0.32 0.51 J.48
Number of Passes on Hot Mill -3.06 v1.13 Q.16
Max. Last Pass Temp ' 0.34 0. 50 0.41
Ave. Last Pass Temp a 0.37 .45 0.43
Down Coil Temp 0.41 (.44 0.36
Hot Band Line Speed 0.00 013 -0.05
Hot Band Time at Temp 0,24 0.16 0.39
Hot Band Strip Temp o 009 023 011
Cold Band Final Line speed 0.00 -0.24 -0.16
Cold Band Final Time at Temp -0.02 0.06 0.20
Cold Band strip Temp 038 0.53 -0.18
C -0.02 0.01 0.12
Mn o 0.09 006 0.10
Si 004 0.18 -0.09
Ti R 0.17 0.47
Mo R e \3 0.07 002 0.02
Cr -0.06 -0.03 T
Nb 0.56 gay 1.00
Calculated Reheat Nb 0.5 0.34 0.92
Calculated Down coil Niobitm 0.52 0.41 0.94
% Cold Reduction 003 016 002




Table 4.6

Muost simplistic model.

Independent variable eocflicient  |std. error t-value sig.lcvel
CONSTANT -8.451 1.0367 -8.152 0.0000
I/grainsize” (mm) 0.0023 0_00(13 7.2(459 0.0000
13/Final \Gaugl:2 {mm) .37 0.0476 21776 0.0000
4*Nb" (Mass %) 5.0366 1.05 4.7969 0.0000
R 8Q. (ADL)y=0.7777

SE =4.256472 MAL= 2940791 | DurbWat= 1.498

177 observations fitted, lorecasi(s) compuled ior 0 missing val. of dep. var,

Std. Error = standard crror of the cocfficients t-value — coellicient/std error

Sig.level — probability that if no contribulion was made by thal variable a larger

absolute 1-value would occur,

The model dees not appear to give the [ull picture of the interaction between niohium,
orain sizc and the sag observed. It would be cxpected that as the niobium content
increascd the sag would decrease. due to either more residual ntobium in solution
{solid solution strengthening) or more niobium available to form the laves phase 1o
inhibit sagging. This is not observed and it is [ell that niobium has a more significant
cffecet on the grain structure either by pinning of the grain boundarics {due to
precipitates) or by the retardation of recrystallization and grain growth duc to solute
drag (9 A model that attempted to relate the sag value to a greater number of

processing parameters was formulaled und is discussed in Appendix 2.

4.2 Precipitate morphology and composition at the various
production stages.

The morphology of the precipitates at every stage from the tundish to the final cold
rolled product was investigated. The morphology of the precipiiales was delermined
by cleetrolytically dcep etching as this pave a three dimensional view of the
precipitates. The samples were examined in an eleciron microscope and Energy

Dispersive Spectroscopy (EDS) analysis was performed on the precipitates.
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4.2.1 Tundish sample

The tundish sample' is a molten sample (+/- 1500 () raken from the tundish that is
rapidly solidified (air cool followed by a water quench). The tundish sample was
takep in order to determinc if any second phase existed in the liguid at this

temperature.

Figure 4.3: SEM micrograph exhibiting the general morphology of the
precipitates found in the tundish sample (1500X)

The tundish sample exhibited hne precipitates (less than 15 microns in size, fipure
4.3) with a composition consisting primarily of niobium, Tt is uncertain il iron and
chromium are present as they are expected o cecur in the spectrum duc to the large
interaction volume of the beam with the specimen (spectrum 4.1} The generad shape
of the precipitates are plate-like and cruciform (hgure 4.3). The absence of titanium

7623 that these would be in solution at this

carbonitrides concurs with litcrature
temperature, The presence of a niobium rich or pure niebium phase at these

temperatares docs not appear to have been reported. The presence may in ilsell not be

' Columbus Stainless Heat 312218
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strange as niokium melts at a temperature of 2468 “C and could possibly have

segregaled within the melt Lo form the precipitates.

1der Time: 30 Secemds fizal Time 2419 Seoonds

Fr

A —

Ll

Wb Pl gosm baara

Spectrum 4.1 EDS analysis of the precipitates present in the {undish sample,

4.2.2 As -cast sample

The as-cast structure obtained from a slab sample” exhibited larger precipilates than
were obscrved in the tundish material (figure 4.4, The nichium has attached itsclf o
the titanium carbonitrides that have formed during solidification. The nichium has
precipitated out as nedules or platelets mainly on the sharp corners of the titanium
precipitates (figure 444 and 4.40). The precipitates are therefore a composite
consisting primanly of a titanium core (presumably carbonitride (speetrum 4.24))
with protrusions of niobium (presumably carbomitrides {spectrum 4.213)). 1he

tilgniwm precipilates appear mostly as clusiers.

* Columbus Stainless slab material from MPO 3295803
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Figure 4.4; SEM image of the general distribution apnd wmorphologies of
precipitates in the as-cast material after deep ctehing,

Spectrum 4.2A

S
-

A B
Figure 4.4: A and B: SEM images of the representing the typical precipitates in
the as-cast material after deep etching.
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Spectrum 4.2A: Spectral analysis of the titanium inner ¢ore of many of the
precipitates in the as-cast material,
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Spectrum 4.28: Spectral analysis of the niohinm protrusions ohserved on many
of the precipitates in the as-cast material.



4.2.3Transfer bar sample

The transfor bar {gpproximatcly 28mm thickiness) representls the transilion slage
between the roughing mill and the bot finishing mill {Steckel mill). The malterial has
been reduced from 200mm in approximately seven passes and has cooled from about
1090°C. {reheat furnace drop-out temperature) lo approximately 950°C prior to
quenching. The transfer bar exhibited precipitales consisting primarily of titanium
(carbonitride} comtaining cuboids surrounded by nodules ol precipilales consisting
primarily of niobiam (figure 4.5, 4.5A 4.5B). EI}S unalysis ol the precipitates (core
and protrusgions) is similar to that found i the as-casl structure; however, ihe
chromium and iron peaks are lower (spectrum 4.3A and 4.3B) and (his could be a
function of the larzer sive ol the precipitates as the beam is probably analyzing more
of the precipitate than the matrix material, Il is al ihis stage that the cuboid tilamum
precipitate is present in rather large numbers and persists through all of the process
stages. The rehealing al approximately 1090°C modifies the morphology of the
precipitates and 1l could be postulated that titanlum carbo nitrides grow/form

preferentially, these in turn form prefercatial energy sites lor niohium precipitation.

4.2.4 Hot band sample

A sample was taken from a hot rolled coil’ prior to annealing, This material has been
rolled down [rom approximately 2Bmm to 3-6mm in 5-7 passes with a hinal pass
icmperature of approximately 830 “C. The strip is then rapidly cooled (to avoid the
laves phase (ransformation temperature range) (o approximalcly 6350%C by mcans of
laminar cooling with waler and is then coiled. The coil is left to cool for 3-5 days to
approximately 50 ?C before further processing. Two dillerently shaped precipitates
could be identified in the hot rolled matertal. These consisted of the same cuboids
[ound in the transfer bar {figure 4.6A) and a plate like precipitate {(figure 4.6B). The
plate like precipitates were not as abundant but had a similar composition as the
protrusions surrounding the ttaninm preeipitates and consisted primarily of niobium,
The possibility exists that this precipitate is a laves phase, although these reporiedly

only starl forming at approximalely 700 e,

! Columbns TIot rolled coil number 3122184
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Figure 4.5: Deep eich of transfer bar material

Spectrim 4,54

Spectrum 4318

Figurcs 4.5 A and B: Dcep etch of two types of different morphologies of pits
identified on the transfcr bar material.
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Spectrum 4.3A: Spectrum analysis of the core of the precipitates in the transfer

har sample exhibiting mainky titaninm
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Spectrum 4.3B: Spectrum analysis of the protrusions seen on the precipitates in

the transfer bar showing that they contain mainly niobium




o« TRpb
Figure 4.6H: Image of the plate like precipitates — possibly kaves phase in the hot

band material,
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4.4A

4.2.5 Hot rolled and annealed sample

The hot rolled and amnealed (950°C) samplrf exhibited precipitates (fipure 4.7)
similar in shape and chemistry as that obtained after hot rolhing. The number of line

mobium rich precipitates, however, appeared o be signilicantly more.

4.2.6 Cold Rolled Material

The cold rolled (approximaiely 70 per cent cold reduction) and annealed
(approximately 1050 V() material® after deep etching once again revealed (figure 4.8)
precipitales predominantly rich in niokium and ttamum (see spectrum 4.5 A and B).
The cuboid clusters present after hot rolling have been broken down inio stringer
precipitate arrays. The fine randomly distributed precipitates were analyzed as mainly
consisting of niobium (spectrum 4.5A). The semi-quantitative analysis also picked-up
iron and chromium although this is assumed to come from the surrounding matrix

material.

Figure 4.7: SEM image of the hot band anncaled deep etehed structure,

* Cotumbus [Tot Rolled and annealed Material MPO 3200752
* Columbus Final Material MPO 3287411
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Spectrum

4.5A
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Spectrum 4.4A: EI}S analysis of the fine precipitates im the hot band anncaled

material after deep etching.

Figurc 4.8 SEM image of precipitates present in final ¢old rolled and anncaled

material after deep etching.
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Spectrum 4.54: EDS analysis of the small precipitates as marked in the figure
4.8 above.
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Spectrum 4.58: ED¥S analysis of precipitate at position 4.5B in the SEM figure
4.8 above.
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Chapter 5 Experimental results

5.1 Experimental heat treatment of cold band material

A particutar production heat of as-cold rolled sheet was subjected to various heat
treatmenis in the laboratory to Investigate the affect that amnealing time and

lemperatures has on the following metallurgical properties:

s Area percent of precipitates
s Grain growth characteristics

» Sag resistance

In addition the disselution of the laves phase was investigaled after sag testing. The
possibility of increasing the say resislance was explored by altering the fmal

annealing practice, as well as by introducing an ageing treatment,

The cold rolled material had received a cold reduction of 75 per cent and had a gauge
of 1.59mm. The micrographs of this material annealed at various times and

temperatures are given in appendix 3.

5.1.1 Effect of annealing temperature on the second phase area

fraction.

I'he cold rolled material’ generally did not appear to exhibit a significant change in
the volume fraction of precipitates for the time and temperatures investigated (figure
3.14 and 5.118).  The second phase area [raclion appears to show a possible increase
in the second phase for material tested at 975°C and below alier approximately 1000
seconds. In addition a visual qualitative analysis of the micrographs indicated that the
matcrial exhibited a significanl amount of very fine small precipitates at temperatures

below 1000°C than above this temperature (appendix 3),

! Columbus cold rolled material number 31937354
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Figure 5.1B: Phasc pereent at various fimes and temperatures.
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5.1.2 Grain growth in cold rolled material

The grain growth {including recovery and reerystallization) of the cold rolled material
was investigated and it was lound that by using an exponential relationship the time
required 1o obtain a certain grain size at a fixed temperature could be mathematically

simulated. The mathematical relationship (using the data m appendix 4) 1s given as;

=g

Where:

t = is the annealing time in scconds for the time in the fumace.
D, = the average grain diameter in milltimeters and

K and n are constants, which depend in this case on the annealing temperature.

The values for K and n {table 5.1} can he determined by plotting the natural log of the
annealing time agminst the average grain diameter. ‘Lhe data in the temperature range
950 o 1100 “C was used as po significant grain growth occurred al 900 and 925 “'C,
The cxpression cnables an accurate prediction of grain size lor the production cold
rolled material at different temperalures {igurc 3.2). The above approach included the
recovery and recrystallizalion that the material would observe during normal
annealing of cold rolled production material. This 15 unlike the approach commonly

used 1n literature, where grain growth is considered on its own.

Table 5.1

Values for K and n in the exponential grain size Fquation.

| Temperature (°C) | n K R = Cor. Coef.
1100 : 23.77 I 4328 0L.858
1075 2758 42.37 0.512
1050 33.00 40.77 0.688
1025 50.83 26.02 0.819
1000 43.54 63.14 0.768
975 141.80 1326 0.849
950 212.75 539 11.90




¢ 1100 m 1075 4 1050

ASTM grains size No

1025 @ 1000 ® 975 & 950 —ASTME —ASTM7 |

0 100 200 200 400 500 600 700

Time in furnace {seconds)

Figure 5.2: Grain growth in cold rolled material.

