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ABSTRACT

CHARACTERIZATION OF HOT ROLLED MICRO ALLOYED  STEELS
PRODUCED IN ISDEMIR

The effect of different hot mill processing parameters and their influence on the
variability of mechanical properties of micadloyed steels has been studied. Also aim of this
work is to learn how to produce mieatloyed steeln Turkey and supply good raw material
to end users. There is no any factory in Turkey which produces APl X70 and higher quality
steels. This work presents an analysis of the relative contribution of the different chemical
composition and hot rolling milprocessing parameters to the variability of mialoyed
steels. The variation in finishing and coiling temperature results in mechanical properties. A
correlation between the various microstructural features, chemical composition and

precipitation behawr, with mechanical properties is presented.

September, 2011 Ojuzhan EVREN
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INTRODUCTION AND AIM

The effect of different hot mill processing parameters and their influence on the
variability of mechanical properties oficro-alloyedsteels has been studiggdlso aim of this
work is to learn how to produce mieadloyed steel in Turkey ansuipply good raw material
to end users. There is no any factory in Turkey wipiddducesAPI X70 and highequality
steels This work pesents aranalysis of the relative caittution of the differentchemical
compositionand hotrolling mill processing parameters to the variability rofcro-alloyed
steels. The variation in finishing and coiling temperature resultsechanical propertse A
correlation between the various microstructural featurgsemical composition and

precipitation behavior, with mechanical properties is presented.



GENERAL BACKGROUND

2.1WHAT IS STEEL?

Steel is aralloy that consists mostly ofon and hasarboncontent between 0.2% and
2.1% by weight, depending on tigeade Carbon is the most common alloying material for
iron, but various other alloying elements are used, suchaagianesechromium vanadium
andtungstert”! Carbon and other elements act as a hardening agent, predisiiegtionsn
the iron atomcrystd lattice from sliding past one another. Varying the amount of alloying
elements and the form of their presence in the steel (solute elements, precipitated phase)
controls qualities such as thardnessductility, andtensile strengttof the resulting steel.
Steel withincreased carbon content can be made harder and stronger than iron, but such steel

is also lessluctilethan iron.

Alloys with a higher than 2,% carbon content are known @ast ironbecause of their
lower melting pointand castability™! Steel is also distinguishable fromrought iron which
can contain a small amount of carbon, but it is included in the forstagfnclusions Two
distinguishing factors are steel's increagedresistance and bettareldability.

Temperature (°C)
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Figure Il 1 Iron-carbon phase diagram

Though steel had been produced by various inefficient methods long before the
Renaissancgeits use became more common after reffesient production methods were
2
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devised in the 17th century. With the invention of Besemer process the mid19th
century, steel became an inexpensimassproducedmaterial. Further refinements in the
process, such asasic oxygen steelmakin@BOS), lowered the cost of production while
increasing the quality of the metal. Today, steel is one of the most common materials in the
world, with more than 1.3 billion tons produced annually. It is @omcomponent in
buildings, infrastructure, tools, shipgutomobiles machines, appliances, and weapons.
Modern steel is generally identified by various grades defined by assstdedards

organizations

2.2GENERAL TYPES OF STEEL

Carbon Steels
Alloy Steels

Tool Steels

= =A =4 =4

Stainless Steels

2.2.1 Carbon Steels

Carbon steel, also called platarbonsteelis steelwhere the maimlloying constituent
is carbon The American Iron and Steel Instituf@ISI) defines carbon steel as: "Steel is
considered to be carbon steel when no minimum content is specified or required for
chramium, cobalt columbium molybdenum nickel, titanium tungsten vanadium or
zirconium or any other element to be added to obtain a desired alloying effect; when the
specified minimum for copper does not exceed 0.40 percent; or when the maximum content
specified for any of the following ateents does not exceed the percentages not&cganese
1.65,silicon 0.60,copper0.60?

The term "arbon steel” may also be used in reference to steel which saiolkess

stee] in this use carbon steel may include alloy steels.

As the carbon content rises, steel has the ability to bebanderandstrongerthrough
heat treating but this also makes it leshictile Regardless of the heat treatmemgher
carbon content reducesgeldability. In carbon steels, thieigher carbon content lowers the

melting point
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2.2.1.1 Mild and Low Carbon Steels

Mild steel is the most common form of steel because its price is relatively low while it
provides material properties that are acceptable for many applications. Low carbon steel
contains approximately 0.09.15%™ carbon and mild steel contains 0.0629% carbor”,
therefore it is neither brittle natuctile Mild steel has a relatively low tensile strength, but it

is cheap and malleable; surface hardness can be increased tradugiring !

It is often used when large quantitief steel are needed, for examplestsictural
steel The densityf mild steel is approximately.85g/cm3 (0.284b/in*) ! and theYoung's
modulusis 210,000 MPa (30,000,000 pSf)

Low carbon steels suffer from yiefwbint run outwhere the material has twoeld
points The first yield point (or upper yieldoint) is higher than the second and the yield
drops dramatically after the upper yield pointldév carbon steel is only stressed to some

point between the upper and lower yield point then the surface may dévelape r ©b and s

2.2.1.2 Higher Carbon Steels

Carbon steels which can successfully undergo-tneatment havearboncontent in
the range of 0.3A.70% by weight. Trace impurities of various otleégmentscan have a
significant effect on the quality of the resulting steel. Trace amoungsilffr in particular
make the el redshort Low alloy carbon steel, such &36 grade, contains about 0.05%
sulfur and melts around 1,426, 5 3 8 A 2,800AZ§ 5MaBganesds often added to
improve thehardenabilityof low carbon steels. Thesediibns turn the material inttow
alloy steelby some definitions, buBlISI's definition of carbon steel allows up to 1.65%

manganese by weight.

2.2.2 Alloy Steels

Alloy steel issteelalloyedwith a variety ofelementsn total amounts of between 1.0% and
50% by weight to improve its mechanical properties. Alloy steels are broken down into two groups:
low alloy steels and high alloy steels. The difference betwleernwo is somewhat arbitrary: Smith

and Hashemi define the difference at 4.0%, while Dagaet al., define it at 8% (8],
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The following are a range of improved properties in alloy steels (as compaibion

steel$: strength hardnesstoughnesswear resistangdardenability andhot hardness

Commonly alloyants includemanganese(the mostcommon one), nickel, chromium
molybdenum vanadium silicon, and boron Less common alloyants includguminum cobalt
copper cerium niobium, titanium tungstentin, andzirconium Some of these find uses in exotic and
highly-demanding applications, su@s in the turbine blades ¢t enginesin spacecraftand in
nuclear reactorsBecause of théerromagneticproperties ofiron, some steel alloys find important
applications where #ir responses tmagnetismare very important, including ialectric motorsand

in transformers

Table Il 1 Composition of Low-alloy steels

| Principal low alloy steels |
| SAE designation || Composition |
[13xx [Mn 1.75% |
[40xx Mo 0.20% or 0.25% or 0.25% Mo & 0.042% S |
|41xx ||Cr 0.50% or 0.80% or 0.95%, Mo 0.12% or 0.20% or 0.25% or 0]
|43xx ||Ni 1.82%, Cr 0.50% to 0.80%, Mo 0.25% |
[44xx [Mo 0.40% or 0.52% |
|46xx ||Ni 0.85% or 1.82%, Mo 0.20% or 0.25% |
[47xx |[Ni 1.05%, Cr 0.45%, Mo 0.20% or 0.35% |
|48xx |[Ni 3.50%, Mo 0.25% |
50xx |Cr 0.27% or 0.40% or 0.50% or 0.65% |
[50xxx |Cr 0.50%, C 1.00% min |
150Bxx |Cr 0.28% or 0.50% |
51xx |Cr 0.80% or 0.87% or 0.92% or 1.00% or 1.05% |
[51xxx |Cr 1.02%, C 1.00% min |
51Bxx |Cr 0.80% |
[52xxx [Cr 1.45%, C 1.00% min |
61xx |Cr 0.60% or 0.80% or 0.95%, VV 0.10% or 0.15% min |
86xx |[Ni 0.55%, Cr 0.50%, Mo 0.20% |
87xx ||Ni 0.55%, Cr 0.50%, Mo 0.25% |
88xx |[Ni 0.55%, Cr 0.50%, Mo 0.35% |
|92xx |Si 1.40% or 2.00%, MA.65% or 0.82% or 0.85%, Cr 0.00% or 0.6
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2.2.2.1 Low Alloy Steel

Low alloy steels are usually used to achieve better hardenability, which in turn
improves its other mechanical properties. They are also used to increase corrosion resistance

in certainenvironmental condition®.

With medium to highcarbonlevels, low alloy steel is difficult teveld. Lowering the
carbon content to the range of 0.10% t80& , along with some reduction in alloying
elements, increases theldability andformability of the steel while maintaining its strength.

Such a metal is classed aBigh-strength lowalloy steel

2.2.2.2  High Strength Low-alloy Steek

High-strength lowalloy (HSLA) steel is a typefoalloy steelthat provides better
mechanical properties or greater resistance to corrosiornctraon steelHSLA steels vary
from other steelé that they aren't made to meet a specific chemical composition, but rather
to specific mechanical properties. They haaboncontent between 0.08.25% to retain
formability andweldability. Otheralloying elements include up to 2.0% manganese and small
guantities ofcopper nickel, niobium nitrogen vanadium chromium molybdenumtitanium,

calcium rare earth elementsrzirconium[S].

Copper, titanium, vanadium, and niobium are added for strengthening purposes. These
elements are intended to alter thérostructureof carbon steels, whicis usually aferrite-
pearliteaggregate, to produce a very fine dispersion of allobidesn an almost pure ferrite
matrix. This eliminates the toughne®slucing effect of a pearlitic volume fraction, yet
maintains and increases the material's strength by refining thesgrejrwhich in the case of
ferrite increasesyield strengthby 50% for every halving of the mean grain diameter.
Precipitation strengtheninglays a minor role, too. Their yield strengths can be anywhere
between 250690 megapascals (36,0@®B,000 psi). Due to their higher strength and
toughness HSLA steels usually require 28@% more power to fon, as compared to carbon

steeld?.

Copper, silicon, nickel, chromium, and phosphorus are added to increase corrosion
resistance. Zirconium, calcium, and rare earth elements are added forisgliideon shape

control which increass formability. These are needed because most HSLA steels have
6
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directionally sensitive properties. Formability and impact strength can vary significantly when
tested longitudinally and transversely to the grain. Bends that are parallel to the longitudinal
grain are more likely to crack around the outer edge because it experiences tensile loads. This
directional characteristic is substantially reduced in HSLA steels that have been treated for

sulfide shape control.

They are used in cars, trucks, cranes, bridges, roller coasters and other structures that
are designed to handle large amountst#ssor need a good strengtb-weight raio. HSLA
steels are usually 20 to 30% lighter tieambonsteel with the same strengtfl.

HSLA steels are also more resistantustthan most carbon steels, due to their lack of
pearlite i the fine layes of ferrite (almost pure iron) and cementite in peartifion
needell The Angel of the Mrth at GatesheadEnglandis a well known example of an
unpainted HSLA structure (the actual alloy used is cal@R-TEN and includes a small

amount of copper). HSLA steels usually have densities of aroundk7g00™H.j

Table Il 2 General types of HSLA steels [10].