The general formula normally ! found 1o correlate with experimentally obtaincd
data to describe the imcreasing grain siec alier initial primary recrystallization is a

simple parabolic equation {empirical kinetic relationship):

Where:

t = is the annealing time in seconds for the lime in the furmnace.
D; = the average grain diameter in millimeters and

K and n are constants, which depend in ilns case on the annealing femperature and

metal’s composition.

This equation was not used In this casc as all of the data obtained included the effect
of recovery and recrystallization and the ahove equation is reportedly only valid for
pure grain growth. The equation was, however, applied to the present data to observe
what the correlation would be. The time exponent {n} is normally found to lie between
0.05-0.5'"Y In addition it was found to increase in value as the temperature increased,

A similar trend was found for the present data (lable 5.2). The dala used in this
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analysis excluded any values in time below 270 sceonds, as this is approximately the
time Tequited for the present steel to reach temperature ¥, [t is assumed that for these

longer times the affect of recovery and recrystallization can be minimised to some

extent.
Tahble 5.2
Values tor K and n in the parabolic grain size Equation.

Temperature (UC) n K R = Cor, Coef.

1106 04319 0.00631 0.427
1073 0.3628 (.00861 {888

1650 01915 0.01956 {L.686

1025 0.1438 ).402411 {1.913

104p3 0.5303 000170 (.596
| 975 01630 000901 {808

930 D.1415 (L.00873 {L988

The denvation from basic principles of grain growth afier primary reerystathization

has been done by various authors '™, The formula postulated by Burke is;

D, - D (1) = 2¢,te*T
Where:

I}, — the average grain size diameter

t = the annealing time

¢ — a constant that includes the grain-boundary specific interfacial encrey

). = the activation energy for grain boundary migration

R = the Umversal (international) gas constant = 8314 X H]I".lf{kgj{mﬂlc]{dcgj

I' = the absolute temperature

The data that has been obtained by experimental means to determine the grain size of
the material includes all aspects relating to the recovery, recrystallization angd grain
orowlh as 1t would pertain to heating a specimen in a laboratory furnace. The analyss
of the data by using the above equation to determine the activation energy for prain

boundary migration is theretor incormect. The above equation can, however, be used lo
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(-3 which can be used to indicate if any

determine a single activation energy
fundamental change in the activation cnergy has oceurred, The activation cnergy
required to obtain an average ASTM grain size of 6 was deternuned by plotting the
patural log of time against the inverse of the absolute temperature (figurc 5.3). The
plot should theoretically give a straight line from which the activation encrgy can be
determincd. In this case a point of inflection is noted at approximately 1007°C. T'his
appears to indicate in general terms that there is a significant difference in the
recovery, recrystallization and grain growth characteristics of this material above and
below approximately 1000°C. This change in activation energy. in addition, is
significant as it is an order of magnitude larger below 10007¢C than it is above 1000°C

1114kJimole and 113kFmote respectively (gradient of curve mulliplied by the

LUiniversal gas constant).

10

Natural IoQ of time (In{secands))

' 0.00072 0.00074 0.00076 0.00078 0.0008 0.00082 0.00084

Inverse of absolute Temperature (K'1}

Figure 5.3: Flot of the La (lime) versus the inverse of the absolute temperatare

for a fixed grain size to determine the activation energy.
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5.1.3 Sag resistance of material after various experimental heat
treatments on cold rolled material.

Twi lines ol nvestigation were (ollowed. The imbal was o oblain an optimum
annealing cycle with a single anneal 1o oblain the maximum resistance Lo sag. The
second was Lo identily if the sag resistance could be enhanced by a secondary temper
or ageing lreatment lo promole the precipitalion of a secondary phase prior to testing,
In addition, the production material appeared to indicate a rather strong link between
the final ammeal and the sag resistance of the material. This part of the investigation

would also detennine if this link exists after experimental heat treatments.

Material® after cold rolling was heat-treated in the temperature range 925 °C 1o
1100°C to obtain an ASTM grain size of hetween 3 and 8. |he dala collected for sag
testing after anncaling is presented in figure 3.4, Although significant scatter is

present, there is a general increase in sag resistance wilh an Increase I grain size.
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Figure 5.4; The experimental results of the effect of varions heat treatments and

rain size on the sag value.

* Colurnbus Lieat number 319375
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5.1.4 Statistical analysis of experimentally anncaled cold band

material
The corrclation coellicient was calculaled, by means of the Statsgraphics package v
for following paramelers obiained for the cold rolled experimentally anncaled

matcrial:

s Sap

« lime in furnace {scconds)

« Furnage set temperature @ )

« Niobium in solution using the set temperature and

» The ealeulated grain size, linear mntercept length (mm),

Table 5.3
Corrclation Cocfficients for the experimentally anncaled cold rolled material.
Parameter Sag | I/lemp | 1/limein | 1/Grain Size Ninbiom in
Furnace Solution at
Annecaling Temp.
Sag 1 0.121 .4949 (.7827 -0.0146
1/Temp 012} 1 -(1.7005 0.4728 -(.9342
1/Time in furnace | (.494%| -0.7005 1 0.1793 {1.7086
1/(irain size (0.7827| 0.4728 0.1793 1 -0.3773
Niobium in -0.0146] -0.9342 0.7086 -0.3773 1
solution at
anncaling Temp.

The calculated grain sive was seen (o have the greatest comelation wilh the sag
ollowed by the time in the furnace {table 3.3), given that the grain size and time in
the turnace are related, this observation is nol surprising. The reasonable fit (multiple
linear regression analysis) for the data was obtained by using only these parameters
(lable 5.4, fipure 5.5). The model obtained from expernmental annealing of cold rolled

material is thus:

Sag =2.866471 | 0.002348 /grain size” (mm) + 30056.038725/4Time in Furnace® (sec)

i



Table

5.4

The sag model obtained from experimentally annealed vold band material.

Independent variable coefficient  |std. error t-value sig.level
CONSTANT 2 866471 {(1L234489 12,2243 ¢
1/grainsize” (mm) (.0N2348 (LO00148 G.0784 ¢
1/Time in Furnace (sce.) [30056.038725] 3310.703799 | 15,8461 0

R. SQ. (ADJ.)=0.7722

SE=1.307142

MAE=1.{12984

DurbWat= 0.787

115 observations [Ttied. forecast(s) computed for 0 missing val. of dep. var.

Std. Error — standard error of the coctficicnts

t-value — coetficient'std.crror

Sig.Jevel = probability that if no contribution was made by that variable a larger

absolute t-value would oceur.
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Figure 5.5: The predicted sag versus the observed sag for the model obtained by

multiple linear regression.

5.1.5 Secondary ageing treatments applied to cold rolled annealed

material.

The malenal that was aged (from 1 minute to 2hrs at temperature (140 seconds

required for the material to rcach temperature)) at various lemperatures was initially
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annealed at 1050°C to obtain an average ASTM gram size of approxnmately 8, The
logic followed tor the smaller grain size (larger ASTM number) was that should the
ageing prove succcssful, the result would be a significant increase in sag resistance at
this fine grain structurc. 'The sag values of the material in the annealed only vondition
were & and 13 for the two batches tested. The aged material appeared to indicate that
there wag a central zone (topographical plet, fipure 5.6) at all temperatures in which
the normalised sag resistance is increased slightly but, the majority of the sag values
appearced to fall in the range of approximately 8-13mm indicating that the ageing

treaiments do not significantly improve the sag resistance.

850

900
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800

Aging Temperatures {oC)

750

| 700
' 1 2 4 8 16 32 60 120

Aging Times (Minutes}

Figare 5.6: Topographical plot of the degree of sagging obtained at various

ageing times and temperahere.
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A significant amount ol precipitates formed in these sieels alier long periods of
ageing at all the temperatures (particularly 750 and 800 °C ), there is a much more
obvious sprinkling ol fine precipitates in figures 5.8 compared to ligure 3.7,

LRI
e E -r'ﬁ
Figure 5.7: Sample aged at 800°C for one minute at temperature,
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+ ggitn

Figure 5.8 sample aged at 750°C for 2 Ilrs.
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5.1.6 Dissolution of precipitates after sag test

The material after sag testing (850°C' for 100Hrs) usually exhibits a sigmiicant
mercase, from a residual level ol approximately 2 to 7 phase percent, in the amount ol
precipitates (figure 5.9 and 5.10). These precipitates could not be accurately analysed
on the SEM duc to their small size. The dissolution rate of these precipitates was
investigated at two temperatures, [000 "C and 1100 °C (figurc 5.11). The precipitates
appeared to dissolve rapidly within 1 to 2 minutes of the samples being placed in the
furnace and stabilised to the residual limiting precipitate level ol approximaiely 2 Lo
2.5 per cent area, This appears 1o indicalc that if these precipitates possibly lormed

‘during hot band annealing they would rapidly dissolve during final cold band

anncaling al temperatures above 1000°C.

Figure 59: Micrograph of the material’ of the material prior to sag testing.
1000X magnification micron marker = S0um.

* Columbus cold rolled material number 3133933
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Figure 5.10: ‘.Irugrap]:[ of the material® of the mat_uﬁ after sayg testing.
1004X magnification micron marker = 50um.
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Figure 5.11: Dissolution ratc of precipitates of a matcrial aficr a sag test at 830°C
for 10{thrs.

: Columbus celd rolled material number 3 133933



5.2 Expcrimental heat treatment of hot band material.

In this scetion, the material received in the as-hot rolled condition (post the Steckel
mill - no annealing) is subjecled to various heal treatments in the laboratory 1o
investigate the eflect thai anncaling time and temperature has on the following

metallurgical propertics:

«  Arca fraction of precipilales
« (irain growth characteristics

s Sag resistance

The hot rolled material is rolled from a slab with a thickness ol approximately 200mm
o a4 final gauge of 3 to 6mm (loky! reduction of gpproximately 978 per cent). The
avcrage last pass temperature on the Steckel mill is approximately 9007C, which is
above the laves phase transformation temperature, The coll is then quenched via
laming water cooling to & tomperature of approximately 650°C, which is reportedly

below the Laves transformation temperature.

5.2.1 Effect of annealing temperature on the area fraction of second

phase and grain size after hot rolling

A hot band sample’ was obtained to determine the influence of ime at 1000 °C and
114} °C on the second phase area [raction. Given the scatter in the data presented in
fipure 5.12, there is no discernible variation in the second phase area fraction over this
heal ireatment range, There may of course be a change in the second phase area
fraction that is nol dcteeted by the microscopy techmigque employed here. The grain
gize ol Lhe hot band material was also recorded (figure 5.13). The AS1M grain size
number stabilises between 4 and 4.5 for the temperaiures 1000°C and 1106°C. The
material at 1100°C reaches the limiting grain size al a faster rate than at 1000°C, as

would be expected.

* Columbus et Rolled Cotl Nuniber 3182872
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Figure 3.12: Second phasc arca fraction in the hot band material after annealing,
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Figuare 5.13: Grain size of material after hot rolling.
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5.2.2 Sag resistance of material after various experimental heat
treatments on kot rolled material

Hot band material® (6-mm gauge) was obtained post hot rolling and exposed (o
various hot band-annealing temperatures from 900'C to 1250°C for two hours. This
was done lo invesligale the possible affect that various hot band annealing
iemperatures prior to cold rolling would bave on the sag resistance ol the material.
‘The excessively long time in the furnace was Lo simulate a batch annealing process, as
this probably would be the only logical way of annealing these steels al these high
temperatures. The poor lensile strength of the steels at these high remperatures (above
11003 °C) prohibits the processing of this steel on the continuous anneal and pickle
lines. Afler the experimental heat treatments. the hol band maienals were cold rolled
to a final gauge of approximately 1.5mm. The cold rolled steels were then subjected
1o an anneal at 1000 “C and 1050 °C for 264 and 140 seconds respeciively with the
aim ol obtaining an average ASTM grain size number of approximately 6. However,
this grain size was only obtained in the final malerial aller the hot band had been
annealed for two hours in the temperature range 1000 °C to 1100C {1able 5.5) and
when the cold bund anmealing was carried out at 1050 °C. The etched grawn shape
changed from equiaxed to a microstructure that contained wavy grain boundaries
when the hot band malenial was annealed at temperatures gbove 1100 "C. The
microstructure in most cases also consisted ol a dual {bimodal) microstructure with
bands of fine and course grains {appendix 5). This could be related to the fact that
excessive grain growth (secondary recrystalisation) occurred in the hot band material

annealed at 1050°C and above (appendix 5),

The material showed a consistent improvement in sag resistance to approximalely 3-
4mm (table 5.5), when the hot band is annealed at 1000 °C and above, as is shown in
figure 5.14,

" Colwmbus material MPO 3284233



Tablc 5.5

Sag for different hot band anneals

Hot Band | Cold band anneals at 1000 °C | Cold band anneals at 1050 °C |
Anneal ASTM Grain size Gauge Sag | ASTM Grain |Gauge Sag |
Temperature NO. {mm) | {mm) | size NO. {mm) (mm)}:
{°C) $D, D* | E,D,SsD*
900 _ _ |1 78,77.79 E | 145 | 15 |
950 : SIS K| 132 % S
1000 | 54,5556 E| 152 | &5
1050 ) - T a0 97 1.5 | 4
1100 74,71.76 SD 142 | 75 58,5959 E | 142 : 45
1150 77.77.76 D 146 | 4 1727373 P 146 | 45
1200 71,7573 D 144 | 5 [7476,74 D 144 | 3
1250 [69,70.71 SD i 148 | 4 [71,71,71 8D 15 | 3
*8D = Slightly dual structure, I = Dual structure, E = Equiaxed — non-dual structure.
35
— # Cold band anneal at 1000
"E | o
g 30 ® Cold band anneal at 1050
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@ 25 | ~
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Figure 5.14: Graph indicating the effect of hot band annesling temperature on

the normalised sag resistance of the final cold rolled annealed material.