SAE HSLA stel grade composition

% % Manganese | % Phosphorus % %
Grade |Carbon 0 9 0 P Sulfur Silicon Notes
(max) (max)
(max) (max) | (max)
942X | 0.21 1.35 0.04 0.05 0.90
945A | 0.15 1.00 0.04 0.05 0.90 Niobium or vanadium treated
945C | 0.23 1.40 0.04 0.05 0.90
945X | 0.22 1.35 0.04 0.05 0.90
950A | 0.15 1.30 0.04 0.05 0.90
950B | 0.22 1.30 0.04 0.05 0.90 Niobium or vanadium treated
950C | 0.25 1.60 0.04 0.05 0.90
950D | 0.15 1.00 0.15 0.05 0.90
950X | 0.23 1.35 0.04 0.05 0.90 Niobium or vanadium treated
955X | 0.25 1.35 0.04 0.05 | 090 | 'Viobium,vanadium, ornitroge
treated
960X | 0.26 1.45 0.04 0.05 | 090 | Viobium,vanadium, ornitroge
treated
965X | 0.26 1.45 0.04 0.05 | 090 | Viobium,vanadium, ornitroge
treated
970X | 0.26 1.65 0.04 0.05 | 090 | 'Viobium, vanadium, ornitroge
treated
980X | 0.26 1.65 0.04 0.05 | 090 | Viobium,vanadium, ornitroge

treated
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2.2.2.2.1 Classifications of HSLA Steels

1 Weathering steels:Steels which have better corrosion resistance.

1 Control-rolled steels: Hot rolled steels which have a highly deformed austenite

structure that will transform to a very fine equiaxed ferrite structure upon cooling.

1 Pearlite-reduced steelslow carbon content steels which lead to little or no pearlite,

but rather a very finergin ferrite matrix. It is strengthened by precipitation hardening.

1 Microalloyed steels:Steels which contain very small additions of niobium, vanadium,

and/or titanium to obtain a refined grain size and/or precipitation hardening.

2.1.1.1 Microalloyed Steels

Microalloyed steel is a type dlloy steelthat contains small amounts afloying
elements (0.05 to 0.15%). Standard alloying elementsdechiobium, vanadium titanium,
molybdenum zirconium boron and rareearth metals They are used to refine theagr

microstructureand/or facilitateprecipitation hardening®.

These steels performance and cost land beteadron steehndlow alloy steel Yield
strength is between 500 and 750 MPa (73,000 and 109,000 psi) witheait treatment
Weldability is good, and can even be impea by reducing carbon content while maintaining
strength. Fatigue life and wear resistance are superior to similar heat treated steels. The
disadvantages are thdtictility and toughnessare not as good as quenched and tempered
(Q&T) steels. They must also be heated hot enough for the all of the alloys to be in solution;
after forming the material mustlH2AFYui ckl y

Cold workedmicroalloyed steels do not require as much cold working to achieve the
same strength as other carbon steel; this also leads to greater dudublityworked
microalloyed steels can be used from the air cooled state. If controlled cooling is used, the

material can produce mechanical properties similar to Q&T st®kshinability is better

c
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than Q&T steels because of their more uniform hardness and fibreite-pearlite

microstructure'?,

Because microalloyed steels are not quenched and tempered they are not susceptible to
guench crackingnor do they need to kstraightenecr stress relievedHowever, because of
this they are through hardened and do not have a softer and tougher core like quench and

tempered steels.

2.2.2.2.2 Microalloying Effects in Austenite

In commercial VVmicroalloyed steels small amounts of Ti (91%) are commonly
added toprevent excessive grain coarsening at high temperatures. The technical background
to this isthat Ti reacts with the nitrogen in the steel to form a fine dispersion of very stable
TiN. For this to occur in typical HSLA plate aratrip steels the normal levels of N in BOF
and EAFsteel making, i.e. 0.004 0.015%, are sufficient. However, to attain the fine TiN
size necessary for effective grain growth control fast cooling is needed during the
solidification ofthe steel, as in céinuous casting of slabs.

However, the TiN precipitation may by affected by a second microalloy addition, such
as V,in various ways. This alone, but especially together with the formation of a second
precipitatemay affect the grain coarsenibghaviorsignificantly. Therefore these questions,
arising inTi-bearing \/steels, are discussed in some detail below.

2.2.2.2.3 Precipitation and Dissolution of Microalloy-Carbonitrides in Austenite

It is well established that TiN forms as a fine precipitate dispersamty after
solidification in Ti-V and TiNb HSLA-steels having less than about 0.02%Ti. At lower
temperatures wherthe solubility of Nb(C,N) and V(C,N) has been exceeded many
experimental studies hawhown that these phases-m@cipitate on already exisg TiN-
particles to a large extent. ©burse, as the driving force for carbonitride formation increases
at lower temperatures in thaustenite regime the probability for nucleation of new

carbonitride, rich in V or Nb aneiventually pure Yor Nb-carboritrides, increases.
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Figure Il 2 Calculated amounts of Ti, V and Nb precipitated as (Ti,NMJN in a Ti (a), Ti-V (b) and Ti-Nb (c)
steel. GCT is the experimentally determined grain coarsening temperature of continuously cast 220 mm
slabs.l"®

Fig. 2 "™ shows results from calculations for-TTi-V-, and TiNb steels using the
thermodynamic database developed for microalloyed st&dts. The graphs show the
fractions of Ti, V and Nb precipitated as nitrides at equilibrium in the austenite. From this we
can see that the precipitation curves, for Ti are the same for alldterels. Hence, we can
conclude that the temperature for initial precipitation and complete dissolution should be
equal for all three steels. Furthermore, as long as all VV or Nb on lowering the temperature co
precipitates on prexisting TiN, we should exget the density of precipitates also to be the
same in the steels; of course the individual particles will grow larger in-tlaead/Nbsteels
as these elements-poecipitate. However, at lower temperaturesaxid Nbcarbonitrides are
expected to form asew precipitates, and indeed this is proven experimenft4li§?. In
accordance with this reasoning it is generally found experimentally that larger particles that
formed at high temperatures are high in Ti and low in V or Nb, whereas smaller ones forme
at low temperatures are low in Ti and high in V or B! This is demonstrated in Fig.
for a TiV steel showing a gradual decline of thecontent in (Ti,V) N as particle size
decrease8?. Along the same lines Figk shows how the spread inahd Ti in a (Ti, V)N-
population increases with decreasing reheating temperature; as expected the widest spread
observed in the strarchst condition (220 mnfi®. The low Nsteel with neastoichiometric
Ti/N ratio exhibits a considerably smaller spread due to the fact that nearly all

N is consumed to form TiN.
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Figure Il 3 Relationship between composition of Figure Il 4 Spread in composition of
(Ti,V)N-inclusions in a TiV-steel with high V (Ti,V)Nparticles in two Ti-V-steels with low and
and N, and the particle size. The steel was made high N in concast condition and for varying
as a laboratory cast but was cooled at a rate reheating temperaturest*’!

equivalent to that of 220 mm concast slaB®

A general conclusion is that the stability of TiN itself is not expected to change by
additions of other microalloying additions, suafiV or Nb. However, the separately formed
V- and Nbrich carbonitrides are less stable and dissolve at lower temperatures. This is
exactly what has been found experimentdfly but has sometimes incorrectly been stated as
a decline of the stability oFiN.

Beside the rate of nucleation the density of precipitates is also controlled by
coalescence which occurs at a constant volume fraction of particles after the completion of the

precipitation reaction. The rate of particle coarsening during coalessagigen by

o,0i O®
TYY ® ®

1-1

where r is the mean particle radius at time t, ro the initial mean radigsthe interphase
energy, V. the particle molar volumeD,,” the diffusivity of the rate controlling element M,
Xu° the solubility of M in austenite ang,"'“™ the concentration of M in the (Ti,V, Nb) (C,
N)I"®. From this we can directly learn that in our case Ti will normally be rate controlling as a

result of its muchHower solubility compared to V or Nb. It is only for very high contents of V
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or Nb in the carbonitrides that these elements become rate controlling. So again we expect no
difference in resistance to coarsening of TiN inst&els and Trich nitrides in \V and

Nbsteels. Again we have not found any experimental results opposing this statement.

Fig. 5, showing the solubility curves for TiN in austenite for various temperatures,
demonstrates that the Ti/N ratio affects the TiN stability in various Wiy€hanging the Ti
and N contents along the stoichiometric lines results in the largest change in solubility. Hence,

using overstoichiometric contents of N, as indicated in the graph, gives rise to:

1 a higher dissolution temperature of TiN
1 a smallerfraction of dissolved TiN for a given temperature increase
1 areduction of the Tcontent in austenite in equilibrium with TiN, resulting in slower

coarsening.

The usefulness of owastoichiometricN-contents in THV-steels for grain size control

in the HAZ of welds has been demonstrated
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Figure Il 5 Effect of excess nitrogen on dissolved Fi"

An interesting feature of (Ti,V)(C,N) precipitation found in austenite e¥ Biteels is

that the particles exhibit compositional gradients such that the external parts are richer in V
12



and the interior is richer in T#*1*”. Electron microscopy and microanalysis of the (Ji,V
carbonitrides formed in austenite show furthermore that the compositional gradients of the
particles are not always smooth. The outeid#h part occurs commonly as dendrités At

first this may appear natural in view of the sequential precipitatioii and V during
cooling. However, a prerequisite is then that the interdiffusion of Ti and V in the (Ti,V)
carbonitride is substantially lower than in austenite. Otherwise there will be ample time for
homogenizationof the elements to occur. Unfortuabt, the scatter of reported diffusion
coefficients in refractory carbides and nitrides is very large. For instance, the self diffusion of
Ti in TiC is slower by 1&than Ti in austenite, whereas the interdiffusion of Nb in (Ti,Nb)C

is only slower by 181*¥12°!, This implies that in the former case any compositional gradient
formed during precipitation of (Ti,V)N will be frozen whereas in the latter case there will be
time for full equilibration in normal processing. In view of the fact that it is iiffesion that

is significant in the present situation it seems that we should give more confidence to the
reported results on (Ti,Nb)C, and hence that homogenisation will occur of the-(Ti,V)
particles. This, in turn, would imply that -fich and \frich cabonitrides can coexist in
equilibrium, and consequently leads to the conclusion that there is a miscibility gap in the
(Ti,V)(C,N)- system. In fact, this was exactly the result of a recent thermodynamic analysis of
the THV-N systemf?Y. It should be bore in mind, though, that only small shifts in the input
data for the thermodynamic analysis might cause a change from full intersolubility to de

mixing.

To illustrate the time scale and the temperature dependence of the changes of the
precipitationthatmay occur in the austenite range we have found it instructive to compute
1 the time for completion (90%) of the TiN precipitation from an initial state of all Ti
and N in solution
1 the time for TiN dissolution (90%) from an initial state of full equilibriuetveeen
TiN and austenite at 100C

1 the time for 50% increase of initial precipitate size by coalescence.

The computations have been carried out for different particle dispersions, expressed as
interparticle spacings, and for the cases of precipitanehdissolution allowance is made for
soft impingement of adjacent solegariched zones. The rates of coalescence and dissolution
depend critically on the solubility of TiN imustenite. The solubility data available in
13



literature exhibit a considerableadter, as wademonstrated in chapter 2. In the selection of
data for the present computations our preferérasebeen to use data that produce reasonable
agreement with observed ripening of T, although this has implied that we have chosen

somewhatower solubility than the mean dhe scatter band.

We may note that very little dissolution of TiN takes place, even at the highest
temperatures. At 1450C, for instance, an initial precipitate size of 5.0 nm equilibrated at
100C only shrinks to 4.8(m. The time for dissolution is about an order of magnitude
faster than the time for precipitatiobhe explanation is the very minute dissolutairTiN as
compared to the amount of TiN transferred for complete precipitation. Obvithislgffect
outweighs the lower Tgradient in dissolution as compared to precipitation.

Hence, these computations show that the grain coarsening temperatures a2about
°C andeven lower that has been observed in themechanically processed steetedawill

bediscussed below cannot be accounted for-didsolution or TiNripening.

2.2.2.2.4 Grain Growth Inhibition and Grain Coarsening

It is a common view that abnormal grain growth is invariably associated with ripening
and dissolution of the restraining paiés. However, this is normally not the case for
microalloyed steels since the TFiNspersion is virtually unaltered at temperatures below
about 1250C 4. To give a sound understanding of the grain coarsemétgviorof these
steels and all the assated important and often intriguing experimental findings it is
necessary to go back to the basics of grain growth and its dependence of impeding particles.
The growth rate for an individual grain of diameter D in a distribution of grain sizes with the
mean size D and containing a dispersion of small particles with volume fraction f and mean

radius r is given bif?.

1D 1 1  3f
dt D D B&r

1-1
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Where U is a constant (~ 1)s(Ithe grain boundary energy, and M the grain boundary

mobility. Thusthe impeding effect of particles enters by the terq1

From Eq.(3.2) the following conclusions, essential in abnormal grain growth, can be drawn:

I. ~ Normal grain growth reaches a limiting grain size

— 8r
Diimic = —

of

1-2

ii. However, if, in @ assembly of grains with mean si@aimit, there is one grain larger

than 1.%D imit it can grow and with increasing speeds as it grows. Hendewa
individual grains can in this fashion cause abnormal grain coarsening.

iii.  The tendency for abnormal grain growth diminishes with incred3iagd increasing
3f/8r. In fact, there is a limiting mean grain size beyond which abnormal grain growth

is totally prevented
3r
3f

D abnorm __
lirnit

1-3

Thus, a perfectly stablprecipitate dispersion causing a total arrest of normal grain
growth isnot a guarantee for grain coarsening by abnormal growth. This is the explanation
why we seegrain coarsening temperatures in Ti anéVTsteels of 120A25FC, despite the

fact that wedo not observe measurable dissolution or ripening of TiN at these temperatures.

It is tempting to believe that on heating-ficroalloyed into the austenite range
normal graingrowth occurs and the austenite reaches its limiting grain size set by the TiN
dispersionHowever, there is ample evidence from early investigations by Siwecki, Sandberg
andRoberts™ that the ferriteaustenite transformation produces an austenite grain size well
above®@ limit. In support for this it has been found that theerage grain size at the grain

coarsening temperature is about the same in spite of large differences in amount$%f TiN
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A corollary of this conclusion is that the grain coarsening temperature should be a
function ofthe heating rate through the rigg-austenite transition. With decreasing heating
rate the grairsize of the transformed austenite increases; hence the driving force for abnormal
grain growthdecreases, and as a result the grain coarsening temperature is raised. This
explanation iconfrmed by experiments the results of which smenmarizedn Fig. 6. If the
grain sizeinstead was controlled by the TiN dispersion, then the grain coarsening temperature

should beandependent of heating rate.
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Figure Il 6 Effect of heating rate on the grain Figure 1l 7 The relationship between austenite
coarsening temperature (GCT) for 0,036V grain coarsening temperature and Ncontent for
0,013T+0,011N steel. Encircled numbers refer to continuously cast slabs (220 mm) and small
the size of small austenite grains at the GGF! laboratory ingots of 0,01%Ti HSLA steels””!

Under the very high heating rates in welding the feaiistenite transformation
should leadto particularly fine austenite grains and therefore a strong driving force for
abnormal grairgrowth. Still we know that Fimicroalloyed steels containing a fine dispersion
of TiN exhibit very good HAZ toughness as a result of fine austendén gtructure. This
apparent anomalg due to the fact that it takes a considerable time for the few growing grains
consuming all thdine grains and thereby causing an abnormal grain size. The short dwell
periods at hightemperatures during welding aretrdong enough for this to occur. On the
other hand theverwhelming majority of the grains will be totally inhibited from coarsening
by normal grairgrowth since they, although finer than for slower heating rates, are still likely
to be largerthan Dimit for normal grain growth. Hence, the overall result will be a fine

austenite structure.

16



Fig. 6 summarizesmeasurements of grain coarsening temperatures for steels with
varying Ti/N ratios and cast at different cooling rates. The larger cooling ratesdrataby
ingots produce a finer precipitation and a particle density increasing with the N content. The
slower cooling in the continuously cast slab produces coarser TiN, and increasingly so with
increasing N content due to the fact that precipitation camse®eat higher temperatures. The
increasing precipitate density in the former case progressively prevents abnormal grain
growth, and thus causes a rise in GCT. The decreasing TiN density in the slabs, on the other

hand, gives the oppositehavior

Again,assuming that normal grain growth up to the limiting size controlled by the TiN
dispersion would determine the average grain size before abnormal growth sets in, we notice
that this would cause problems in explaining the observations i6.FAg a matte of fact, if
1/ D were to be more decisive than 3f/8r for controlling abnormal growth, weeshould
even expect GCT to be lowered with N content for the laboratory ing8tsnads
reducedwith increasing particle density. In a similar way, this line of reasoning would give

increasing GCT for the slab materials.

The GCTs in Fig6 are assigned to both Ti and-Vimicroalloyed steels'® 2]
indicating that all observations can be unt®rd in terms of the Tiand Ncontents and the
cooling conditions during casting. So for GCT in as cast material, V additions tst@eT|
seem to have no or only marginal effect.

It has long been known that GCT of hot rolledniicroalloyed steel ifower than in
the castconditionv. It is also found that as the number of reheatings increases as processing
proceeds the grain coarsening resistance deteriorateséftasiorcan readily beinderstood

by the refinement of the average grain smgendered by multiple reheating.

However, Roberts et & have convincingly shown that the grain refinement during
hot rolling cannot alone explain the observed reductions in GCT ¢ Steels in hot rolled
condition as compared to cast. They desthrexperiments carefully to produce TiN
dispersions and austenite grain sizes with only marginal differences, but wiffehgnt
carbonitride precipitation by adopting varying cooling through the austdpitate
transformation. Figr shows the measure@dCT for steels processed in this way, covering

cooling rates from 220 mm concast slab to water quenching of 10 mm plate. Thus the
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observed reduction in GCT of about 13D cannot in this case be accounted for by a
reductionin grain size. Roberts et al gpose that the occurrence of bimodal precipitate
distributions ofV-carbonitrides and (Ti, Mitrides and the rapid dissolution of the former on
heating causesufficient change in the grain size distribution so as to be conducive to
abnormal grairgrowth The results of Fig/ demonstrate also that GCT is further reduced as

the differencan density of the two precipitate dispersions increases.

T T T T
L
= 0.036 V - 0.013 Ti = 0.011 N
= 1200 1@ 1. As-cast material —
) 2. As-cast material
w §
o =— pretreated 1150°C/30 min.
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Figure Il 8 The effect of cooling rate during previous processing on the grain coarsening temperature
(GCT) of a 0,036\+0,013T+0,011INs t e e | . Encircled numbers are the aver e

austenite grains at the GC‘FS].

2.3HOT ROLLING PROCESSES

All of the inherent quality aspects of steel that relate to cleanliness are derived during
secondary refining and casting. Subsequent practices of primary and finish rolling are
essentially the art and science of controlling the product microstructure and properties.
Specialties in rolling practices pertain to a precise control of the amount ofseaigmal
reduction taken at, or within, a certain temperature range and the associated cooling profile of
the product. Many forms of steel products require subsequentiréaanent for achieving the
desired microstructure because theakd microstructure is not adequate. Other practices of
hot working, such as forging or pressing, are described elsewhere in this Handbook. In
addition to hot working, several final prects need cold working, particularly in flat or
circular form, to achieve strength and/or texturing. Product forms such as strips and wires
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require an additional step of coiling at a fixed temperature, because cooling profiles in the
coiled condition detenine the final microstructure attained. Between the primary and finish
rolling steps in hot working, theemi finishedsteels require a surface preparation, known as

conditioning, particularly if they are rolled from ingots.

Thermomechanical treatment involves the simultaneous application of heat and a
deformation process to an alloy, in order to change its shape and refine the microstructure.
Thus, hot rolling of metals, a wedistablished industrial process, is a thermomacha
treatment which plays an important part in the processing of many steels, particularly those
produced in very large quantities. Continuously cast segments of steel, ranging from 1 to 50
tonesin weight, are introduced into the rolling sequence atmaperature typically in the
range120Q 1300°C.They are then progressively rolled into a variety of shapes depending on
application. The deformation leads to a breaking down of the original coarse microstructure
by repeated recrystallization of the stedliles in the austenitic condition, and by the gradual
reduction in the chemical segregation introduced during casting. Also, the inevitable non
metallic inclusions, i.eoxides, sulphides and silicates, are broken up, some deformed and

distributedthroughou the steel in a more refined and uniform manner.

The hot rolling process is now a highly controlled operation in which a billion tonnes
of steel isproduced annuallysing computecontrolled arrays of equipment, resulting in
impressive levels of productivity and reproducibility. The compositions of thallmy steels
are carefully chosen to provide optimum mechanical properties when the hot deformation and
subsequet cooling is complete. This process, in which the rolling parameters (temperature,
strain, number of rolling passes, finishing temperature, etc.) are predetermined and precisely
defined, is called controlled rolling. It is now of the greatest importamadtaining reliable
mechanical properties in steels for pipelines, bridges, buildings and a huge variety of other

products.
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2.4 PRINCIPLES AND PRACTI CE OF THERMOMECHANIC AL
CONTROLLED PROCESSING

2.4.1 General Principles of Recrystallization-Controlled Rolling and Controlled
Rolling Processing

Good combination of strength, fracture toughness and weldability-rafcvballoyed
HSLA steels in the as hot rolled condition can be obtained by careful choice of thermo
mechanical controlled processes (TMC®) The inprovement in properties of plates, long
products, strips and forgings is associated with different strengthening mechanisms of which
the most important is grain refinement whereby both strength and toughness are improved at
the same time. In order to obtabptimum ferrite refinement, it is necessaryrtaximizethe
area of austenite grain boundary per unit volume at theebwf phase transformatid?'.
This may be achieved either by low temperature controlled rolling (CR) or by recrystallization
contrdled rolling (RCR), when the finish rolling temperature is relatively high (seegkig.

Austenite
@Reorystallized

T I V] tallized
% Treh @ ncrystallize
=)
< RST |--f-------
FRT
§ Ary p-f--------4--*
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= <
FACT 4 4,,‘00 o
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Figure Il 9 Thermo-Mechanical Controlled Processes. )1 Recrystallization controlled rolling and
accelerated cooling 2) controlled rollingand accelerated cooling and 3) recrystallization controlled rolling
or controlled rolling with air -cooling. "®

The aim of recrystallization controlled rolling (RCR) is to make use of grain
refinement by repeated recrystallization of austenite. Theafirs¢enite structure is retained

during interpass delays and during cooling down t® By a suitable dispersion of second
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phase particles that together with accelerated cooling (ACC) lead subsequently to a
minimizationof the ferrite grain size after treformation. The concept of RCR is attractive in
that it is a relatively uncomplicated and high productivity process and can be applied on
conventional mills. This procedure is intrinsically more economical than controlled rolling at
low finish Rolling temgratures (lower than the recrystallization stop temperature, RST) and
also lends itself well for use in mills which are not sufficiently strong for low temperature
controlled Rolling practice and for rolling of long products with high inherent finishing

temperature.

In very many commercial HSLA steels processing is controlled in such a way as to
ensure that precipitation occurs during or after themmeahanical treatment. The precipitated
particles play an important role in control of structure and fimapgrties of microalloyed
steels. V, Ti and/or Nb are essential for successful TMCP processing, both for enhancing
strength through precipitation hardening and for providing stable particles to inhibit grain

growth in austenite.

Accelerated controlledooling after hot rolling alters the microstructure of plate from
ferrite-pearlite to finegrained ferritebainite and consequently increases the strength without a
loss in low temperature toughness. While precipitation strengthening of Nb(C,N) or V¢C,N) i
also enhanced by accelerated cooling, the deleterious effect of this on impact toughness is

counteracted by improved grain refinement.