5.2.3 Effect of various hot band annealing temperatures on the final

mechanical properties.

It may he postulated that as the hot band annealing temperature increases the amount

of niobium in solution should nerease. This should increasc the proof stress of the

final cold rolled and annealed material duc to selid solution strengthening. The proof
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stress did indeed show a slight increase with incressing hot band annealing
lemperature (ligure 3.15). There 1s alse a slight downward trend in clongation that

may impact on the formability of the material,
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Figure 5.15: Effcet of hot band anncaling temperature on the proof stress and

elongation of type 441 material.

5.3 Experimental heat treatment of as-cast material

[n this section the material received in the as-cast condition (prior to the reheat

furnace and the Steckel mill) 1s subjected to various heat treatments in the laboratory

o investipate the effect that annealing (reheat) temperawre has on the following

metallurgical propertics:

+ Arca fraction of precipitates

+ Morphological examination of precipitates after each heat treatment — the
morphology of the as-cast structure has already been investipated in chapter 4,

+ S resistance

Elongation {%)



5.3.1 Analysis of the precipitate area fraction after various reheat

treitments

A slab sample” was obtained aficr continuous casting and subjected to the following

reheat temperatures: 1030°C, 1100°C, 1150°C, 1200°C and 1250 °°C for 2 hours. No

significant trend was oblained lrom the daia (igare 5,16},
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Heat treatment (°C)

Figure 5.16: Area percentage of precipitates aficr varions heat treatments of as

cast material. The micron markers in the micrographs represent 50 microns.
3.3.2 Morphological examination of precipitates

‘The morphology of the precipitates appears to change with the various heat treatments
as revealed by deep ciching of samples. There penerally appeared to be two
morphologics of precipitates throughout the heat treaiments, The first is a dendniic
tvpe that appears to be composed of a central cruciform consisting primarily of
titanium and surrounded by platclets consisting primarily of niobium (figure 517}
The sccond type 15 a standard cubic titamium carbominde, which has varving degrees

of niobium precipitation {fgure 5.18).

" Columbus Stainless slah material from MO 3205803
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Figure 5.17: Dendritic type precipitate with a central core eruciform and arms of
primarily titaninum and attached platelets of mainly niobinm. As-cast sample

annealed at 1050"C for 2 hours.

Figure 5.18; Precipitate consisting of a central cubic core composed mainky of
titaniuvin surrounded by the growth of niobium precipitates. As-cast sample

annealed at 1100"C for 2 hours.
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T'he amount of nichium precipitation appeared 10 decrease in quantity as the hcat
rediment tempersture mereased (compostie figures 5.19 and 5.20). This would, if
true, theoretically increase the amount of niobium in solution and consequently

increase the creep {sag) resistance of the material.

5 i J ._L . N
Figure 5.19: Composiie SEM Images of the as-cast material after anncaling at

1200°C. for 2 Hrs.
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Figure 3.20: Compaosite SEM Images of the as-cast material after anncaling at

1250°C for 2 Hrs.
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5.3.3 Sag resistance of as-cast annealed material after final cold

rolling and annealing.

After subjecting the as-cast slab material® to the reheat treatments described in section
5.3.1, the material was then hot rolled to a gauge of approximaiely 6.5mm (6.46-
6.0mm). The hot band material was annealed at 950°C for 10 minutes and waler
quenched, The ten minute anneal was used to simulate the plant as the hot band
material is reportedly at temperature for approximately 0.5 to 1 minute. The hot rolled
anncaled material was then cold rolled to a pauge of approximately 1.5mm and
anncaled at 1050°C for 140 and 245 seconds {total time in furnace to obtain an AS'TM
grain size number of approximately 6 and 3 respectively (table 5.6)). There appeared
to be a general downward trend in the degree of sagging (normalised) as the as-cast

anncaling temperature was increased (figure 5.21).

Table 5.6
o Sag for different on As Cast Material after final Cold rolling
. As-cast | Cold band anneals at 1050°C | Cold band anneals at 1050 °C |
Anneal for 140 Sec. : - for 245 Sec.
Temperature| ASTM Grain Gauge Sag | ASTM Grain | Gauge Sag
{(°C) | size NO. (mm) (mm) size NO. {mm) (mm)
1050 768, 74,76 142 55 | 6l.61.60 145 | 3
1100 6.5 6.7, 6.8 X 137 g3 | S3deddaad 1.4 4.5
1150 68,71,70 144 35 | 64,6868 146 | 25
1200 | 71,6970 132 35 | 53.60,60 | 132 | 4
1250 £.86.8,68 141 35 | 60.61.61 | 1.4l 2

5.3.4 Effect of wvarious as-cast reheat temperatures on the final
mechanical properties.

‘T'he results in figure 5.22 were rather interesting in the fact that there appeared to be a
window of opportunity to anneal the material at a low lemperature of 1050°C to
obtain a rather significant increase in sag resistance. lhe tensile results (although
these are only individual points they give a gencral trend) were, however
disappointing from an clongation perspective at 1050 °C (figure 5.22). The mosl
promising result as far as the elongation 1s concerned s to reheat the as-cast material

al a lemperature ol ] 150°C,

¥ AP 3295803
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Figure 5.21: Graph indicating the downward trend in the degree of sagging in

the final cold rolled material after the varions heat treatmcents of the as-cast

material.
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6 Discussion

The methedology used to increase the creep resistance in steels and more specifically
stainless stcels is cither by solid solution strengthening (molybdenum) or by the
formation of precipitates (titanium and niobhium) pricr o or during service of the
material. Niobinm it appears can fulfil both of these roles initially as a solid solution
strengthener and then as a precipitate by the formation of cither carbo-niirides or
Laves phase at the service temperature. The complex relationship between these two
thermedynamic requirements to obtain the optimum creep or sag resistance lor this
matcrial appcared to be at the centre of this investigation. Imitially, random sampies
were obtained of standard production material. The grain size and sag value was
determined for all of these sampies and it was observed that some form of relationship

existed between these two and the gauge of the material (figure 6.1)

9
|
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m26-31
75 m21-26
= m16-21
> 011-16
< me6-11
Actual sag 6.5 § mi-6
{mm) 2 ,
W
a

o8 095 11 1.2 1.5 1.6 2

Gauge {mm}

Figure 6.1: Topographical map of the sag obtained for production material for

various gauges,



6.1 Statistical analysis of plant material

The statistical analysis of the sag obtained for randomly sampled material revealed
that a strong correlation existed between the sag measured and the grain sive of the
material. Various atlempis were made to incorporale some {orm ol the caleulaled
niobium in solution, In fact niobium had a detrimental eflect on the sag resistance of
the materizl. This could be argued Lo be related Lo the fact that as the amount of
niobium increased in the matenal the amount of niobium in solution theoretically
mereased which in tun decreased the grain size due to solute drag, The processing
parameters that may in-fact contribule to niobium in solution are the reheating and
cooling cycles. In this respect the say resistance was directly related (o the inverse of
the slab reheat temperature and final annealing lemperature and directly proportional
to the final line speed. The latter two paramelers direcily impact on the grain size, but
were kept in the model as il was lell that they might in {act siill play a role in the
amount of niobium in solution. The interesting parameler 15 the reheat lemperature
and the assumption can be indirecily made that this parameter is direcily relaled (o the

niobium in solution.

The final mathematical model was determined that related the sag value io:
« The gauge of the matgrial tested
e The grain size {diameter) of the material in mm
¢ Final temperature of the strip during anncaling (°C)
s  The velocity of the strip through the furnace m/sec
» The slab reheat lurnace temperaiure (°C)

s The mass per cent niobium in the slee!

The influence of each of these paramelers on the sag, as predicted by the model was
plotted (figure 6.2). The greatest influcnce on the normalised sag value is seen as the
grain sizc and the niobium content in the ranges investigated. Onc intcresting aspect
ol this graphical representatlion is the {act that the influence of the grain size stabilises

below an ASTM grain size number of approximately 6.5,
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Figure 6.2: The cffeet of an inereasing change in the parameters in the model on

the normalised sag valuc,

6.2 Morphological development of precipitates during

production

The interesting aspect of this part of the investigation was to see how and when the
niokium precipilates out. A sample was taken of the melten metal {in the tundish) at
approximately 1500"C prior to casting, This sample exhibited fine precipitates of
niohium; no titaniutn precipitates were evident at this stage. After casting, cruciform
titanium precipitates with nodutes of mobium precipitates atlached primarily to the
axis ol the crucilormy were observed. The classical cubic titamum carbo-nitride
precipitates did not appear to be present. A sample after the reheat furnace was not
investigated. The cubic precipitates appeared during hot rolling aller the first couple
ol passes on the roughing mill. The cubic precipitales may in lact lorm dunng the
reheat cycle as was conlirmed with experimental work., A significant amount of
nichium precipitates were slill present on a central core of a predominantly titanium
precipitate, presumably titanium carbo-nitride. These precipitates were crushed during

cold rolling and formed siringers of tilanium and niobium inclusions. During no stage
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of the thermo-mechanical history did it appear as if a significant amount of nivbium
had been dissolved or that a significant amount of niocbkium precipitates had formed
due to some thermo-mechanical process. Only the titanium carbo-nitrides appeared 1o
grow tn size from the slab sample to the hot band anncaled material. The miobium
precipitates also appeared to increase in size: however, this appeared negligible when

compared to the titanium precipitates.

6.3 Experimental heat treatments

The permutations used during experimentation were initially limited to a matrix of
acceptable processing parameters for the plant. Temperatures that execeded 1100°C
for example were not investigated lor experiments involving hot and cold rolled
material. The cold band material was imiially annealed at various final tcmpcratures
from 925°C to 1100°C. The hot band material was initially limited to temperatures in
the range 1000 "C to 1100 °C based on the observations for the cold band material,
This was cxpanded to 925°C to 1100°C for simudation to investigate if the hot band
maierial should be batch unnealed and not line annealed, as is the current practice.
Finally the slab reheat temperatures used in the experimentation were limited to the

range normally used for stuinless steels approximately 1050°C to 1250°C,

6.3.1 Cold hand material

The most important linding from these cxperiments was that the grain size appeured
to be the most significant parameter in determining the creep resistance of the
material (figure 6.3). The experimental data indicates, that the material should be

annealed at 1000°C as this gave the greatest window of increased sag reststance.

'lhe difficulties associaled with this from a production perspective is that therc
appears to bc a point of inflection in the bulk aclivation energy (recovery,
recrystallization and grain growth) at approximately 1000°C. This jump in activation
energy is an order of magnitude larger; at temperatures below approximately 1000°C
il 15 1113k3/mol, while above this temperature it is 112kJ/mol. This would entajl

significantly longer annealing times, which impacts on the productivity of the line. In
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addition. the literature and the experimental work carried out on the cold rolled
malerial (ligure 5.1A) has shown that the precipitates do not appear to form a
significantly larper area fraction at final annealing temperatures at 1050°C and above.
This reportedly increases the sag resistance. This is further substantiated in the later
work (table 5.6) when the hot band matenial was solution treated at various
temperatures and 1t was found that the sag resistance increased as the sumulated batch
anneal temperature increascd. In addition it has been shown that should the laves
phase lorm during the processing history prior to cold band anncaling, this would
probably be rapidly taken up into solution should the material be anncaled in the

lemperature range 1000 °C to 1100°C (figure 5.11).
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Figure 6.3; Topographical map of the sag obtained after various heat treatments

on the final material.