Proper processing of microalloyed HSLA steel should aim to combine the maximum
grain refinement with an effectivatilization of the strengthening potential of thmicro
additions V(C,N) precipitation in austenite is usually rather slow unless the finish rolling
temperature is below 85 (controlled rolling). Thus, on transformation from hot worked
austenite, theamount of vanadium available for precipitation in ferrite, and thereby the

potential hardening contribution is considerable.
The extent in the control of the hot rolling parameters and controlled cooling in the

thermomechanical processing of the steel] allow an optimization of the mechanical
characteristics. It is now recognized that the variability of the mechanical properties of HSLA
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steels increases as the design for higher yield strength increases. The thermomechanical
processing of steels allowtke use of sophisticated automatic process control for targeted
settingand monitoring of rolling temperatures, deformation degrees, and cooling rates after
hot rolling, so that defined and reproducible materials conditions can be set to be obtained
after cooling ofthe rolled product in the coil. Thus, microstructural engineering has the goal

of quantitativelylinking the operational parameters of a hot strip mill with the properties of
the hot band.

The processing in a hatrip mill can be subdivided ia three principal stages:
1.- Reheating
2.- Rolling ( in both roughing and finishing mill ) and

3.- Cooling ( water cooling in the ruout table and coiling )
Different processing stages have a strong effect on the microstructure development,
which has adirect relationship with the final mechanical properties. The metallurgical

phenomenayhich occur during these processing stages, are shown inJable

Table Il 3 Possible variation of the microstructure with processing variability

Variable Processing Step Microstructural Variability
. . Dissolution of precipitates.
Reheating Temperature . P priat
. Austenite grain coarsening.
. Recrystallization.
Roughing Temperature . Grain growth.
. Texture development.
. Precipitation.
Finishing Temperature . Degree of recrystallization.
. Ferrite transformation.
. Ferrite grain coarsening.
Coiling Temperature . Precipitation.
. Ferrite transformation products
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The final mechanical properties of the hot band will depend on the different
strengtheningnechanisms that result from TMP. The microstructural features in the steel can
be related tothe yield strength by the use of the HR#étch relationship, and by additional
parameters that are added to this relationship, which account for additional strengthening
mechanisms. These relationships form the basis for the prediction of strength from

microstructural analysis, and will be reviewed later.

2.4.2 Commercial Thermomechanical Processing of HSLA Steels

The thermomechanical process of controlled rolling makes use of an optimized
Rolling schedule in which the finishing passes are applied at tempgatlose to 900 C,
with the purpose to obtain a substantial refinement of the austenitic grain size, or an increase
in Sv. Thiswill result in a fine ferrite grain size. The process for the thermomechanical rolling

of hot stripand plate is shown in Figugg?”.

From a physical metallurgy point of view, two types of steel behavior can be
distinguisheg), and are represented in Figure 4. One is when recrystallization of the austenite
occurs betweerrolling passes.In this case, fine austenite grain size is obtained by
recrystallization after each pass. In the second case, recrystallization does not occur between
passes in the final stage of rolling. At lower temperature ranges, recrystallization is first
partial and then completelyinhibited. The austenite grains are sufficiently fine at the point
where recrystallization ceases to occur, and sufficient reduction in thickness is effected
beyond thisstage, so that the final austenite grains will be thin and highhgated, called
Apancatkrwdct ur eo provi des a high austenite
produces a higdensity of nucleation sites for ferrite grains giving a very fine structure. If the
austenite grain size is too coarse prior to the passemperatures below the recrystallization
range, or if theamount of deformation introduced in this latter range is insufficient, mixed

structures such as acicular and bainitic ferrite can be obtained.
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Figure Il 10 Thermomechanical rolling of hot strip and plate
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2.5METALLURGY OF HSLA ST EELS EFFECT OF HOT ROLLING
PROCESSING CONDITIONS ON HSLA STEELS

2.5.1 Reheating Temperature

The main objective of the slab reheating stage, is to achieve a uniform slab
temperatureto form acorrect and uniform starting austenite grain size, and to ensure that all
the microalloying elements (Ti, Nb and V), are in complete solid solution. The choice of the
reheating temperature for a given microalloyed steel determines both the initializgaamd
the initial microalloying element solute content of the austenite. Figileshows the
characteristics othe grain coarsening behavior of austenite during reheating for various

microalloy addition&®.
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Figure Il 11 Austenite grain growth characteristics in steels containing various microalloy addition$®

The left side of the hatched region of the curves represents the suppression of primary
recrystallization, and at the hatched region, the grain coarseningrégorpe(Tgc) for each
steeloccurs. At the Tgc, a region of mixed primary and secondary grains coexists. At higher
temperatures, secondary recrystallization occurs. The grain coarsening temperature is
controlledby the stability and solubility of the pregdates, which are pinning the austenite
grains. Thestability of these precipitates is controlled by their composition. For most
commercial grades afteel, complete solution of VC is expected at 920 C, and VN at higher
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temperatures, whered#(CN), AIN and TiC require temperatures in the range 11800 C
(291 precipitates in N steels containing high N content are more stable and are responsible
for the fine austenite grains which are observed after reheating to temperatures as high as
1200 CB% TiN is the most stableompound and little dissolution is expected to take place at

normal reheating temperatures.

Solubility products play a vital role in understanding the physical metallurgy of
microalloyed steel, specially those aspects which areecned with precipitatiomelated
phenomena. Solubility products can be influenced by the presence of elements that do not
directly participate in the precipitation reaction. This effect occurs through the influence of
third and higher order elements in sbn on the interaction coefficients, hence activities, for
Nb andC in austenite. Third elemental solutes that raise the activity of Nb or C, through a
positiveinteraction coefficient, decrease their solubility while those that decrease the activity
through negative coefficients increase it. Solubility products relations have been published

and can béound elsewher&"

Poths et al*?

investigated the dissolution behavior of complex precipitates during
reheating at 1150 C. They found a large nunddeprecipitates containing Nb and Ti. The
observed range in sizes wasT®0 nm. Elemental mapping of these precipitates showed the
inner particles to be Ti and N rich. NbC was situated in the outside layer, suggesting that NbC
nucleated on preexisting -fich particles. At 1200C, they found fewer particles, all of them

with smaller amounts of Nb, and the size ranging froni@0 nm. This suggests that at this
reheatingteemperature, more Nb has been put into solution in the austenite. APQ26&yY

found far fewempatrticles, with a smaller size range and small traces of Nb.

The austenite grain coarsening behavior for various Nb and V steels have been further
investigated extensivel§. It has been shown that Nb steels have higher grain coarsening
temperatures than V steels. A maximum grain coarsening temperature occurs at the
stoichiometric ratio in Nb steels, whereas for V steels this is less marked . In Nb steels, this is
due to the fact that the estimated volume fraction of fine Nb(CN) prat&pits a maximum at
this ratio®”. Increasing the Nb content refines the austenite grain size at all temperatures up

to 1200 °C, presumably due to undissolved Nb(CN). The effect of fine precipitates in
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controlling theTgc is confirmed by the relationghshown in Figurell B° where the Tgc

increases witlncreasing amount of fine Nb(CN) precipitates.

However, there is a limiting austenite grain size below which even the highest Nb
contents cannot produce further refinement. This limiting grain size increases with increasing
temperature because of both solution of the Nb(CN) and particle coarsenirgycéastant
particle volume fraction, increasing particle size with increasing temperature results in a

coarser austenite grain size.
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Figure Il 12 Effect of fine Nb(CN) precipitates on the austenite grain coarsening temperatu@gc )!"®

The principles of the inhibition of grain growth by small particles are very well
understod. The model developed by Zerd® produces a simple relationship between the
grainradius, the particle volume fraction, and the particle radBasically, it is based on the
fact thatany particle will interact with a grain boundary because of the elimination of that part
of thegrain boundary that is occupied by the particle. Then, if the particle and boundary are to
be separated, it would invodv the creation of the grain boundary area destroyed by the
particle. Thisunpinning process requires a supply of energy, additional to that supplied by the

thermalactivation, so this is supplied from the energy release accompanying the grain growth

process
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The pinning force per particle was taken
thespheri cal pinning particle radius, and 2 1
wascalculated on the basis of an isolated shrinking spherical grairuof f a$ e wheR e 0RGE
is thegrain radius. This gives the rate of supply of energy with respect to the shrinking grain

(per unitarea of grain boundary):

1-4

Considering 2rMparticles per unit area of grain boundary, this can be expressed in
terms of particle size and volume fraction(idNthe number of particles per unit volume and

random distributed ):

- &
Q
o
1-5
andthe pinning force per unit area of grain boundary is
C&V 1| 0B
1 Cl
1-6
Equating driving and pinning forces:
g %
Y ci
1-7

which is the Zener equation.

Gladman®" has reviewed this model, and he has considered a model of a growing
tetrakaidecahedral grain of radius R in a matrix of tetrakaidecahedral grains of radius R
which gives a better understanding of grain grof{thGladman assumed the rigid motion of
gran boundaries through a regular array of spherical particles. It was shown that the pinning
force for each particle, OF06, and the partic
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1-8

Wheres is the interfacial energy per unit area of boundary. Subsequently, an expression for

the critical particle size, rc , was derived, below which grain boundaries are pinned:

€
NIQ
Q- N

1-9

whichis known as the Gladman Equatidfi, and the relationship is obtained by equating the
rates of the grain boundary energy increase during grain growth and the particle pinning force.
Ro is the mean radius of the matrix grain arndsfthe volume fractiorof second phase

particles. Z represents the ratio of the radii of growing and matrix grains. Hiflenias

deduced that Z can have values ranging betwgeento 2 throughout the grain growth
process. For a value of Z=2, equation 6 reduces to:
1 etYQ
11-10

2.5.2 Roughing Temperature

The metallurgical objective of the roughing rolling phase is to achieve the finest
possible recrystallizedustenite grain size before the finishing stage, and it is completed at
temperatures above 1080. During the roughing stage, most of the plastic deformation takes
place, and austenite grain refinement through recrystallization is achieved. In ingusteal
Rolling practice, the interpass time during which a plate may experience static structural
change is approximately 28 secs. In tandem rolling, the interpass time is less than 5
seconds. During this period of interpass time, both recrystallizatidrprecipitation may take
place, competing with each other. Kwdt! showed that recrystallization in Niteels
preceeds precipitation at 1080, resulting in a partially recrystallized grain structure during
the interpassime. This partial recrystallization regime should be avoided in the rough rolling
stage of hot deformation to benefit the grain uniformity and mechanical properties of the final

products. Therefore, the roughing passes must be completed at a tempéjraiuten 1000 C.
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An important feature of the resulting austenite microstructure is the grain size. As long
as recrystallization is complete, repeated grain refinement can be obtained from stand to

stand, with the recrystallized grain size giveri*fly

,Q 6 ,Q = - fO r drex< dO
1-11

where 'd' is the initial grain size, '''isahs t he
activation energy parameter and 'A' and ‘p' are material dependent parameters. The statically
recrystallized grain size decreases with increasing strain, decreasing initial austenite grain
size, and decreasing temperature. The more extensive rgfaiement obtained at lower
temperatures can be attributed to the reduced recovery and the associated increased
dislocation density, which enhances the driving force for nucleation of recrystallized grains.
Larger deformation (strain) generates a highistodation density and introduces smaller
subgrains, thus increasing the density of nucleation sites for static recrystallization, which
results in finer new grains. The effect of initial austenite grain size can be rationalized,
assuming that the predonaimt nucleation occurs at grain boundaries and that the nucleation
rate per boundary area is independent of grain size. These assumptions suggest a grain size
exponent of 1/3. Consequently, larger initial grains are better refiners than smaller grains. A
grain refinement limit is obtained wherextE do. This usually falls in the range from 20 to 40

um. Austenite grain size at the exit of the roughing mill is primarily given by the
recrystallized grain size and is little affected by grain growth at the louwghing
temperatures, prior to the finishing staffdi