The cxperimental data obtained for the sag resistance after vanious anncals on cold
rolled malerial was subjecled 1o stalisitcal analysis. [t was found that the affect of the
final annealing parameters on the sag resistanee of the material could be

mathematically lormulaled as:

Sag =287 + 0.00235*G~ (mm) + 30056.04*1> PSR —— (Equation 6.2)

OR



Where:
(G = The grain sivze (diameter) of the material in mm

t = Time in [urnace (seconds)

This means that the sag resistance of the malenial s inversely proportional 1o both the
grain size of the material and (he time the material spent i the lurnace during [inal
annealing. The interesting aspect ol this relationship is 1hat 11 was found that the gran
sizc obtained during final anncaling was more a function of annealing temperaturc
and nichium in selution than the time at temperature,  The function of the time
resident in the furnacc has an influenee on the prain structure: however, in this
analysis it appears to affect the sag valuc to a greater degree. This could possibly be
related back to the initial analysis of the plant material where the sag resistanec was
[ound to be directly related to the speed of the strip through the furnace. The higher
the speed the less the resident time of the strip in the fumace, speed is thus inversely
proporiional to the resident time. It can thus be sald that the sag measured in

production material is inversely related to the resident time in the furnace.

The ageing treatments applied to the cold rolled material after final anncaling
appeared to increasc the sag resistance of the material slighily. This increase cccurred
from approximatcly ¥ to over 120 minutes depending en the agemg temperature
(950'C too 700%C). This stight increase (between 10 to 30 percent) did not appear

significant enough o pursue (his line of investigation further.

It would thus appear that the linal cold band annealing temperature for type 441
material should be between 1000°C and 1100°C. An aim temperature of 1050 “C with
a resident time in the furnace to obtain & maximum ASTM grain size number of 6.5

wildd give the optimum value {or sag resisiance.

6.3.2 Hot band material

The sag resistance of the material appeared to incrcase as the hot bands® anncal
temperature (2 hours in the furnace) was increased. Inttially it could be speculated that
the increase in this value 18 due 1o an increase in the amount of niobium in solution

prior o final annealing. This appearcd to be substantiated by tensile tests which
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showed an 1ncrease 10 Lhe prool stress with increasing hot band anncal temperature
{figure 5.15). The down side of this heal treatment is that it significantly impacts on

the elongativn of the material and possibly on the formability.
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Figure 6.4 Effect of the hot band anneal temperature on the sag resistance of the

material tor different grain sizes.

The increasing hol band anneal temperature on the sag resistance is only really seen
when the sag resistance measured for the samples annealed at the various
temperatures is ploited aganst the grain size obtained after final annealing (figure
6.4). The average grain size of the material hot band annealed at 1100 °C to 1230 °C
had a bimodal grains size structure in the final material. This could bave positively
influcnced the sag resistance due to the sigmiicanily larger grains present in such a
structure. Nevertheless, if it 13 assumed 1n the present discussion that the average
grain sive 1s a function of the degree of sagging in the matenal, Tl is interesting to note
that the materials annealed from 1000°9C to 1100°C (final anneal at 1050°C) appeared
to have the same recrystallization and grain growth characteristics as the plant
annealed matenal as the grain size obtained was similar to that predicted by the

model. The hot band materials aunealed at 900 °C and 950 "C exhibited a fincr grain
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structure, This 1s probably due to the signiticant number of precipitates that formed at
these low amnealing temperatures after two hows (figure 5.1b) and caused particle
inhibited gran growth. This effect probably did not oceur in the plant material
annealed a1 950°C and subsequently tested in the laboratory as insufiicient time was
spent in the furnace for a significant amount of particles to form. Tt would also be
expected to see some increase in the proof siress of the material at these two
temperatures duc to the Hall Petch relationship, This, however, was nol ohserved. Tn
addition the samples het band annealed al lemperatures 900 °C and 950 °C showed the
worst sag resistance (as would be expecled from the cold band analysis) due to the
fine prain size. The particularly interesting aspect of the material annealed at
approximately 1100”C and above was that the grain size appeared to decrease. The
only plausible explanation for this is that more niobium has gone into solution due to
these higher temperatures and grain growth has been retarded due o solute drag. The
fact thai there is more niohium in selution appears to be substantiated by the increasc
in proef stress due to solid selution strengthening. The higher percent niobium in solid

solution caused an increase in the say resistance of the material. This can be seenas a

sag drop in sag from about 16mm (material annealed al 900 'C and 950 °C) o

approximately 3-5mm for material with the same grum stze. In addition the sag was

similar for material annealed at 1100 °C and above and with an ASTM grain size

number of approximately 7.2 eompared to material hot band annealed between 1000

“C and 1100 °C with an ASTM prain size of approximately 5.7 (figure 6.4). The

calculaled normalised sag values (for a gauge of 1.45mm) were determined using

eguation 6.2 above and ploted on figure 6.4, from the following ean he seen and
cotrohorates the above statements:

e The malerial hol hand annealed at 950°C is significanily ahove the calculated
sag value and thus does not follow the predicted values obtained for tvpical plant
material.

e The malerial hot band annealed at 1000 "C to 1100 “C appears to fit the predicted
values

e The material hol band annealed at 1150 °C and above has a significantly lower

sag value than is predicied for the matenal.
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A sigmifivanl increase in sag resistance could be obtained should the batch anmeal
route be chosen solely for creep (sag) resistance. It would then appear that the
material would requirc a heat treatment at 1150 °C or above, The down side is that a
longer anneal at final processing would probably be required and also a slight loss in

elongation which would negatively impact on the [ormability of the material,

6.3.3 As- cast material

The amount of nichium precipitates appeared to decrease in the as-cast material as
the rehear amnealing {emperaiure was increased. ‘Theorctically, therefore, more
niobium should be in solution after the higher anncaling temperatures. It appears as if
this higher percent of niohium in solution persisted throughot the simulfated thermo-
mechunical processing of this material as the sag values appeared to show a relatively
higher degree of sag resistance when compared to the calculated walues expected
{ligure 6.5). It is interesting to note that the material with sag values similar to the
predicled values for this material was heat treated at 2 similar reheat temperature as is
used in production, namely approximately 1100°C. The material annealed at 1050°C
should theoretically have shown a similar or worse sag value (o that annealed at
1100”C due to the fact that niobium appears to have come oul of solution at this
temperature {ligure 5.16). The grain size, however, of this material for a similar
anneal 15 [iner or similar to the materials exhibiting the increase in sag resistance. It
could he postulated from the results of the hot band anneals above that either a
significantly higher number of precipitales were present or that a significantly higher
percentage of niobium is in solution to account for this decrease in grain size. Both of
these scenarios conld possibly be present in the material at the 1050°C anneal. The
probability exists that the 1050°C has insufficient driving force to cause the diffusion
of atoms in solid solution to pre-existing precipitales and thal the matenal may in faet
form g larger amount of smaller precipitates along with the pre-cxisting precipitates
in the material after casting. ‘The cnd result is a material with finer precipitates which
are more uniformly distribwted throughout the matrix and which on final anncaling

may be more prone to disselution.
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Although the anncal at 1050 °C appears 1o be a ideal option it may in fact be that the

plant can not roll material from these low reheat temperatures due to load limitations

on the mill. The alternative is that the material must be annealed at least at 1130%C or

above to increase the amouptl of piobium in solution prier lo the matcrial being

processed [uriher.
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7 Conclusions

This work indicates that a longer annealing time improves the sag resistance of the
material. The combination of longer and higher temperatures on the hot band and on
the final anneals appears to be beneficial to the sag resistance of the material. This
translates directly into a grain size and niobium in solution relationship with the sag
resistance of the material. This relationship with grain size on the final cold rolled
material has been proven via experimental and plant results. Analysis by the stat-
graphics package has indicated that the sag resistance is conclusively related to the
final grain size in the material on final annealing. This relationship can be
mathematically formulated for the final anneal as:

Sag = 2.87 + 0.00235*G (mm) + 30056.04*t™

Where:

G = The grain size (diameter) of the material in mm

t = Time in furnace (seconds)

It was found that with production material the effect of grain size is only significant
up to approximately a grain size ASTM number of approximately 6.5 (mean linear
intercept length of 0.0336mm). The contribution to the sag value from a modelling
perspective flattens out at a coarser grain size (smaller ASTM number). This,
therefore, appears to be a critical grain size should the present processing parameters
be adhered to in order to obtain a significant increase in sag resistance.

The increasing contribution of each parameter to the model is (from least significant
to most):

e Final annealing line speed

e Final annealing temperature

e Reheat temperature

e Total mass percent niobium in the steel and

¢ Final grain size.

Experimental work on final cold rolled material has shown that there appears to be a
change in the “bulk” activation energy (recovery, recrystallization and grain growth)
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from below approximately 1000°C to that above this temperature. These values were
1113 kJ/mol and 112kJ /mol respectively. The “bulk” activation energy was
determined as material is generally annealed in production plants from cold rolled
material to obtain a final grain size. The annealing speed would thus be significantly
slower at temperatures below 1000°C if a final grain size is required than it would be
above 1000°C.

The sag resistance of type 441 material does not appear to be significantly increased
by ageing heat treatments on final annealed material.

The sag resistance of the material can be significantly increased with a hot band
anneal at a temperature of 1150°C and above. This is due, it appears, to a greater
degree of solid solution strengthening by the niobium. The elongation of the material,
however, annealed at these higher temperatures is negatively affected. The optimum
results as far as sag and elongation properties are concerned is to anneal the hot band
between 1000°C and 1100°C followed by a similar heat treatment at 1050 °C on the
cold band material to obtain an ASTM grain size of approximately 6.5 or less.

The as-cast material appeared to increase in sag resistance at temperatures below and
above the reheat temperature of approximately 1100°C. It would appear at this stage
from a processing perspective that the material should be reheated at a temperature of
approximately 1150°C. This temperature should be sufficient to cause the maximum
amount of niobium to go in to solution. This temperature is also not significantly
higher than the present practice of reheating at approximately 1100 °C. The formation
of laves phase should, therefore, be avoided by the fast laminar cooling after hot
rolling to below approximately 600°C. The processing parameters would, however,
need some modification to take account of the higher mass percent niobium in
solution. The sag values should, however, not be significantly altered by the slightly
larger grain size, but could be improved upon (by assuming that the same model
would apply to final annealed material with a higher niobium content) should the
grain size be limited to a maximum ASTM number of 6.5. The longer anneal on the
final material may be critical to ensure that maximum dissolution of the niobium has

occurred both from an elongation and sag resistance perspective.
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The optimum processing parameters for maximum sag resistance, with some

consideration of the final elongation, would thus be:

A reheat temperature of approximately 1150°C

Hot band anneal within the range 1000 °C to 1100 °C

Cold band anneal within the range 1000 °C to 1100 °C to obtain a maximum
ASTM grain size number of approximately 6.5.
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Appendix 1

Database used in the analysis of processing parameters and chemistry on the sag

resistance of 441 material.