2.5.3 Finishing Temperature

The range in behavior of austenite during hot deformation at different finishing
temperatures can be observed in Figize!*®. This figure shows the influence of both
deformation temperature and amount of strain on the microstructure of statically recrystallized
austenite. As deformation temperature is decreased, such that the progress of recrystallization
becomes increasinglyificult, a partially recrystallized microstructure is observed. This

microstructure is often referred as duplex because of auniborm grain size. When
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reductions are applied at temperatures below theecnystallization temperature (Tnr), the

austeni¢ grains are elongated in the rolling direction, and twins and deformation bands form

in the unrecrystallized grains. As the temperature decreases, recrystallization becomes more
difficult and reaches a stage where it ceases. Clitldya s d e f i cnystallizatioh stop fi r e
temperatureo as the temperature at which re
after a particular sequence. A completely unrecrystallized microstructure is present when

deformation occurs below the recrystallizationstemperature of austenite.
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Figure Il 13 Schematic illustration of different austenite microstructures resulting from various
deformation conditions!™®

Since unrecrystallize@dustenite grains containing deformation bands promotes the
austeniteto-ferrite transformation, fine ferrite grains in steel can be obtained due to an
accelerated transformation given by this contreti@ting process, which, without being
control rolled would transform to a bainitic structure, resulting in poor toughness. Therefore,
it is very important to produce the-deformed austenite state, which is realized by the

suppression and/or retardation of recrystallization after deformation
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The density of near planar crystalline defects (i.e. grain boundaries, deformation
bands, twin boundaries, etc), labeled as Sv, increases with increasing deformation in the
nonrecrystallizedegion. These defects act as nucleation sites for proeutectotd t&uring
subsequent cooling, and there is a strong relationship between the final ferrite grain size and
Sv. The achievement of high levels of Sv depends on the ability to control the restoration

processes that can occur during the thermomechanicagsiad*”.

The effect of alloying elements on the restoration process during or after the hot
deformation is very important. Microadditions of Nb and Ti cause a remarkable retardation
effect on recrystallization due to the suppression of crystallifectde The suppression of
grain boundary migration due to microalloying is caused by either a solute dragging effect
due to segregation of alloying elements to the boundaries, or by a pinning effect due to

precipitates of carbonitrides of alloying elemerstisch as Nb, and Ti, at the grain boundaries
[46]

The retardation effects of the various elements are dependent on their relative
solubilities in austenite, the least soluble having the largest driving force for precipitation at a
given temperature andyith the proper particle size, creating a greater effect in raising the
recrystallization temperature than the more soluble elemBfits The effect of the
microalloying elements on recrystallization is shown in Figure 8, and illustrates the strong
effect of Nb, which forms fine precipitates in the finishing temperature range and, therefore,

has the largest effect on suppressing recrystallization.
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Figure 1l 14 Effect of microalloying solute elements on the recrystallization stop temperature in a 0.07 C,
1.40 Mn, 0.25 Si steel™
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Bai and Sué'® showed in experiments carried on a torsion machine, that two different
curves of norrecrystallization temperatur@nr) vs time exist, Figurd4. In the first one,
there isno precipitation (dashne). The interpass times are short, and static precipitation is
unable totake place and only solute atoms control the rate of recrystallization, the extent of
which decrases as times are increased. In the other curve, precipitation occurs. This is
characterized biong interpass times, and precipitation retards recrystallization and Tnr shifts
from the dasHine to the solid curve in the stage Il. In the last stage, #tardation of
recrystallization due tprecipitation is weakened because precipitates coarsen and, hence, Tnr
decreases. It must hmointed out, however, that interpass times under industrial conditions

varies from 0.1 to 38econds.
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Figure Il 15 Different ranges of interpass time and its effect on the nerecrystallization
temperature (Tnr) 8

In other words, solute Nb atoms can retard recovery and recrystallization until the
occurrence of stratmduced precipitation due to a solute drag effect, while strainced
precipitation retards the onset and progress of recrystallization. The doviegfor recovery
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and recrystallization has been shown to be equal tditfezence in dislocation density that is

present between strained and stfa@e local volumes.

This driving force has been estimated and is expressed by the following equation:

y, &' o
1-12
where @i is the increment in flow stress ducé
the Burgers vector, and oJhe iws majohretardeng forees s d i ¢

that resist th progress of these restoration processes are solute drag and particle pinning. The
effectiveness of solute drag has been shown to be related to differences in size and valence
between the solute and solvent atoms. Hence, the level of solute drag depthelsaiure of

the solute and its concentration in solid solution. Particle pinning treats the retarding effects of
second phase particles on a migrating grain boundary. Recalling equation 5, this can be
expanded to account for the total pinning forcey,Rhat a number of particles per unit area,

Ns, exert on a migrating boundary. This total pinning force is expressed as:

O Ti P
1-13
There are three different models postulated to explain how micropilEgipitates
suppress austenite recrystallization, and all are based on the general equation 9. Their

differences arise from the method by whicfid\calculated.

2.5.4 Effect of Coiling Temperature / Transformation Temperature

In general, the lower the traosiation temperature, the greater is the strengthening
effect, affecting all the strengthening mechanisité The lower the transformation
temperature, the finer the grain sipé the transformation product, and the greater the
dislocation density. Also, as transformation temperature is lowered, the finer is the dispersion
of any precipitated phases. The tendency to retain solute in supersaturated solution is also
increased, thsi giving increased solid solution strengthening, Figur&®Larhe cooling rate
also affects the intensity of precipitatistrengthening by altering the transformation
temperaturé®®. Fast cooling rates can prevent precipitation, intermediate caalieg cause

maximum agehardening, while slow cooling rates give owaging which produces low
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strengths. If the precipitation has been suppressed during cooling, it can be induced during
aging.
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Figure Il 16 Effect of the transformation temperature on the strengthening mechanisms in an HSLA steel
[78]
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Figure Il 17 Effect of cooling rate on the intensity of precipitation strengthening’®
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Grozier ® presented the effect of coiling and wated temperatures on the yield
strength of a microalloyed vanadiumtrogen steel, Figures/land B. These curves show the
results of laboratory simulations of hot strip mill practices. It can be seen that there is an
optimum coiling and wateend temperature, where the yield strength has a maximum. The
strength of the coils decreases at low temperatdue to the absence of precipitation, and at
high temperatures, due to overaging of the vanadium nitride precipitates, resulting from the
slow cooling rate in colls.
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Figure Il 18 Effect of coiling temperature and total nitrogencontent on the yield strength™®
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WATER-END TEMPERATURE, °F.
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Figure Il 19Effect of water-end temperature and total nitrogen content on the yield strength of thick coil
finished at 900 C and cooled at 17C/sel®

Militzer et al.® have shown in Figure9] the change in strength contribution with
change in the temperature corrected time parameter, P, which characterizes precipitation,

0 Qw »0
b — YO YTy
Y
1-14

This is clearly described in Figure 15, where the relation between precipitation
strength contribution as a function of coiling temperatures for both V and Nb microalloyed
steels, is shown. The results show the ideal coiling temperatures for the Nb &eadis)/veith
the maximum precipitation strength for each steel being observed at 675C for the V steel and
625C for the Nb steel.
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Yield strength peak phenomena as a function of coiling temperature has been also

foundin other investigations.
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Figure 1l 20 Precipitation hardening in Nb-containing HSLA steels. Solid line indicates the predicted
precipitation strengthening ["®
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Figure Il 21 Prediction of normalized precipitation strength as a function of coiling temperature when a
30C/h cooling is assumed to characterize coilirt§f’
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2.5.5 Grain Size

Fine ferrite grain sizes can be developed from highly deformed unrecrystallized
austenite grainshat are retained in niobiwtneated steels rolled at low temperatures in the
austenite range. Alternatively, ferrite grain refinement may result from fine recrystallized
austenite grains, where solute niobium or stragduced precipitates inhibits gragrowth
following therecrystallization process. This latter process is observed in steels finish rolled at
high temperatures ( 95050 C }°2.

In clean steels, the most revelanucleation sites for the austenite to ferrite
transformation are the austenite grain boundaries with preference to edges and corners, and to
a certain extent also deformation bands within the grain. If Sv is substituted by the austenite
dimension perpendular to the rolling plane, the transformation from equiaxed austenite as

well as from flattened grains, is well described by ( when air cooling is applied ):

Qe ™ z2Qr
1-15
where d(U) is f er rthetustengergain dimessioa gerpendiculdr tolthe o )
rolling plane®. Therefore, a finer ferrite grain results from the deformed austenite. This is

also mantained at higher cooling rates, as seen in Figure 16.
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Figure 1l 22 Effect of the cooling rate on the final ferrite grain size transformed from deformed and
recrystallized austenitel™
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2.5.6 Precipitation

One of the main roles of the microalloying elements is through their carbonitrides
formation, which influences the propies of a steel through various mechanisms, shown in
Figure22 . The role of the precipitate will depend on the temperature at which it forms in
relation to the transformation temperature of the steel and the recrystallization temperature of
the austeite. The use of solubility thermodynamical data has been used to understand and
explain the physical metallurgy of precipitation in microalloyed steels. Some solubility
products for carbides and nitrides in steel are shown in FRRIFE, and it can beeen that

carbide solubilities in ferrite are considerably lower than in austéflte.
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Figure Il 23 Effect of microalloy precipitates on microstructure of steef’®
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2.5.7 Grain Size Strengthening / The HalPetch Equation

The plastic deformation of polycrystals involves two important aspects: firstly, grain
boundaries act as obstacles to dislocation movement and secondly, the individual grains in a
polycrystal possess a wide variety of orientations considered to be randmtmiputed.
Considering these two influences, a dislocation in a grain moving towards the grain boundary,
doesnot usually find a plane matching its Burgers vector in the next grain, nor can be
absorbed by the high angle grain boundary without modifying the structure of the latter. Thus,
this dislocation and those following it on the same plane pile up at the lgoaindary.

Finally, the stress concentration at the il i s s o | ar g e, disldcdtiant , at
sources in the neighboring grain are activat
up, therP®®:
tt a t /7Qk tQQ
1-16
whenies Ut he critical s higtherminsnum sress foriactivatgpm im i n 1

grain 2; m, transforms the shear stress from the slip system in the first grain to that in the
second. This relationship, known as the Heatch ®%%% relationship, describes the
dependence of yield stress of polycrystals on grain size (Figure 29). Thd dtzil
relationship has been extensively reviewed by Irvine, Gladman, and Pick&fifg.
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Figure Il 24 Yield strength dependence on grain size. HaPetch relationship!™®
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While the HallPetchequation describes the lower yield stress in a discontinuously
yielding material, very frequently it is applied to a material that shows continuing yi&fiing
The HallPetch relationship is usually described in the form of:

1-17

wher,e Illower vy i=efficion stréess whicls opposes dislocation motiors la
constant related to the difficulty in spreading yielding from grain to grain, often called the
dislocation locking term, and d & linear function of grain size. The mechanistic model for
this equation assumed dislocation sources to operate within a grain to give a dislocation pile
up at thegrain boundary, causing a stress to be generated in the next grain which, and, once
achievirg a critical intensity, operated a new dislocation source within that grain. Thus,
yielding propagateftom grain to grain. The grain size determined the number of dislocations
in the pileup and,hence, the stress generated. It is easy to see that arcgain size will
provide moredislocations in the pileip, greater stress intensification, and propagation of
yielding at a lowerapplied stress. The major criticism of this model is that dislocation pile
ups are not observed bicc structures, steels particular, and are infrequent in many fcc
structures, unless the stackifaglt energy is low. However, a similar relationship holds when
considering shear stresses ahefa slip band. The evidence that shows that the yield stress is
related linearlyd the reciprocal athe square root of the grain size, simply relates the obstacle
imposed by a grain boundary to gw@pagation of slip, and the movement of dislocations. By
decreasing the effective dislocatitnee path, or slip distance, a fine grainesprovides an

effective strengthening mechanism.