MPO sag |Calculated Grain [Normalized ASTM  |Final |Average Hotband |Discharge
(mm) |Size (mm) Sag (mm3) g_rain Gauge Sag Gauge Temp (0C)
ize no.
3110144 2.5 0.0336 6.0 6.5 1.55 2.7 5.07 1220
3110144 25 0.0338 8.0 8.5 1.585 2.7 507 1220
3110144 3 0.03386 7.2 8.5 1.55 27 5.07 1220
3115260, 28 0.0168 257 8.5; 0.942 29 3.511 1216
3117302, 38 0.0141 354 9 0.953 39.7 3.498 1220
3117302; 39 0.0141 35.4 9 0.953 39.7 3.498 1220
3117302 41 0.0141 37.2 91 0953 38.7 3.498 1220
3117470; 165 0.0168 22.8 8.5 1.175 17 3.496 1219
3174701 17 0.0168 23.5 8.5 1.175 17 3.496 1219
31174701 17.5 0.0168 24.2 88 1175 17 3.496 1219
31221727 1.5 0.0200 3.7 81 1.578 2 4.999 1216
31221721 2.5 0.0200 8.2 8 1578 2 4.999 12186
3122172) 6.5 0.0238 18.2 7.5, 1.578 6.5 4.999 1216
3122173} 45 0.0200 10.7 8 1.541 53 5 1216
3122173 6 0.0200 14.2 8 1.541 5.3 5 1216
3122180 5 0.0200 7.1 8 1.19 6.3 5 1217
3122180, 7.5 0.0200 10.6 8 1.18 6.3 5 1217
3122181 2 0.0336 51 6.5 18 2.1 4.999 1213
3122181, 2.2 0.0336 5.6 6.5 16 2.1 4,999 1213
3122182 1 0.0429 24 587 1.559 1.3 5 1214
3122482 1.5 0.0428 38 58, 1559 1.3 5 1214
3122183, 1.5 0.0283 38 71 1.591 2.3 4.999 1215
3122183 3 0.0283 76 71 1.591 2.3 4.999 1215
3122184 15 0.0444 3.4 5.7 1.5 1.5 4.999 1215
3122184 1.5 0.0444 34 57 1.5 1.5 4.999 1215
3124261; 0.5 0.0800 1.2 4 1.55 2.3 5.002 1089
3124261 2 0.0800 4.8 4 1.55 2.3 5.002 1089
31242617 45 0.0800 10.8 4 1.55 2.3 5.002 1089
3124282, 7.5 0.0238 16.9 7.5 1.5 7.8 5.004 1089
3124262 8 0.0238 18.0 7.5 1.5 7.8 5.004 1089
3124283 7 0.0606 6.3 4.8, 0.948 7.2 3.5 1003
3124263 7 0.0606 8.3 48 0948 7.2 35 1083
3124263] 7.5 0.0808 6.7 48 0948 7.2 35 1093
3124264 4.5 0.0734 57 4.25) 1.125 5 3.503 1002
3124264 5 0.0734 8.3 4.25, 1125 5 3.503 1082
3124264, 55 0.0734 7.0 425 1.125 5 3.503 1092
3124270 5.5 0.0141 12.5 9 1.508 7.2 5.003 1091
3124270, 7.5 0.0141 17.1 91 1.508 7.2 5.003 1081
3124270, 85 0.0141 18.3 9 1.508 7.2 5.003 1081
3124271} 2.8 0.0566 36 5 1.13 3.3 3.499 1088
3124271 3 0.0566 3.8 5 1.13 33 3.489 1088
3124271 4 0.0566 5.1 5 1.13 3.3 3.499 1088
3124274, 2.5 0.0566 58 5 1.52 3.7 5.002 1080

113




MPO sag |Caiculated Grain |Normalized|[ASTM [Final jAverage {Hotband |Discharge
{mm) |Size (mm) Sag (mm3) grain Gauge Sag Gauge |Temp (0C)
izeé no.
3124274 3 0.0566 6.8 5 1.52 3.7 5.002 1080
3124274 5.5 0.0566 12.7 § 1.52 37 5.002 1080
3125353 4 0.0308 9.0 8.75] 1.504 4.8 4.896 1085
31258383 55 0.0308 124 6.75| 1.504 4.8 4.586 1085
3125354 3 0.0566 6.6 5 1.48 32 49883 1087
3125354 3 0.0566 6.6 5 1.48 32 4.993 1087
3125354 35 0.0566 7.7 5 1.48 3.2 4.993 1087
3125360; 11 0.0283 10.3 71 0.967 12.5 3.487 1093
3125360, 14 0.0283 13.1 71 0.967 12.5 3.497 1083
3125381 155 0.0283 13.4 71 0.831 17 3.496 1083
31256361] 185 0.0283 16.0 77 0.831 17 3.496 1083
31263621 1.5 0.0336 58 6.5 1.54 1.8 5.987 1094
3125362 2 0.0336 7.5 6.5 1.94 1.8 5.987 1084
3126364 4 0.0566 9.1 5 1.511 4.2 4,893 1082
3125364 4 0.0566 9.1 5 1511 42 4.993 1082
3125364 45 0.0566 10.3 5| 1.511 4.2 4.993 1082
3128383, 15 0.0200 135 8 0.947 15.8 3.488 1096
3126383 16 0.0200 14.3 8 0947 185 3.489 1086
3126384, 12 0.0238 11.1 7.5 0.96 12 3.496 1087
3126384, 12 0.0238 11.1 7.5 0.6 12 3496 1087
3126381) 4.5 0.0400 104 6 1.52 6.2 4.994 1065
3126381 7 0.0400 16.2 6 1.52 6.2 4.994 1065
3128391 7 0.0400 16.2 6 1.52 6.2 4,994 1095
3126392 85 0.0400 75 8/ 0.838 9.8 3.486 1083
31263921 10 0.0400 8.8 8, 0838 9.8 3.498 1093
31283820 11 0.0400 9.7 6/ 0.938 9.8 3.456 1083
3126394 12 0.0800 17.3 4 1.2 12 3.485 1096
31268394, 12 0.0800 17.3 4 1.2 12 3.485 1086
3127730 5 0.0400 7.2 6 1.2 6.3 3.164 1115
3127730 7.5 0.0400 10.8 6 1.2 6.3 3.164 1115
3127732} 105 0.0283 8.7 7 0.96 11.8 3.183 1108
3127732} 13 0.0283 12.0 7 0.96 11.8 3.1563 1108
3127732 125 0.0336 11.5 8.5 0.96 13.3 3.1583 1108
3277321 14 0.0336 12.9 8.5 0.6 13.3 3.153 1108
3128511, 65 0.0238 15.6 7.5 1.55 6.5 4.988 1085
3130461 3 0.0400 7.2 8 1.55 35 5 1088
3130461 4 0.0400 9.6 6 1.55 35 5 1088
3130463 15 0.0476 9.8 5.5 0.81 15 2.796 1102
3130484 24 0.0230 15.4 7.6 0.8 24 3.485 1085
3130484 27 0.0238 17.3 7.5 0.8 27 3.485 1085
3130471 4 0.0400 58 6 1.2 5| 34096 1106
3130471 6 0.0400 8.6 6 1.2 5 3.496 1106
3131190; 35 0.0283 14.0 7 2 38 6.004 1104
3131180 4 0.0283 18.0 7 2 38 6.004 1104
3131191 16 0.0283 10.3 71 0.803 16 2.799 1098
3131192) 125 0.0400 8.0 8 08 13.8 2.789 1087
3131192, 14 0.0400 9.0 6 0.8 13.8 2.798 1097
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MPO sag |Calculated Grain [Normalized|/ASTM  [Final |Average |Hotband |Discharge
{mm) |Size (mm) Sag (mm3) g.rain Gauge }Sag Gauge |Temp (oC)
ize no.

3131192 15 0.0400 9.6 6 0.8 13.8 2.799 1097
3131193 4 0.0336 9.8 6.5 1.566 52 5.001 1096
3131193| 55 0.0336 13.5 6.5| 1.566 52 5.001 1096
3131193 8 0.0336 14.7 6.5] 1.566 5.2 5.001 1096
3131201} 105 0.0168 26.9 85 1.6 10.5 5.003 1100
3131203 4 0.0566 6.4 5| 1.264 4.5 4.502 1094
3131203 5 0.0566 8.0 5] 1.264 45 4.502 1024
3131204, 11 0.0283 10.3 7 0.97 11 3.499 1097
3132020 4 0.0283 9.3 70 1.827 4 5.003 1100
3132020 4 0.0283 9.3 71 1.827 4 5.003 1100
3132021 6 0.0283 53 7 0.94 6.8 35 1098
3132021 7.5 0.0283 6.6 7 0.94 6.8 35 1098
3132023] 1.5 0.0336 34 6.5| 1512 2.3 4.506 1110
3132023 3 0.0336 6.9 6.5 1512 23 4.506 1110
3132024 7 0.0174 16.8 8.4 1.55 75 5.004 1105
3132024 8 0.0174 19.2 8.4 1.55 75 5.004 1105
3132031] 45 0.0400 10.8 6 1.55 5.3 5.001 1099
3132031 6 0.0400 14.4 6 1.55 5.3 5.001 1099
3132034, 25 0.0400 6.1 6] 1.562 38 5.001 1093
3132034 5 0.0400 12.2 6] 1.562 38 5.001 1093
3132870, 6.5 0.0336 10.4 6.5 1.265 6.8 4.494 1098
3132870 7 0.0338 11.2 6.5] 1.265 6.8 4.494 1098
3132870 2 0.0386 32 6.1 1.265 2.8 4.494 1098
3132870 3 0.0386 4.8 6.1 1.265 2.8 4.494 1098
3132870; 35 0.0386 56 6.1 1.265 2.8 4.494 1098
3135000, 10 0.0566 9.2 5] 0.958 10.5 3.502 1088
3135000 11 0.0566 10.1 5| 0.958 10.5 3.502 1088
3135001 10 0.0200 22.5 8 1.5 10 5.015 1090
3135002] 6.5 0.0283 14.2 7 1.48 6.5 5.006 1090
3135003| 7.5 0.0283 16.3 7] 1473 7.8 5.007 1088
3135003 8 0.0283 17.4 71 1473 7.8 5.007 1088
3135004 8.5 0.0200 18.6 8 1.48 8.5 5.006 1091
3135011 75 0.0200 16.4 8 1.48 7.5 4.506 1088
3135610, 14 0.0200 30.7 8 1.48 14 5.01 1091
3135611 16.5 0.0141 35.2 9 1.46 16.5 4.506 1089
3135611 16.5 0.0141 352 9 1.46 16.5 4.506 1089
3135612 8 0.0238 18.2 7.5 1.51 8.3 4.504 1090
3135612] 8.5 0.0238 19.4 7.5 1.51 8.3 4.504 1090
3135613| 15.5 0.0168 223 8.5 1.2 16.5 3.502 1093
3135622 8 0.0283 17.4 7 1473 8 4.506 1080
3135623 12 0.0283 10.9 71 0.954 12 3.501 1084
3151143 12 0.0273 15.6 7.1 1.14 12.5 35 1117
3151143| 12.5 0.0273 16.2 7.1 1.14 12.5 3.5 1117
3151143f 13 0.0273 16.9 71 1.14 12.5 35 1117
3151192 1M 0.0325 10.1 6.6 0.96 12.5 3.502 1095
3151192 125 0.0325 11.5 6.6 0.96 12.5 3.502 1095
3151192 14 0.0325 12.9 6.6 0.96 12.8 3.502 1095
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MPO sag (Calculated Grain Normalized|ASTM  |Final  jAverage {Hotband Discharge
{mm) |Size (mm) Sag (mm3) |Grain Gauge Sag (Gauge Temp {oC)
Size no.
3151193 5 0.0264 11.4 7.2, 1513 53 4.999 1086
3151193 655 0.0264 12.6 7.2, 1513 53 4.899 1086
3151193, 85 0.0264 12.6 7.2 1513 5.3 4.999 1096
3181322, 45 0.0400 275 6 0782 45 3.006 1058
31828727 3 0.03386 275 6.5, 0942 31 4.521 1137
3183330 45 0.0476 10.8 55, 0.489 45 2.51 1066
3185001; 20 0.0338 17.2 6.5 0927 20 4.519 1073
3185802 7 0.0566 9.7 51 1.179 8.1 4.523 1059
31858021 91 0.0566 12.6 5 1179 8.1 4,523 1058
3185804 8 0.0400 7.2 8| 0.947 g 4.521 1080
3185804 10 0.0400 8.0 8] 0.947 g 4.521 1060}
31888111 31 0.04589 18.1 56/ 0.784 31 3.008 1063
3186291| 14.5 0.0336 326 8.5 1.499 14.5 8.323 1075
3186203 29 0.0283 17.8 71 0.784 29 3.011 1059
31892421 12 0.0255 16.1 7.3 1.159 12 3.018 1063
3189243, 21 0.0581 17.0; 4.925 0.8 21 2.506 1060
3191681 6 0.0400 13.3 é 1.49 6 8.313 1005
3191682 8 0.0414 13.3 5.9 1.49 8 6.313 1088
3181663 8 0.0230 13.3 7.6 1.49 <] 8.315 1082
31916863, 55 0.0283 12.2 7 1.48 55 8.315 1062
3191664 7.5 0.0400 17.0 6/ 1.505 7.5 6.323 1085
3192851 17 0.0566 9.8 5 0.76 17.8 2.504 1097
3192851] 17.5 0.0566 10.1 5 0.76 17.8 2.504 1097
3192851 19 0.0566 11.0 5 0.76 17.8 2.504 1087
3192852 8 0.0338 17.5 8.5 1.48 8 8.308 1095
3182860; 62 0.0478 142 55 0478 62 2.504 1096
3192864 125 0.0400 11.0 6 0.94 12.8 4.517 1089
3192864; 13 0.0400 11.5 6 0.94 12.8 4817 1089
3192870 95 0.0400 13.7 6 1.2 9.5 4518 1086
3192873 10 0.0476 9.0 5.5 0.95 10.5 4.524 1096
3192873 11 0.0478 9.9 55 0.95 10.8 4.524 1098
3192880 7 0.0400 9.9 <] 1.19 7 4.52 1098
3162881 14 0.0400 12.9 <] 0.98 14 4.515 1097
3192882; 35 0.0476 7.5 58 1.48 3.8 8.312 1080
3192882 4 0.0476 8.5 55 1.46 3.8 6.312 1090
3192882 4 0.0476 8.5 55 1.46 38 8.312 1080
3192883, 3.5 0.0400 7.6 (4] 1.47 4.5 6.312 1084
3192883 4.5 0.0400 9.7 <] 1.47 4.5 8.312 1004
3192883 55 0.0400 11.9 <] 1.47 4.5 6.312 1094
3192884 75 0.0283 9.4 7 1.12 75 4.528 1080
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MPO Max Last |Ave Last |[Down Coil Hot Band{Hot Band |[HotBand | Final Line|Final Time {Final Strip
Pass Tempipass Temp|{Temp Line time at Strip Temp |Speed atTemp [Temp
{oC) {oC) {o(C) Speed jtemp {o() {o0)

3110144 894 869 519 8 22 919 29 8 8991
3110144 894 869 519 9 22 919 29 8 991
3110144 894 869 519 g 22 819 29 8 991
3115260 923 894 705 16 92 955 34 38 1000
3117302 956 931 744 18 69 949 35 48 1001
3117302 956 931 T44 18 69 949 35 48 1001
3117302 956 931 744 16 69 849 35 48 1001
3117470 960 928 727 16 75 950 13 73 1000
3117470 960 928 727 16 75 950 13 73 1000
3117470 960 928 727 18 75 950 13 73 1000
3122172 8960 931 689 12 29 944 24 40 1000
3422172 960 931 689 12 29 944 24 40 1000
3122172 960 931 689 12 29 944 24 40 1000
3122173 959 933 710 12 22 947 29 88 1000
3122173 958 833 710 12 22 847 21 88 1000
3122180 845 917 685 12 26 947 30 20 998
3122180 945 917 685 12 26 247 30 20 998
3122181 956 928 680 12 20 846 20 56 1000
3122181 956 928 680 12 20 946 20 56 1000
3122182 957 928 6893 12 21 946 13 1000
3122182 957 928 893 12 21 946 13 1000
3122183 953 925 681 12 30 947 19 1000
3122183 953 925 681 12 30 947 19 1000
3122184 954 926 685 12 29 947 14 996
3122184 954 928 685 12 29 947 14 996
3124261 904 880 805 16 18 948 24 40 1050
3124261 8904 880 805 16 19 948 24 40 1050
3124261 904 880 605 16 19 948 24 40 1050
3124262 943 924 630 16 3 8938 36 14 1018
3124282 843 924 830 16 3 938 38 14 1018
3124263 908 879 555 19 33 947 36 25 1050
3124263 908 879 555 19 33 847 36 25 1050
3124263 808 878 555 19 33 947 38 25 1050
3124264 915 888 584 19 21 947

3124264 915 889 584 19 21 947

3124264 915 889 584 19 21 947

3124270 898 872 582 16 20 944 18 42 1048
3124270 898 872 582 16 20 944 18 42 1048
3124270 898 872 582 16 20 944 18 42 1048
3124271 909 886 588 20 15 947 22 47 1051
3124271 908 886 598 20 15 947 22 47 1051
3124271 809 888 598 20 15 847 22 47 1051
3124274 802 875 570 15 34 945 29 16 1049
3124274 902 875 570 15 34 845 29 18 1049
3124274 802 875 570 15 34 8945 29 16 1048i
3125353 916 891 656 14 3 941 28 12 1048
3125353 916 891 656 14 3 941 28 12 1048
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MPO Max Last |Ave Last {Down Coil{Hot Band{Hot Band |HotBand | Final Line|Final Time |Final Strip
Pass Temp|pass Temp | Temp Line time at Strip Temp | Speed atTemp Temp
{0C) {oC) (cC) Speed |temp (oC) {oC)

3125354 910 887 635 12 24 949 19 92 1052
3125354 910 887 €35 12 24 948 19 92 1052
3125354 810 887 635 12 24 8949 19 92 1052
3125360 905 882 601 14 951 38 17 1020
3128360 905 882 601 14 951 38 17 1020
3125361 906 885 615 14 68 949 14 1019
3125361 a06 885 615 14 68 8949 14 1019
3125362 925 8098 692 10 1 934 27 19 1033
3125362 925 909 692 10 1 934 27 19 1033
3125364 895 873 641 13 8 944 13 22

3125364 895 873 641 13 8 D44 13 22

3125364 895 873 641 13 8 44 13 22

3126383 913 893 830 11 949 a4 20 1019
3126383 913 893 630 11 949 34 20 1019
3126384 914 893 598 9 950

3126384 914 893 598 g 950

3126391 908 880 655 10 31 8947

3126391 206 880 658 10 31 847

3126391 806 880 655 10 3 947

3126392 912 889 618 11 80 9562 39 24 1020
3126392 912 889 618 11 80 952 39 24 1020
3126392 g12 889 618 11 80 952 38 24 1020
3126394 914 887 598 11 1055 10 64 1000
3126384 914 Ba7 508 11 1055 10 64 1000
3127730 933 800 640 24 24 948 32 84 1023
3127730 8933 800 840 24 24 048 32 64 1023
3127732 g22 900 742 19 955 57 12 1021
3127732 922 800 742 19 955 57 12 1021
3127732 g22 800 742 19 955 57 12 1021
3127732 922 900 742 19 955 57 12 1021
3129511 8915 888 677 17 19 928 33 64 1022
3130461 915 888 738 18 929 32 65 1024
3130461 915 888 738 18 829 32 65 1024
3130463 912 885 606 20 g2 962 50 43 1027
3130464 922 890 706 17 960 57 33 1020
3130464 922 890 706 17 960 57 33 1020
3130471 922 896 - 720 19 41 44 ] 57 1022
3130471 922 B96 720 19 41 Q44 38 57 1022
3131180 929 910 698 15 1 923 24 as 1019
3131190 929 910 698 15 1 923 24 38 1019
3131191 906 875 645 20 759 41 55 1033
3131192 903 872 640 19 87 949 53 40 1023
3131192 903 872 640 19 87 849 53 40 1023
3131192 903 872 640 19 87 949 53 40 1023
3131193 909 884 694 16 4 938 30 72 1024
3131193 808 884 694 16 4 938 30 72 1024
3131193 909 884 694 16 4 938 30 72 1024
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MPO Max Last jAve Last  |Down Coil{Hot Band|Hot Band |Hot Band | Final Line{Final Time [Final Strip
Pass Tempipass Temp |Temp Line time at Strip Temp |Speed atTemp [Temp
{0} {o() {oC) Speed jtemp {o0) {0C)

3131201 906 882 699 17 4 939 39 3 1011
3131203 802 880 691 17 12 940 34 &1 1025
3131203 902 880 6891 17 12 940 34 81 1025
3131204 910 885 679 21 11 937 49 34 1021
3132020 903 878 686 18 1 938 28 78 1023
3132020 903 878 686 18 1 938 28 78 1023
3132021 915 888 855 24 12 939 41 53 1026
3132021 915 888 655 24 12 938 41 53 1026
3132023 912 886 673 19 6 938 28 78 1024
3132023 912 886 673 19 6 938 28 78 1024
3132024 905 879 682 14 48 940 29 81 1021
3132024 905 879 682 14 48 840 29 61 1021
3132031 902 877 666 18 1 937 31 60 1021
3132031 902 877 666 18 1 937 31 80 1021
3132034 898 873 659 18 2 937 28 77 1023
3132034 898 873 6859 18 2 937 28 77 1023
3132870 902 860 618 20 10 925 27 72 1025
3132870 902 860 618 20 10 925 27 72 1025
3132870 802 860 618 20 10 925 27 72 1025
3132870 902 860 618 20 10 925 27 72 1025
3132870 802 860 618 20 10 925 27 72 1025
3135000 925 892 661 22 11 947 43 41 1035
3135000 925 892 661 22 11 947 43 41 1035
3135001 910 883 &58 19 2 926 38 7 1015
3135002 912 887 658 20 917 41 4 1017
3135003 909 883 667 20 926 41 6 1018
3135003 9098 883 667 20 926 41 6 1019
3135004 913 888 676 21 1 932 41 1 1012
3135011 919 893 681 21 2 924 38 7 1015
3135610 915 884 649 20 915

3135611 923 894 652 41 4 10186
3135611 923 894 652 41 4 1016
3135612 919 881 649 40 2 1013
3135612 919 891 649 40 2 1013
3135613 931 900 670 27 13 949 48 28 1023
3135622 g18 888 643 41 2 1013
3135623 924 895 675 14 869 32 73 1033
3151143 805 880 14 61 942 42 51 1020
3151143 905 880 14 61 942 42 51 1020
3151143 905 880 14 61 942 42 51 1020}
3151192 912 882 586 18 30 953 48 A4 1020
3151192 912 882 586 18 30 953 48 44 1020]
3151192 g12 882 586 18 30 953 48 44 1020
3151193 881 870 656 13 16 939 30 54 1020
3151193 891 870 656 13 16 939 30 54 1020
3151193 891 870 656 13 16 839 30 54 1020
3181322 866 839 19 15 943 44 44 1021
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3182872 929 907 623 17 ] 942 29 57 1022
3183330 809 887 558 18 28 949 41 57 1020
3185001 911 888 727 13 32 946 44 33 1021
3185802 910 886 668 20 69 1020
3185802 910 886 668 20 69 1020
3185804 906 883 642 18 20 1050 44 20 1023
3185804 906 883 842 18 20 1050 44 20 1023
3185811 875 848 493 42 21 1019]
3186291 900 880 701 11 59 947

3186283 873 8486 §12 45 33 1028
3189242 861 835 489 16 1051

3189243 853 829 529 18 1061 33 27 1021
3191661 864 847 841 11 9 1028 31 38 1020
3191662 856 841 589 32 62 1023
3191663 858 842 549 35 12 1018
31916863 858 842 549 35 12 1018
3191664 872 855 564 11 21 809 31 23 1019
3192851 871 851 559 24 25 1049 54 14 1082
3192851 871 851 559 24 25 1049 54 14 1052
3192851 871 851 559 24 25 1049 54 14 1052
3192852 877 861 651 28 13 1037
3192860 869 844 538 42 27 1080
3192864 881 867 667 49 g 1051
3192864 881 867 667 49 g 1051
3192870 882 868 619 37 10 1050
3192873 883 870 637 17 34 1047 50 8 1049
3192873 883 870 637 17 34 1047 50 6 1049
3192880 871 855 644 17 93 1071 39 6 1047
3192881 889 876 609 43 8 1048
3192882 877 863 678 14 22 1049 30 15 1081
3192882 877 863 876 14 22 1049 30 15 1051
3192882 877 863 876 14 22 1049 30 15 10861
3192883 876 861 677 14 20 1049

3192883 876 861 677 14 20 1049

3192883 876 861 677 14 20 1049

3192884 884 871 605 19 29 1050 41 9 1051
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Mn

Si
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Mo

Cr
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Al

Calcul
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(%)