The effect of the Ky term has also been investig&édnitially, it was thought that
Ky was determined by the unlocking of a dislocation from its atmosphere in the grain ahead
of the blocked slip band. Now, it is considered that, for an annealed steel, dislocations are
derived from the grain boundaries that block the slip band. The stopseeckis influenced
by the segregation of interstitials to the bound&¥Thus, Ky can be affected by allowing
interstitial atoms to segregate to the grain boundaries, either by deoxidation procedures or by
heat treatments. Wilsdf has observed aaviation in Ky with different aging times at 90 C
in a Fe0.003C0.003N, water quenched from 700 C, Figure 30.
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Figure Il 25Ky recovery after aging at 90 C, in a FeD.003G0.003N steel , watequenched from 700 G’

While theHall-Petch relationship can be used to describe the lower yield stress, this is
only valid provided that the mean free path for dislocation movement is not severely restricted

by other microstructural features. Therefore, various other strengtheningmsechanay be
i ncorporated into the
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Figure Il 26 The effect of the different strengthening contributions to the observed yield strength, for
different manganese content'™®
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2.5.8 Mechanical Properties and Microstructure of TMCP Material

The mechanical properties and the final microstructur&/-¢Ti-Nb)-microalloyed
steels arelependent on the following process parameters:
1 Reheating temperatureréi),
1 Rolling schedules: reduction (Red) and finish rolling temperature (FRT),
1 Cooling parameters: accelerated cooling rate (ACC) and finish accdlecating
temperature (FACT),

1 Steel chemistry.

The slab reheating temperature has a strong influence on the strength, toughness and
microstructure of microalloyed steel in the as themrexhanical controlled processed
condition. A low slab reheatintemperature gives finer austenite grains, refines the final
microstructure of the materials and as a consequence improves the low temperature toughness
for steels processed in a similar manner. This is mainly attributed to the more profuse fine
precipitaton remaining after low temperature reheating which more effectively resists grain

growth of austenite.

However, the yield stress and tensile strength decrease because lower reheating
temperaturereduces the amount of dissolved vanadium (or niobium) inatistenite and
accordingly thepotential for precipitation hardening after cooling. FOoWFN microalloyed
steels it wagound that a reduction in reheating temperature from 2%6 1100°C reduced
the yield stresby about 40MPa while at the same tidexreasing the ductderittle transition
temperaturdy about 15C 1!
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Figure 1l 27 Effect of finish rolling temperature (FRT) on the strength, impact toughness and ferrite grain
size of TFV-(Nb)-N steel’®.
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Rolling schedules, the finistolling temperature and deformation in the final pass are
important TMCPRparameters, affecting strength and toughness. Effects of the folisty
temperature on the microstructure and mechanical properties for various microatiegisd

are summarised in Fig6 using data from various sourced.

Fig. 26 shows that the very best combinations of low temperature toughness and
tensilestrength are obtained in-Wi-(Nb)-N steels for finish rolling temperatures close ta Ar
(i.e.conventional CR practice). However, an almost equally good combination of strength and
toughness is obtained for a FRT of 9%D by recrystallization controlled rolling. These
observations are in good agreement with the results reported by Chilton ants B3Her -

N steels that FRT has little marked effect on the mechanical properties.

On-line accelerated cooling (ACC) processes after hot rolling, from recrystatiized
nonrecrystallizedaustenite are very important because the ACC rate and the AGE
temperature have a strong influence on the final microstructure and mechanical properties.
The effect of cooling rate and finish cooling temperature on the final microstructure, yield
strength and toughness of-Vi(Nb)-N-steels after RCR are illustied in Fig.27. It is
apparent from the figure that the final microstructure and mechanical properties are greatly
influenced by cooling rate.

The vyield stress of TV-(Nb)-N-steels rises as the cooling rate increases, although the
variation of strengthvith cooling rate is smaller at higher rates than lower’&7). At very
high cooling rates (18C /s) the austenite transforms to a ferrite / bainite microstructure. The
final ferrite grain size depends only weakly on the finish accelerated coolinmetature
(FACT) in the range of 40800°C although the second phase consists of bainite when FACT
is below 500°C. Yield strength, on the other hand, depends on the finish accelerated cooling
temperature and increases with decreasing FACT down tdG00even lower. The highest
yield stress was observed in the 0.09V microalloyed steel, (without Ti), RCR processed
followed by ACC to room temperature as shown in Big. The appearance of bainitetime

structure of TiV-N and T+V-Nb- steels changes thegendence of yield strength on FACT.
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more efficient precipitation strengthening.
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Figure Il 28 Effect of cooling rate from finish-rolling temperature of 10300C to finishcooling temperature
(FCT) on the ferrite grain size, yield stress and toughness of -M-(Nb)-N steels.Final reduction was 25%.

Impact transition temperatures of RCR+ACC material increase, as the cooling rate
becomes higher despite the fact that the ferrite grain size decreases. This is a result of the
precipitation strengthening of V(C,N) or (V,NbL,N) and at low FACTs the increasing
volume fraction of bainite in the microstructure. Cooling rate is a principal factor influencing
the size distribution of precipitates. A greater proportion of smaller particles and reduced

particle spacinchave beerobserved when the cooling rate was incredé8dso producing



The <cooling rate subsequent t o RCR (dur
principle, restricted to a maximum -2 °C /s and the finish acceleratedoling temperature
should not be lower than 50C if the formation of martensite or bainite is to be avoided.
However, direct quenching (DQ) and tempering (T) processes can alstlibed in the

production of heavy plates of high strength steels.

It has been shown that a sufficiently high cooling rate is the most important factor of
the DQ process, which controls the transformation during quentfing
Finish rolling temperature and cooling start temperature or delay time prior to quenching may
be quite important parameters with respect to control of the final austenite grain size and
toughness. However, the influence of these parameters on yield stress and hardness is weaker

than thaof cooling rate

The optimum combination of strength almaighness properties of steels microalloyed
with V-Mo-B are obtained for the direct quench and tempering process with a finish Rolling
temperature (FRT) at about the recrystallization stop temperature {€94@llowed by
quenching with the highest prazi rate (~36C /s) and then tempering at 68D. Moreover,
the direct quench and tempered steel has almost equally good mechanical properties (strength
and toughness) as those achievable by conventiondineffquenching and tempering

(RQ+T).
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Figurell 29Ef f ect of <cooling rate from FRT or reheating te

at 680AC on the-MpBebtiestr ¢ RRTE98DAC and 970AC, respe:
~50% (5.12). RQ denotes offine quenching.[’®
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2.5.9 Application of TMCP Practice

Results of full scale industrial plate, long product and strip processing using TMCP
practices obtained at high (RCR) and low (CR) finish rolling temperature practice with and

without application of accelerated cooling are discussembel

2.5.10 Strip Rolling

The principal difference between the steels which are intended for strip and plate steels
lies in the usually | ower carbon contents (C
of strip necessitates relatively low finishinge mp er at ur e &), thaiGRpm@dedsipgg 09 0 0
route together with appropriate microalloying should lend itself well for obtaining improved
mechanical properties. Water cooling for obtaining high strength steel following hot Rolling
was first introducedn strip mills about 35 years ago. A maximum refinement of ferrite
microstructure was achieved by increase of cooling rate after hot rolligh. déioling rate
suppresses he&f Uo t r a n s fstart mmaperataren and increases the rate of ferrite

nucleation Kovac et all™

claimed to have achieved RCR conditions in hot rolled strip-of Ti
V microalloyed steel using with FRT of 930 followed by laminar cooling. A yield strength
of 550 MPa was achieved, forl®mm thick strips, along with a 35J transitt@mperature at

i40°C.

The results of microstructure and strength properties-Bb\N strip steels processed
via direct charging of thin slab (50mm) showed that a yield strength of ~600MPa and
elongation of 24% were obtained for 3.%.0 mm strips witthot rolling finishing at 906C
and coiling at a temperature of ~6@!"%!. The rolling parameters and the thickness of strips
are important for refinement of austenite contributing to ferrite grain size strengthening,
whereas nitrogen content shows ayvetrong effect on yield stress due to precipiati

strengthening@nd some further ferrite grain refinement
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Figure 1l 30 Strengthening effect of (a) ferrite grain size and (b) nitrogen content to the yield stress of the
commercially processed HSLA strip steels microalloyed with V and N&®
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Figure Il 31 Effect of steel chemistry and slab thickess on lower yield strengthl’®

Crowther? has reported the results of a study on high strengthicvoalloyed strip
steels produced by thin slab casting. It was found that a higher reheating tempera2@@ of
°C produced the highest strengths with FRT ~&5Gollowed by cooling at ~18C /s and
coiling at ~600C. The effect of slab thickness on the mechanical properties of strips has also
been studied. Results of the yield strength v.s. slab thickness for l@noefmicroalloyed
steel combinations (IV-Nb-N) are shown in Fig30. As can be seen, the-free steels
exceed comfortablyield strength of 550MPa for the studied slab thickness although the Ti
containing steels failed to meet this strength level ames cases. With increasing slab
thickness some reductions in grain size and precipitation strengthening were observed which

tended to decrease the yield stress but contributed to improved Charpy toughness.
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The results also show that Nb addition to-&\éteel and similarly, N addition to aV

Nb steel has little influence on the precipitation strengthening. This can be explained in the
following way. In nitrogeralloyed steel, Nb will tend to remove N by Nb(C, N) formation
during rolling in the lower austie temperature range. This not only removes nitrogen but
also tends to cprecipitate some of the V present, and as a result reduces the potential for
V(C, N) precipitation strengthening in ferrite. Little additional effect of Nb on strength is
thereforeseen. The reduced strength in Ti containing steels is similarly in part due to the
presence of the large -fich particles, such as (Ti, V)(C, N) or (Ti, Nb)(C, N) which also

reduce the potential for precipitation strengthening in ferrite.
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THE STUDY

To discover where the variation in microstructure and properties originates, this
research project was conducted to determine how variations in the stages of a hot strip mill
may contribute to the final variation in microstructure amdperties. In these experiments,
steels are subjected to predetermined levels of the three control temperatures described before.

Therefore, the objective of the present work is to investigate the influence of these
changes in temperatures on changemicrostructure and mechanical properties. Also, the
goal of this research is to define the temperature variation(s) most strongly associated with

variations in microstructure and properties.

3.1HOT ROLLING PROCESS

For this projet; cast slas were usedDimensionsof slabs are 225m thick, 12000
mm lengthand1425 mm widthQuality is APl X70. Eachslabwasreheatedor 3 hoursup to
1200 °C by usingwalking beam typeeheatedurnace. Heatingapacityof furnace is 300
tons per hour After 7 passes abughing mill, slab thickness wasduced from 225 mm t&5
mm and temperature of slabs decreased to @SOAfter first reduction, thick sheet
continuouslyrolled at sixstandgo thickness of 20,5 mpi6mm and 14 mniTo ensure same
microstructureand prevent fronstrengthchangingalongcoil, final deformation temperature
and cooling temperature was introduced to the system. Final deformation temperature was

810°C and cooling temperature was 520
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Figure Il 32 Microstructure changing during rolling process

'y
1280°C - 2
Reheating - 1200°C - 1 I @ Reheating Temp. 1,2
_ 1150°C - 2
Roughing - 1050°C - 1 I @ Roughing Temp. 1.2
1000°C-3
Finishing 950°C-2 I @ Finishing Temp. 1,2,3
900°C-1 g50°C -2
Coiling I @ Coiling Temp. 1,2

950°C -1

Time

Figure Ill 33 Representation of the hot rolling experiment variables
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Rolling Temperatures:
Iron-Carbon Phase Diagram

Conventional:
>950°C

Normalized:
850 - 950°C

TMR:
<850°C

Figure 1l 34 Microstructure changing according to different rolling types

Table 11l 4 Variables of hot rolling parameters

Variables

Process Temperature

Reheating Temperature

1200°Cc N 30

Roughing Temperature

1020°c N 30

Finishing Temperature

~

810°%c N 10

Cooling Temperature

520 N 20
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3.2TENSILE TEST

Tensile tests were performed in order to determine which set of hot rolling conditions
gives the best strength and to determine which hot rolling parameter contributes most to
mechanical properties variability. Tensile specimé@ig0 quality) were cutalong rolling
direction. Both transverse and longitudinal samples were taken from the sample number
50677.From otherspnly longitudinal samples were takeéfhe tests were performed using a
Zwick Z600Emachine. All tests were evaluated using a strain gb#e5 mm/min until the
determineyield point After determination ofjield point speed increased up to 20 mm /min.
The dimensions of the tensile specimens are shown in F&fuaed correspond to ASTM

specifications™.

< L )
—— B |« A » B,
q — ,
R + W d mrmimrmm———— c|"F1-
Tl—— L=
R Gage length 1.0”
W Width 0.25”
T Thickness Material (0.257)
R Radius of fillet 0.25”
L Overall length 4”
A Length reduced section 1.25%
B Length grip section 1.25%
C Width of grip section 0.57

Figure Ill 35 Dimension of the tensile specimens obtained for the mechanical testiAg.
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3.3DROP WEIGHT TEAR TES T

Drop weight tear test applied to mieatioyed steel to measure the fracture appearance
or fracture ductility of line pipe as referenced in API specification 5L. The specimens shall be
removed from strip such that the length of the specimen is in thenéegcential direction of
the strip. The specimens shall be flattened unlessitlmaeter tathickness ratio is less than
40. If the D/t is less than 40, then the center 1 to 2 in. (25 to 51 mm) may be left unflattened.
If buckling occurs, the test resultseanot valid and replacement tests shall be conducted. The
specimens may be removed from the pipe wall by sawing, shearing or flame cutting with or

without reachining provided the dimensions of the finished specimen are within the

tolerances
Hammer
. Radius = 1in. #0.250 in.
-| rmcms (See5.) r-a [zs.rmm £6.35 mm)
]|
/ Length 12,00 in. £0.75 in, (305 mm £19 mm) ———————s"
Nokch % S.Mﬂﬂﬁin
Jan s In.) (T62mm 43 ) |
J MMm.at mm
4 A/-Nutchmye 45° 42°
L
| SECTION A-A “-Fmadﬂatm Radius Q

Radius 9& |
0562in. 20 06psin, /[ M2¥in (127 1.6 )
(14.3 mm 41,53 mm)

0.001in, +FEE R
(o5 135

A

e Span 10.00In. £V6 in. (254 mm £1.6 mm)

PRESSED NOTCH

Figure Il 36 Drop-Weight Tear Test Specimen and Support Dimensions
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3.4 MICROSTRUCTURE ANALY SIS

Since the aim of this research is to evaluate the effect of hot rolling processing
parameters on the variability of HSLA steel properties, it was determined thaélemn
different alloy design would be chosen for the hot rolling experiment. Chemicglasition
changing is not enough tachievethe desiredstrengthvalue. We also have to change hot
rolling parameters to getesiredmicro structure and mechanical values. Cheaper and quality
of production come t tisknowa thétleergreater the streagttiey 6 s  Wc
greater the variability.

Table lll 5 Chemical compositions of samples

Chemical Composition of Heat Numbers
Variables %

1111562| 1111563| 1111564| 1331220 1220715| 1220716 1220717 1223631 1223630, 1223638 1223632
C 0,059 0,054 0,065 0,066 0,063 0,059 0,065 0,077 0,064 0,059 0,065
Mn 1,575 1,545 1,501 1,555 1,581 1,613 1,611 1,624 1,602 1,597 1,609
Si 0,244 0,254 0,239 0,252 0,251 0,277 0,250 0,245 0,246 0,274 0,258
P 0,007 0,007 0,009 0,010 0,011 0,013 0,014 0,012 0,010 0,011 0,011
S 0,002 0,003 0,005 0,002 0,001 0,000 0,000 0,001 0,000 0,001 0,000
Cu 0,0426 | 0,0394 | 0,0392 | 0,0559 | 0,0651 | 0,0741 | 0,0683 | 0,0449 | 0,0465 0,0441 | 0,0457
Ni 0,0557 | 0,0514 | 0,0554 | 0,0638 0,06 0,0656 | 0,0631 | 0,0545 | 0,0572 | 0,0542 | 0,0536
Cr 0,1657 | 0,1719 | 0,172 | 0,1689 | 0,1689 | 0,1704 | 0,1748 | 0,169 | 0,1622 | 0,1695 | 0,1652

N (ppm) 84 79 85 65 73 67 72 71 80 69 68

Al 0,0972 | 0,0499 | 0,0411 | 0,0443 | 0,0359 | 0,0263 | 0,0393 | 0,0471 | 0,0249 | 0,0602 | 0,0517
\% 0,0493 | 0,0396 | 0,0381 | 0,0418 | 0,0572 | 0,0550 | 0,0513 | 0,0465 | 0,0443 | 0,0031 | 0,0282
Mo 0,129 0,120 0,108 0,004 0,004 0,003 0,004 0,004 0,004 0,213 0,003
B 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
Ceq 0,397 0,382 0,384 0,374 0,381 0,383 0,388 0,398 0,380 0,408 0,379
Ti 0,022 0,015 0,019 0,014 0,019 0,017 0,020 0,022 0,021 0,030 0,022
Nb 0,054 0,056 0,054 0,050 0,055 0,055 0,053 0,055 0,050 0,061 0,061
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Eleven different steels were choosda understand basically how chemical
composition and temperature affect the mechanical properties of samples. CCT and TTT
diagrams of these different eleven compositions were also drew by using Jmat pro program to
show which phases may occur during raliand after coilingDuring the production process
also called as training process we firstly used 11111562 and 1111563 numberaddheat
according to rolling conditions and mechanical test results we changed cheoniqaisitions
and increases and decredsamount of alloying elements. To reach optimum mechanical
properties and decrease the production cost we changed eleven times our chemical

compositionsDetails of chemicatompositionsare shown in table 2.

3.50PTICAL MICROSCOPY

Optical microscopy was used for examination and identification of the different types
of ferrite and othemicro constituentsThe samples, for the case of the hot rolling experiment,
were cut perpendicular to the rolling plane, and for the cooling rggeriexent, were cut
parallel to the deformation axis. All were mounted in bakelite. The specimengwoensd
using 320, 400600 and 1000grit abrasie paper s, and polished usi
alumina paste. The polished sample was etched using 2%onii&t15 seconds.
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RESULTS AND DISCUSSIONS

4.1 PROCESS TEMPERATURES

4.1.1 Final Deformation Temperatures

According to chemicatompositionof the steels, all steel producers indicate their
temperature limits during hot rolling or during production process. Temperature limits such as
final deformation temperatures, cooling temperatures, reheating temperatures are not same for
all producers. Bcause milling capabilities and chemicalmpositionsaccordingto milling
capability are very different from each producer. R&D departments like as Erdemir, make
some training to indicattheir temperature limits. To gétomogeneoumicrostructureduring
strips length, producers have itedicate limits to the model and rolling machine works

according to the model data.

During roughing and also during finish rolling repeated austenite deformation and
recrystallizationas well as grain growth betweehe rolling passes occurs as soon as
recrystallizationis completed. This sequence of deformation and recrystallization produces a
successive refinement of the austenite grair
in the transfer bar. Dynami@crystallization may occur after high strain accumulation. In
normal mild steel and structural steel, which do not contain microalloying elements, no
significant accumulation of strain hardening could be observed in the roll forces of the

Ksdemiipmhot str

Final deformation temperature which is shown below is very important to get desired
micro structure and to get desired mechanical properties such as tensile strength, yield point
and DWTT results. Our final deformation limits is between °820ard 800 C. These
temperatures limits mayeducible and increasableby changing rolling capability but
according to previous training these limit is optimum temperatures for our rolling facility.
Main goal to produce micralloyedsteel or high strength loadloy steel is decrease the grain
diameter by rolling in low temperatur&rain refinement only results from the successive
recrystallization at decreasing temperatures. Although during finish rolling time is often very

short for the precipitation of micatioying elements, the addition of microalloying elements
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such as Nb or Ti yields due to the solid drag effeé¢t to a strong retardation of static

recrystallization, which results in the accumulation of retained work hardening.

The transformation othe refined and even work hardened austenite to ferrite and
pearlite takes place during accelerated cooling on theoutitable. In low carbon steels,

ferrite is the dominant phase after the transformation.

When welook at the finaldeformationgraphicsof eachstrip, our model could not
adjust the rolling speed and rolling temperature. When temperature decrease during rolling
time, modelncreasehe rolling speed to rolled in predicted temperature but not be successful.
To see differences during theigtwe took many examples and made mechanical tests. Later,

we will talk about these mechanical test results.
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Figure IV 37 Final deformation temperature along to the coil of 506777
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When we look at the figure 35, most partswips could not rolled in limits. Just only
middle parts rolled in limit temperatures. We will compare the mechanical results of this strip
which temperature is right for rolling and what happened when we rolled out of limits.
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Figure IV 38 Final deformation temperature along to the coil of 539233

When we look at figure 36, there are no any parts rolled in limits. All of the strip hot
rolled out of limits.Our reheatingfurnace is walking beam type artete are two main parts
in reheating furnacerirst isreheatingpartand slabseheats at this region slowlyhere are
nine stands in first parts déirnace Slabs move oithese stand# reach second parts of
furnace. A second part ivell region.Temperature of hell regiors imore than first part and
slabs hold shorter time than finggion. Thereare ninepeaksduring the graph. These peaks
composed of the slabs in the Ibweeaanbtsgetfgood s t
and homogeneousnicrostructure duringstrips firstly we have toeliminatethese peakby
good reheating. These peaks direetffiectthe micro structure and mechanical properties of

materials good or not.

61



| PYRO 1

sE0

S50

VN e

Pl 2,2

510

hati

SICAKLIK

a0+

a0

TFOH

vE0

TS0

40

T30

0 z0 40 &0 &0 100 120 140
Poziswon

‘ Fi‘gu're IV 39 Final deformation temperature along to the coilof 539505

When we look at the figure 37, thesrip has same characteristic temperature region
like 506777. Just only middle part of strip rolled in limit temperatures.
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Figure IV 40Final deformation temperature along to the coil of 539507
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Figure IV 42 Final deformation temperature along to the coil of 534488

When we look at the figure 40, most parts of strip rolled in limit temperature and also

some parts of strip rolled under limit temperatures.
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Figure IV 43 Final deformation temperature along to the coil of 534495

Like as figure 40, 53449%umberedcoil rolled in limit temperature, under limit

temperature and over the limit temperatures.
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Figure IV 44 Final deformation temperature along to the coil of 534485
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When we look at the figure 42, neathe entirestrip rolledunder limittemperature.
When we decrease the final deformation temperatureals@decrease the size of grain
There is a direct correlation between decreasing FDT and grain sizentctd temperature.
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Figure IV 45 Final deformation temperature along to the coil of 56574

This figure most desired rolling temperature graph. We will compare this strip test
result with other stripsThese figuresvill giveidea about the final deformation temperature is

right for us or not.
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Figure IV 46 Final deformation temperature along to the coil of 556575
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Some parts of coil rolled in limit temperature but some parts not rolled in Tiim.

situation causethe different properties along the coil.