3110144

0.016

0.0045

0.5

0.5

0.249

0.03

17.9

0.437

0.007

0.0006

0.0201

0.0077

0.226

0.158

69.4

3110144

0.016

0.0045

0.5

0.5

0.249

0.03

17.9

0.437

0.007

0.0008

0.0201

0.0077

0.226

0.158

69.4

3110144

0.016

0.0045

0.5

0.5

0.249

0.03

17.9

0.437

0.007

0.0006

0.0201

0.0077

0.226

0.158

69.4

3115260

0.021

0.0083

0.44

0.47

0.18

0.03

17.8

0.553

0.004

0.0007

0.0185

0.0097

0.297

0.248

73.2

3117302

0.015

0.0038

0.54

0.54

0.253

0.04

17.94

0.77

0.006

0.0008

0.0186

0.0107

0.539

0.510

72.8

3117302

0.015

0.0038

0.54

0.54

0.253

0.04

17.9

0.77

0.006

0.0008

0.0186

0.0107

0.539

0.510

72.8

3117302

0.015

0.0038

0.54

0.54

0.253

0.04

17.9

0.77

0.006

0.0008

0.0186

0.0107

0.539

0.510

72.8

3117470

0.016

0.0024

0.5

0.5

0.202

0.05

17.9

0.81

0.005

0.0007

0.0232

0.0077

0.536

0.507

66.4

3117470

0.016

0.0024

0.5

0.5

0.202

0.05

17.9

0.81

0.005

0.0007

0.0232

0.0077

0.5835

0.507

66.4

3117470

0.016

0.0024

0.5

0.5

0.202

0.05

17.9

0.81

0.005

0.0007

0.0232

0.0077

0.535

0.507

66.4

3122172

0.017

0.0035

047

0.52

0.193

0.02

18

0.517

0.005

0.0006

0.019

0.0095

0.289

0.238

68.4

3122172

0.017

0.0035

0.47

0.52

0.183

0.02

18

0.517

0.005

0.0008

0.019

0.0085

0.289

0.239

68.4

3122172

0.017

0.0035

0.47

0.52

0.193

0.02

18

0.517

0.005

0.0006

0.019

0.0085

0.289

0.239

68.4

3122173

0.017

0.0035

0.47

0.52

0.183

0.02

18

0.517

0.005

0.0006

0.019

0.0085

0.289

0.239

69.2

3122173

0.017

0.0035

0.47

0.52

0.183

0.02

18

0.517

0.005

0.0006

0.019

0.0095

0.289

0.239

69.2

3122180

0.023

0.0035

0.47

0.66

01477

0.02

17.9

0.479

0.005

0.0007

0.0199

0.0079

0.216

0.147

76.2

3122180

0.023

0.0035

0.47

0.66

0.1477

0.02

17.9

0.479

0.005

0.0007

0.0198

0.0079

0.216

0.147

76.2

3122181

0.023

0.0035

0.47

0.66

0.177

0.02

17.8

0.479

0.005

0.0007

0.0199

0.0079

0.213

0.147

68.0

3122181

0.023

0.0035

0.47

0.66

0.177

0.02

17.9

0479

0.005

0.0007

0.0198

0.0079

0.213

0.147

68.0

3122182

0.023

0.0035

0.47

0.66

0.177

0.02

17.9|

0.479

0.005

0.0007

0.0199

0.0079

0.214

C.147

68.8

3122182

0.023

0.0035

047

0.66

0.177

0.02

17.9

0.479

0.005

0.0007

0.0199

0.0079

0.214

0.147

68.8

3122183

0.023

0.0035

0.47

0.66

0177

0.02

17.9

0.479

0.005

0.0007

0.0199

0.0079

0.215

0.147

68.2

3122183

0.023

0.0035

0.47

0.66

0.477

0.02

17.9

0479

0.005

0.0007

0.0199

0.0079

0.215

0.147

68.2

3122184

0.023

0.0035

0.47

0.66

0.177

0.02

17.9

0.479

0.005

0.0007

0.0199

0.0079

0.215

0.147

70.0

3122184

0.023

0.0035

0.47

0.66

0.477

0.02

17.9

0.479

0.005

0.0007

0.0189

0.0079

0.215

0.147

70.0

3124261

0.021

0.0019

0.55

0.5

0.183

0.03

17.9

0.484

0.007

0.0007

0.0236

0.0034

0.167

0.149

69.0

3124261

0.021

0.0019

0.55

0.5

0.183

0.03

17.9

0.494

0.007

0.0007

0.0236

0.0034

0.167

0.149

69.0

3124261

0.021

0.0019

0.55

0.5

0.183

0.03

17.9

0.494

0.007

0.0007

0.0236

0.0034

0.167

0.148

69.0

3124262

0.021

0.0019

0.55

0.5

0.183

0.03

17.8

0.494

0.007

0.0007

0.0236

0.0034

0.167

0.149

70.0

3124262

0.021

0.0019

0.55

0.5

0.183

0.03

17.9

0.494

0.007

0.0007

0.0236

0.0034

0.167

0.149

70.0

3124263

0.021

0.0019

0.55

0.5

0.183

0.03

17.8

0.494

0.007

0.0007

0.0236

0.0034

0.168

0.149

72.8

3124263

0.021

0.0019

0.55

0.5

0.183

0.03

17.9

0.494

0.007

0.0007

0.0236

0.0034

0.168

0.149

72.9

3124263

0.021

0.0019

0.55

0.5

0.183

0.03

17.9

0.494

0.007

0.0007

0.0236

0.0034

0.168

0.149

72.9

3124264

0.021

0.0019

0.55

0.5

0.183

0.03

17.9

0.404

0.007

0.0007

0.0236

0.0034

0.168

0.149

67.9

3124264

0.021

0.0019

0.55

0.5

0.183

0.03

17.9

0.484

0.007

0.0007

0.0236

0.0034

0.168

0.148

67.9

3124264

0.021

0.0019

0.55

0.5

0.183

0.03

17.8

0.494

0.007

0.0007

0.0238

0.0034

0.168

0.149

67.9

3124270

0.016

0.001

0.55

0.54

0.172

0.02

17.9

0.439

0.006

0.0006

0.0276

0.0078

0.126

0.102

69.9

3124270

0.0186

0.001

0.85

0.54

0.1472

0.02

17.9

0.439

0.006

0.0006

0.0276

0.0078

0.128

0.102

68.9

3124270

0.016

0.001

0.55

0.54

0.172

0.02

17.9

0.439

0.006

0.0008

0.0276

0.0078

0.126

0.102

69.9

3124271

0.016

0.001

0.55

0.54

0.172

0.02

17.9

0.439

0.006

0.0006

0.0276

0.0078

0.126

0.102

67.7

3124271

0.016

0.001

0.55

0.54

0.172

0.02

17.9

0.439

0.006

0.00086

0.0276

0.0078

G.128

0.102

67.7

3124271

0.016

0.001

0.55

0.54

0172

0.02

17.9

0.439

0.006

0.00086

0.0276

0.0078

0.128

0.102

67.7

3124274

0.016

0.001

0.55

0.54

0.172

0.02

17.9

0.439

0.006

0.0006

0.0276

0.0078

0.128

0.102

69.6

3124274

0.016

0.001

0.55

0.54

0.172

0.02

17.9

0.439

0.006

0.00086

0.0276

0.0078

0.126

0.102

69.6

3124274

0.018

0.001

0.55

0.54

0.172

0.02

17.9

0.439

0.006

0.00086

0.0276

0.0078

0.126

0.102

69.6

3125353

0.015

0.0051

0.54

0.49

0.217

0.03

18

0.604

0.006

0.0007

0.0172

0.0082

0.364

0.365

69.9

31256363

0.015

0.0051

0.54

0.49

0.217

0.03

18

0.604

0.006

0.0007

0.0172

0.0082

0.364

0.355

69.9
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3125354

0.015

0.0051

0.54

0.49

0.247

0.03

18

0.604

0.006

0.0007

0.0172

0.0082

0.364

0.355

704

3125354

0.015

0.0051

0.54

0.48

0.217

0.03

18

0.604

0.006

0.0007

0.0172

0.0082

0.364

0.355

70.4

3125354

0.015

0.0051

0.54

0.49

0.217

0.03

18

0.604

0.006

0.0007

0.0172

0.0082

0.364

0.355

T0.4

3125360

0.02

0.0047

06

0.5

0.179

0.03

17.8

0.423

0.006

0.0007

0.02

0.0081

0.137

0.114

72.3

3125360

0.02

0.0047

0.6

0.5

0.179

0.03

17.8

0.423

0.006

0.0007

0.02

0.0081

0.137

0.114

72.3

3125361

0.02

0.0047

0.6

0.5

0.179

0.03

17.8

0.423

0.006

0.0007

0.02

0.0081

0.137

0.113

73.4

3125361

0.02

0.0047

0.6

0.5

0.179

0.03

17.8

0.423

0.006

0.0007

0.02

0.0081

0.137

0.113

734

3125362

0.02

0.0047

06

0.5

0.179

0.03

17.8

0.423

0.008

0.0007

0.02

0.0081

0.137

0.114

67.6

3125362

0.02

0.0047

0.6

0.5

0.179

0.03

17.8

0.423

0.006

0.0007

0.02

0.0081

0.137

0.114

67.6

3126364

0.02

0.0047

0.6

0.8

0179

0.03

17.8

0.423

0.006

0.0007

0.02

0.0081

0.137

0.114

89.7

3125364

0.02

0.0047

0.6

0.5

0.178

0.03

17.8

0.423

0.006

0.0007

0.02

0.0081

0.137

0.114

69.7

3125364

0.02

0.0047

0.6

0.5

0.179

0.03

17.8

0.423

0.006

0.0007

0.02

0.0081

0.137

0.114

69.7

3126383

0.018

0.0013

0.55

0.55

0.184

0.02

18.2

0.482

0.005

0.0006

0.0178

0.0068

0.220

0.206

72.9

3126383

0.018

0.0013

0.55

0.58

0.184

0.02

18.2

0.482

0.005

0.0006

0.0178

0.0068

0.220

0.205

72.9

3126384

0.018

0.0013

0.55

0.556

0.184

0.02

18.2

0.482

0.008

0.0006

0.0178

0.0068

0.220

0.205

72.5

3126384

0.018

0.0013

0.55

0.55

0.184

0.02

18.2

0.482

0.005

0.0006

0.0178

0.0068

0.220

0.205

72.5

3126391

0.017

0.001

0.69

0.54

0.16

0.03

18

0.472

0.005

0.0006

0.0234

0.0059

0.178

0.160

69.6

3126391

0.017

0.001

0.69

0.54

0.16

0.03

18

0.472

0.005

0.0006

0.0234

0.0059

0.178

0.160

68.6

3126381

0.017

0.001

0.69

[0.54

0.16

0.03

18

0.472

0.008

0.0008

0.0234

0.0059

0.178

0.160

69.6

3126392

0.017

0.001

0.69

10.54

0.16

0.03

18

0472

0.005

0.0008

0.0234

0.0059

0.178

0.160

73.2

3126392

0.017

0.001

0.69

0.54

0.16

0.03

18

0472

0.005

0.0006

0.0234

0.0059

0.178

0.160

73.2

31263982

0.017

0.001

0.69

0.54

0.16

0.03

18

0.472

0.006

0.0006

0.0234

0.0059

0.178

0.160

73.2

3126394

0.017

0.001

0.68

0.54

0.16

0.03

18

0472

0.008

0.0006

0.0234

0.0059)

0.178

0.160

65.7

3126394

0.017

0.001

0.68

0.54

0.16

0.03

18

0472

0.005

0.0008

0.0234

0.0059

0.178

0.160

65.7

3127730

0.016

0.0017

0.56

0.47

0.174

0.04

17.8

0.438

0.005

0.0006

0.0185

0.0107

0.186

0.163

62.1

3127730

0.016

0.0017

0.56

0.47

0.174

0.04

17.8

0.438

0.005

0.0006

0.0165

0.0107

0.186

0.163

62.1

3127732

0.016

0.0017

0.56

0.47

0.174

0.04

17.8

0.438

0.005

0.0006

0.0195

0.0107

0.185

0.163

69.6

3127732

0.016

0.0017

0.56

0.47

0.174

0.04

17.8

0.438

0.005

0.00086

0.0195

0.0107

0.185

0.163

69.6

3127732

0.016

0.0017

0.56

0.47

0.174

0.04

17.8

0.438

0.005

0.0006

0.0195

0.0107

0.185

0.163

69.8

3127732

0.016

0.0017

0.66

0.47

0.174

0.04

17.8

0.438

0.005

0.0006

0.0195

0.0107

0.185

0.183

69.6

3128511

0.0181 0.003

0.561

0.51

0.188

0.02

17.9

0.601

0.003

0.0006

0.0187

0.0082

0.320

0.309

69.0

3130461

0.02

0.0022

0.63

0.58

0.175

0.04

18.1

0.473

0.007

0.0005

0.0222

0.0087

0.167

0.147

69.0

31304861

0.02

0.0022

0.63

0.58

0.175

0.04

18.1

0.473

0.007

0.0005

0.0222

0.0087

0.167

0.147

69.0

3130463

0.02

0.0022

0.53

0.58

0.175

0.04

18.1

0.473

0.007

0.0005

0.0222

0.0087

0.168

0.147

71.0

3130464

0.02

0.0022

0.53

0.58

0.175

0.04

18.1

0.473

0.007

0.0005

0.0222

0.0087

0.166

0.147

77.1

3130464

0.02

0.0022

0.53

0.58

0.175

0.04

18.1

0.473

0.007

0.0005

0.0222

0.0087

0.166

0.147

771

3130471

0.016

0.0031

0.48

0.55

0.207

0.05

18

0.441

0.006

0.0006

0.024

0.01

0.156

0.132

65.7

3130471

0.016

0.0031

0.48

0.55

0.207

0.05

18

0.441

0.006

0.0006

0.024

0.01

0.156

0.132

65.7

3131180

0.013

0.0023

0.46

0.55

0.19

0.09|

18

0.466

0.006

0.0006

0.02

0.0085

0.227

0.211

66.7

3131190

0.013

0.0023

0.46

0.55

0.18

0.09|

18

0.466

0.006

0.0008

0.02

0.0085

0.227

0.211

66.7

3131191

0.013

0.0023

0.46

0.55

0.19

0.09

18

0.466

0.006

0.0006

0.02

0.0085

0.226

0.211

71.3

3131192

0.013

0.0023

0.46

0.55

0.19

0.09

18

0.466

0.006

0.0006

0.02

0.0085

0.226

0211

714

3131192

0.013

0.0023

0.46

0.55

0.19

0.09)