8135
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Figure IV 48 Final deformation temperature along to the coil of 557320
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Figure IV 49 Final deformation temperature along to the coil of 557323
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Figure IV 50 Final deformation temperatures along to the coil of 5573

Generally vihen we look at the finatleformationtemperature of all sample coils,
temperatures wergenerallyout of the limitand ths situationcalled as high finadeformation
temperature after production. Firdeformationtemperature definethe grain size. To reach
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desirablegrain sizeand mechaical properties final deformationis so importantSudden ups
and downs changing in findleformationtemperatureausethe different micro structure and
mechanicapropertiegshoughthe endapplication. Thesgypes of micro alloys steels generally
use for pipeline project. Pipe line producers indicattheir specification that no or limited

changingof mechanical propertiedong the coil.

4.1.2 Coiling Temperature

Coiling temperature is final process of hotirgl Firstly slabs reheated at furnaed
thickness decreased 5 or 7 times rolled by rough rolling process and rolled in finish rolling
stands (6 stands) in indicated temperature limits very quarkdlyacceleratedool applied by
water andinally coiling at indicatecteemperature limits which are between $@and 546
C.

The transformation of the refined and even work hardened austenite to ferrite and
pearlite takes place during accelerated cooling on theoutitable. In low carbon steels,
ferrite is the dominant phase after the transformation. At low cooling rates and thus high
transformation temperatures, austenite transforms to ferrite and pearlite, whereas at high
cooling rates, the formation of bainite and martensite can be observed. Usualystigte
decomposition can be approached by means of isothermal or continuousidgrams,
which quantify the composition of the different phases after application of a specific cooling
cycle. However, rolling and cooling do not follow a continucosling path with a constant
cooling rate. During finish rolling the strip is cooled by the rolls and cooling water, but the
temperature is also increased during deformation. Cooling on the run out table is also not a
continuous action. Therefore neither isothermal nor continuous TIdiagrams are able to

describe exactly the transformation during rolling and cooling in a hot striff thill.

After the finishing passes are complete and the steel has left the rolling mills, the
product is subjected to fihaooling. During cooling the temperature is carefully controlled in
order to achieve the properties desired. By controlling the temperature and cooling rate the
desired final microstructure and properties are achieved. For instance, it has been found in

NbV steels thatwith higher controlled cooling rates the final rolling can occur at higher
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temperatures (808C) and achieve the same strength as though it were rolled 4€786d

allowed to air cool. In addition the steel cooled quickly retains betightess propertie®

Coiling procedure has become a necessity because of economic and industrial
requirements, but also has its effects on the final product. For instance, by lowering the
coiling temperature through longer periods of accelerated cpadie yield stress can be

increased through an enhancement of the structure formed during transformation.
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Figure IV 51 Coiling temperatures along to the coil of 506777

According to figure 49, 50677 numbered strip coiledeween 500C and 588 C
degrees. Our limit temperatures aetween 54%C and 508C. Headparts ofcoil (between 20

and 60 metergjoiled atover thelimit.
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Figure IV 52 Coiling temperature along to the coil of 539233

When we look at the figure 50, 539233 numbestipscoiled at between 47G and

560°C. Differencesfrom figure 49, first 50 meters of strip coiled under limit temperatures.
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Figure IV 53Coiling temperature along to the coil 0f5639505

All the parts of strip coiled at limit temperatures. This type of graph mostly desired
from producers.
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Figure IV 54Coiling temperature along to the coil of 539507

Except the head and tail parts of coil, all of twls were coiled under the limit
temperatures. To cieadtail parts of coiland tocoiled the head and tail parts of coasger
than the other parts, these paetsiperatures are higher than limit temperature. This is the rule
of the hot rolling.
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Figure 1V 55 Coiling temperature along to the coil of 539509
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Some parts 0639509 numberedtrips coiled in limit temperature but some parts of

strip not coiled at limit temperatur@emperaturesndulated betwee#5d C and 548C.
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Figure IV 56 Coiling temperature along to the coil of 534488

534488 numbered strip not coiled at limit temperature. Half of strip coiled over the
limits and half of strip coiled under the limits.
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Figure IV 57 Coiling temperature along to the coil of 534495
72



o PYRO 1 | PYRO 2

TS0+

oo

550

EO0

NI A VAVVNIENEN

400 —

SICAKLIK

350

S00

250

200 o

1:50

100

S0

u} 20 40 (=1u] S0 100 120 140 160
Pozisyon

Figure IV 58 Coiling temperature along to the coil of 534485

There was a sharp temperature reducing on greuBk.situation occurred because of

the water drops. At that position, pyrometer may measured water on the surface of the steel.
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Figure IV 59 Coiling temperature along to the coil of 556574
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Figure IV 60 Coiling temperature along to the coil of 556575
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Figure IV 61 Coiling temperature along to the coil of 556587
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Figure IV 62 Coiling temperature along to the coil of 557320
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Figure IV 63 Coiling temperature along to the coil of 557323
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Figure IV 64 Coiling temperature along to the coil of 557328

Except the 534485 numbered coil, othen coils coiled over the limit temperatures.
Modd could not set the right cooling rate and rolling speed. Because of this téneseils

not enough cooled up to coiling temperature and all of the coils have same temperature graph.

As final deformation temperature, same situation is valid for coilergperature.
Coiling temperature and final deformatitemperaturdnave to be like straight line or limited
changing in tolerances which indicated by produdetsing the coiling time, phase changing
occurs and producers want to get desirable nmstnacture and homogeneityong the coil.
When we look at the all sample coils, thare no straight temperaturd® produce higlstrengthlow
alloy steels firstly we have to adjusbiling and rolling conditionsalso to get likestraight line
temperatug graphis. Rolling speeds and furnace conditions are important factors to get desirable
graphics. If wecannotchange or adjust these conditions we have to change cheminpbsitionto

prevent from microstructure changing along to the coils.
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4.2 MECHANICAL PROPERTIE S

Mechanical properties changing along to the coil are shown from figures 63 to figure
71. There are only 506777 numbered coil has to different direction results longitudinal and
transverse direction. There is no slight differencéwben longitudinal direction and
transverse direction. Totally transverse direction results are higher than longitudinal direction
becaus®f orientationof the grains. When we look at the figure 63 and 64, first meters of the
coil have very low yield antensile strength. International yield and tensile strength limits are
for yield strength ( lower point 49,3 kgf/mfrand upper point 63,3 kgf/nfyand for tensile
strength (lower point 57,7 kgf/nfmand upper point 77,2 kgf/nfin First ten meters of coil
coiled more hot than other meters because of catch easier by down coiler m@there.

meters of this coil have good mechanical results and all result in limit value.
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Figure IV 65 Change instrength along the coil of 506777 iongitudinal direction
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Figure IV 66 Change instrength along the coil of 506777 in transverse direction
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Figure IV 67 Change instrength along the coil of 539233
Only the tail and head partodés results cal

ten meters coiled hot approximately 780. Other mechanical results of coil are in limit
values. When we look at the figure 50 and figure 36 (fdefbrmationgraph and coiling
temperature graph), coiling temperature of this coil very gand completely in limit

temperatures biinal deformationtemperatures are very high.
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Figure IV 68 Change instrength along the coil of 539505

According to figure 66, mechanical results of this coil are in limiteaThere are

some differencebetween yield results. These explained by final deformation temperatures of
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coil. When we look at the figur@8, (final deformation temperature graphiptez part of coil

rolled in limit temperature but first and last part of coil not rolled in limit temperature.
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Figure IV 69 Change instrength along the coil of 539507

Only the head and tail parts results of coil out ofltmt value. Other results are in

limit values. Tensile results of coil very similar.
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Figure IV 70 Change instrength along the coil of 539509

Whenexamine the higher result, according to final deformation temperasiimationthat
sample taken from lower point from peak. Temperatafesample verein limit values.
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Figure IV 71 Change instrength along the coil of 539488

All coils have same parallel mechanical results changing. When tensile strength
increase, yield point also increase. Bus situation does not valid for 539488 numbered coil.
For the first meters of the coil, tensile strength decrease but yield podsec
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Figure IV 72 Change instrength along the coil of 534495
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Figure IV 73 Change instrength along the coil of 534485
Mechanical Results of 557320
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Figure IV 74 Change instrength along the coil of 557320
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Mechanical Results of 557323
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Figure IV 75 Change instrength along the coil of 557323
Mechanical Results of Other Three Coi
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Figure IV 76 Change instrength along the coil of 557323

For X70 quality coils minimum yield point is 49,3 kgf/mimnd maximum vyield point
is 63,3 kgf/mm. Minimum tensile strength have to be 57,7 kgffmand maximum tensile
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strength have to be 77,7 kgfimimAccording to mechanical properties tables, all samples
cutted along the coils and mechanical testugge performed. Results of the samples of head
and the last part of the coils came out of the limitsstindards This is because,
approximately 5 meters from head and last part were hot c@tsling temperature directly
affects the mechanical properties of sl Because of hot coiling, mechanical values of
samples decreased. If coiling temperature came wtdedard$520°C  N°C)2 rAechanical
values increased up to specific values. This situation is obviously wrong that low coiling
temperature high mechaail properties. Becausemicraalloying elements precipitatat
specific temperature. Under this temperature micro alloying elements do not precipitate and
do not increase mechanical propertid® understand which chemicabmpositionsis the
optimal and how to get desirable mechanical propertesyen different chemical
compositionsused. Differences between chemicampositionsare micro alloying elements
which are titaniummolybdenum vanadium and niobium amounts. ihareasehe shear area

after DWT test molybdenum added the composition of steel.

4.2.1 DWT Test Results

DWT Test "506777 and 539507"
80

M 506777 M 539507

Shear
Area%

0 -10 -20
Temperature

Figure IV 77 Drop Weight Tear Test results of coil 506777 and 539507
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There is significant difference between chemical compositioB®&777 and 539507.
There is no molybdenum in chemical composition of 506777 and DWT test result is so bad.
Not reached up to %85 shear area. After the adding molybdenum to chemical composition of
539507 coil, shear area results were increased but noteicifisption tolerance. Only
molybdenum adding is not enough to get min. %85 shear area after DWT test. When we look
at the micro structure photographs of coils, we have to eliminate center segregation line by
good string.

100 - 95

Sher area %

Figure IV 78 Drop Weight Tear Test results of other samples
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4.2.2 Optical Microscope Photographs

80 pm
Figure IV 80 Micro -structure between edge and center of sample (506777) X200
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T byl :

Figre IV 81 Microstructure of edge oampl (506777) X

80 pm
Figure IV 82 Microstructure of edge of sample (506777) X200
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30 pm|
Figure IV 85 Center microstructure of sample (506777) X500

Flgure I\_/86 Grgiﬁnéize calculation according to ASTM E11296.

In the examination, according to ASTM E198, grain size isneasured at 0 , & O
the center of sampleGrain size is so big for the good microstructure. Big graie aml
heterogeneougrain sizecausethe bad mechanicalproperties such as toughness, tensile

strengthvs. whenwe analyze the DWT test result for the sample 506777, shesafsee the
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testwas not enougtPearlite banding islearly seen on the microstture.Pearlite banding is
decreasedhe toughness of the ste@here are some ways to eliminate to occurred pearlite
banding after hot rolling such as good string after oxygen blowing or increased cooling rate
after hot rolling.

To better understand theffect of microstructure on the mechanical properties
microstructureof 3 different samples were investigated. These are 557320, 557328 and
556587. Mechanical test resuif 557328 higher than the others. To associate the mechanica
test results and grasize ofsamples, all grain sizes of samples calculated according to ASTM
E11296

According to cooling rate differences between edge and center, the amount of grain

per unit area and also grain sizes are diffepetween edge and center.
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There is a MnS banding at the center of sample. These type of MnS and pearlite
banding occurred according to the slow cooling rate and inhomogenous compositon.
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Figure IV 90 Optical micrograph of 557320 taken from one wrap later (edge X200)

Figure IV 91 Optical micrograph of 557320 taken from one wrap later (between edge and center X200)
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