18

0.466

0.006

0.0008

0.02

0.0085

0.226

0.211

714

3131192

0.013

0.0023

0.46

0.55

0.19

0.09

18

0.466

0.006

0.0006

0.02

0.0085

0.226

0.211

714

3131193

0.013

0.0023

0.46

0.85

0.18

0.08

18

0.466

0.006

0.0006

0.02

0.0085

0.226

0.211

68.7

3131193

0.013

0.0023

0.46

0.556

0.19

0.09}

18

(.466

0.006

0.0008

0.02

0.0085

0.226

0.211

68.7

3131193

0.013

0.0023

.46

0.55

0.18

0.09]

18

0.466

0.006

0.0008

0.02

0.0085

0.226

0.211

68.7
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3131201

0.017

0.0022

0.48

0.51

0.168

0.07

18] 0.442

0.006

0.0008

0.0166

0.006

0.200

0.182

68.0

3131203

0.017

0.0022

0.48

0.51

0.168

0.07

18] 0.442

0.006

6.0006

0.0166

0.006

0.198

0.182

71.8

3131203

0.017

0.0022

0.48

0.51

0.168

0.07

18] 0.442

0.006

0.0006

0.0166

0.006

0.198

0.182

71.8

3131204

0.017

0.0022

0.48

0.51

0.168

0.07

18] 0.442

0.006

0.0006

0.0166

0.006

0.199

0.182

72.3

3132020

0.02

0.0045

0.48

0.53

0.208

0.06

17.9) 0.483

0.005

0.0005

0.0158

0.0065

0.231

0.216

69.5

3132020

0.02

0.0045

0.48

0.53

0.208

0.06

17.9] 0.493

0.005

0.0005

0.0158

0.0065

0.231

0.216

698.5

3132021

0.02

0.0045

0.48

0.53

0.208

0.06

17.9] 0.493

0.005

0.0005

0.0158

0.0065

0.231

0.216

73.1

3132021

0.02

0.0045

0.48

0.53

0.208

0.06

17.9] 0.493

0.006

0.0005

0.0158

0.0085

0.231

0.216

73.1

3132023

0.02

0.0045

0.48

0.53

0.208

0.06

17.91 0.493

0.005

0.0005

0.0158

0.0065

0.233

0.216

66.4

3132023

0.02

0.0045

0.48

0.53

0.208

0.06

17.9] 0.493

0.005

0.0005

0.0158

0.0065

0.233

0.216

66.4

3132024

0.02

0.0045

0.48

0.53

0.208

0.06

17.9] 0.493

0.005

0.0008

0.0158

0.0085

0.232

0.216

69.0

3132024

0.02

0.0045

0.48

0.53

0.208

0.06

17.9; 0.483

0.005

0.0008

0.0158

0.0065

0.232

0.216

69.0

3132031

0.02

0.0022

0.41

0.47

0.134

0.05

17.9] 0.479) 0.004

0.0004

0.0197

0.0108

0.180

0.172

68.0

3132031

0.02

0.0022

0.41

0.47

0.134

0.05

17.9) 0.479

0.004

0.0004

0.0197

0.0109

0.190

0.172

69.0

3132034

0.02

0.0022

0.41

0.47

0.134

0.05

17.9] 0.479

0.004

0.0004

0.0197

0.0109

0.189

0.172

68.8

3132034

0.02

0.0022

0.41

0.47

0.134

0.05

17.8} 0.479

0.004

0.0004

0.0197

0.0109

0.189

0.172

68.8

3132870

0.015

0.0037

0.45

0.48

0.202

0.05

18.1{ 0.451

0.005

0.0005

0.0223

0.0078

0.181

0.163

71.9

3132870

0.015

0.0037

0.45

0.48

0.202

0.05

18.1] 0.451

0.005

0.0005

0.0223

0.0076

0.181

0.163

71.9

3132870

0.015

0.0037

0.45

0.48

0.202

0.05

18.1] 0.451

0.005

0.0005

0.0223

0.0076

0.181

0.163

71.9

3132870

0.015

0.0037

0.45

0.49

0.202

0.05

18.1} 0.451

0.008

0.0005

0.0223

0.0076

0.181

0.163

71.9

3132870

0.015

0.0037

0.45

0.49

0.202

0.05

18.1] 0.451

0.005

0.0005

0.0223

0.0076

0.181

0.163

71.9

3135000

0.022

0.001

0.52

0.55

0.147

0.03

18] 0.405

0.007

0.0009;

0.02

0.0081

0.108

0.080

72.6

3135000

0.022

G.001

0.52

0.55

0.147

0.03

18] 0.405
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0.145

79.2

3183330
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Appendix 2

In an attempt to identify the relationship between the various parameters, the grain
size was removed. In this case, however, a rather complex relationship developed
between the various parameters, which in most cases did not make metallurgical
sense. The grain size was therefor kept in as a representation of the total thermal
mechanical history that the alloy sees and as a parameter that can be controlled by
final annealing. This fact is apparent from the correlation coefficients in the tables 4.4
and 4.5 in which the grain structure has the strongest relationship with the final cold
band strip annealing temperature. The most representative model that was obtained
for the normalized sag values indicates that the sag value is influenced by the grain
size, final-annealing parameters, niobium content and the slab reheat temperature
(Table A2.1).

Table A2.1

Model of Normalized sag versus parameters analyzed
Independent variable coefficient |std. error (t-value sig.level
CONSTANT 7.484716 1.814599 4.1247 0.0001
1/grainsize” (mm) 0.000519  [0.000108  [4.7963 0.0000
1/grainsize (mm) -0.02311 0.009043 -2.5552 0.0116
Final Gauge Strip Temp. (°C) |-0.0138 0.002028 -6.8022 0.0000
Final Gauge Line Speed. (m/s) [0.00688 0.002292 3.0014 0.0031
1/Slab Discharge Temp ("C)  [7639.729 976.3215 7.825 0.0000
Nb* (Mass %) 2297238  |0.310191  [7.4059 0.0000
R. SQ. (ADJ.) = 0.7056
SE = 0.285519 MAE=0.208322 | DurbWat= 1.532

157 observations fitted, forecast(s) computed for 0 missing val. of dep. var.

Std. Error = standard error of the coefficients t-value = coefficient/std.error
Sig.level = probability that if no contribution was made by that variable a larger

absolute t-value would occur.

In this case some of the thermo mechanical parameters are include. The most
significant (from a niobium perspective) is the slab reheat temperature, which has an
inverse relationship with the sag value. This indicates that as the reheat temperature
increases the normalized sag value decreases. The theoretical interpretation of this is

that more niobium is probably in solution as the reheat temperature increases. It
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would also appear as if this relatively higher niobium content in solution persists

throughout the thermal mechanical cycle and contributes to the lower sag value.

The model predicted by Statsgraphics for the normalized sag values is:

(Sag*Final Gaugc’)/13= 0.000519/grainsize’ — 0.02311/grainsize — 0.0138% Final
Gauge Strip Temp +0.00688*Final Gauge Line Speed +7639.729/ Slab Discharge
Temp+2.297938* Nb”

The mean absolute error for this model is 0.208322. The calculated MAT for the sag
alone is 1.2mm for 1.5mm gauge material. The actual normalized sag valucs versus

the calculated sag values are shown it figure A2.1,

Attempts were made at trying to remove one of these variables, particularly the grain
size and niobium content, by selection of a smaller range (grain size range 0.028mm —
0,060mm (from 0.014-0.079) and niobium range 0.437-0.538 (from 0.0405 — 0.81)) of
these variables. No significant model could be established with this approach although
the strongest correlations were still found {0 be with grain size, slab reheal
temperature and the final annealing paramelers of the cold band material.
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Figure A2.1: Normaliced sag value versus the calculated sag value,
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Appendix 3

Micrographs of cold band material anncaled at various temperatures,

394 Seconds (micron marker = 1(Hp)
00°C 125°C

950°C 975°C
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Appendix 4

Table of the prain size obtained in the experimental material, The time n seconds is
the time that the sample was in the furnace. This data was used to determine the

empirical relationship between the grain size and the time in the furnace.

Time |  Grainsize ( mean intercept length (mm)) _
seconds 1100 [1075%C [1050% [1025%C [noo0®c [975%  [|9s50%C  |925%C
60 0.022] 0018 .
60 0.023) 0018 j
75 0.021 IR
78 0.021 ;
90| 0025 0.017 I
90| 0025 0.018 i T
M 0.023 ' ! :
05| 0.032] o026 0022 '
s 0032 0027 0022
1200 0.053] 0.043] 0029 0028 Tl
1200 0051 00411 0028  0.029 | -
1200  0.040) 0037 0040 0.021 !
1200 0.1 0039 0040 0.021 o
120 0.037
135 0.049) 0037 0.028 ! )
135 0.049) 0037 0.028 :
150 "oo0a1 003!
150 0040  0.034 .
152, 0.061 o
152 0.061 I
165 0.034
165 0.035 T
180. 0.080 (.06l o 0.025
180)  0.086  0.065 0.025
180 0.029!
180° 0.029°
191 0.065 ]
191 0.067 ;
200 0.072 :
200 0.063 :
239 | 0.065
239 0063 |
240/ 0.063 0055  (.032 i
240 0.061] 00335,  0.030
270 © 0036
2 C 0035
285 | 0.034
285 . | 6032
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Time Grain size { mean intercept length (mm))
scconds  [1100°C_[1075°C [1050°C [1025°C [1000°C [978°€  930°C  |928°C
300, 0072) 0067 0063 0055 0034 0025 0019 0.022
300, 0077 0067 0063 0057 0032 0025 0018 0023
300 ! 0029  0.024) 0021 0019
T 300 ) 0031 0025 0021
T 0.041 o ]
300 | 0039
L 300 _r | 0035
[ 306 i 0.032 .
330, 0077, 0075 0053 0061 0039 0.025 0020 0021
330, 0075 0075 0055 0061 0037 0025 0020 0022
337 0.055 | 0024 T
337 = 0.055 0.024
376 0.086 -
376 0.083 a
39 0075 0072] 0065 0057 0.3 0024 0,021  0.019)
390 0089 0070, 0061 0057 0043 0025 00200 0019
[ 390 | - 0025 0.021] 0.024
390 0024 0021] 0025
510 0057 0046 0024 0.021] 0021
510 0.059  0.044) 0023 0021] 0021
510 ' B 0.622
510 | 0.023
734 - 0.008
734 0.092 : |
750 0.024) 0021 0.023
750 0.025] 0021 0022
750 0021 0018
750 \ 0022 0,017
1180 0.072)
1180 0.080,
5050 . 0.089 o
5050 | 0080
21600 0051 0049 0025
21600, 0051 0.021
21600 0.049° 0025
21600 1 0025
21600 ) | 0.023




Appendix 5
Microstructures of cold band material annealed at 1050”°C (140 sceonds) after a

hot band anneal for two hours as indicated in the micrograph title.

; {(micron marker =3lp) 930°°C fmjtrnn marker =50u)

1050°C (micron marker =50p}

1100°C (micron marker =501
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1200°C (micron marker =100,1)
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Microstructures of cold band material annealed at 1000°C (264 seconds) after a
hot band anncal for two hours as indicated in the micrograph title.

1100°C (micron marker =t00y) llﬁﬂ?ﬂ (micron marker =100p)

12007°C imicron marker =1HHp)
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Microstructurcs of het band materinl annealed for two hours at the

cated in the micrograph title.
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