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Abstract

High drength low dloy (HSLA) deds offer the advantage of weight and cost savings
compared to mild sted. Therefore they are widedly used in the automotive and the congtruction
indugry. The hot drip mill typicdly hot rolls gauges ranging from about 2 to 10mm.
Processng on a hot drip mill is especidly favourable to maximise the drength during
thermomechanicd rolling. The retardation of recrystdlisation, responsble for gran refinement,
occurs naturdly in niobium microdloyed ded a the typicd rolling temperatures found in the
finishing train. The high deformation speed and short interpass time dlows for about 50% of
the totd niobium content to reman in olid solution, thus adding to retardation of
transformation during acceerating cooling, which dso supports grain refinement, and permits
additional precipitation hardening in the coil. As the find product often undergoes a cold
forming operation, the required ductility is obtained by producing low carbon (<0.08%) and
low aulphur (<0.005%) d<ed, including sulphide shape control. With the additions of
microdloys and other dloying dements, HSLA drip steds up to a minimum yield drength of
690MPa (Grade 100) is widdy applied, even subdtituting traditiond quenched and tempered
geds. All these modern stedl grades are based on niobium as a firg choice microdloy. The
(semi)-continuous  rolling on a hot srip mill asks for specific efforts to guarantee a high
uniformity of properties over the width and length of the coiled hot band. Thus the processng
parameters and their influence on the find properties are andysed in detall.



Introduction

Twenty years on from Niobium ‘81, the hot strip mill (HSM) and its reated products have
advanced makedly. In paticular, the growmth and gpplication of high drength low dloy
(HSLA) deds in both the automotive and condruction industry has been spectacular. This is
highlighted in that the modern automobile makes use of deds that have been developed within
the last 10 years. Table | highlights typicd commercid HSLA drip sted gades that have been
available ance the 1970s.

Tablel Typicd chemicad compostion of HSLA grip

Minimum yield

%C|% Mn| %S | %S | %Nb|%Ti| %V (%Mol %B Remarks
strength (M Pa)
380 0.07| 060 | 0.25| 0.005| - 010| - - - 1970's
380 0.07| 060 [ 025 | 0.005| 003 | - - - - typical since 1980's
500 0.07| 110 | 025| 0005 | - 015| - - - 1970's
500 0.07| 110 [ 025| 0.005| 0.02 | 008 | - - - 1980's
500 007 110 [025|0005| 004 | - |004| - - typical since 1990's
500 0.07| 110 | 025 | 0.005 | 0.07 - - - - aternative solution
690 0.07| 130 [025| 0005| 005 | 012 | - - 10.0025| typical since 1980's
690 0.04| 180 [ 025| 0.005| 006 | 0.02| - |0.30(0.0020| dternative solution

The application of microdloyed high strength low dloy gdeds is now wel established in
today’s market place for both the automotive and condruction sectors. Of the two, it is
undoubtedly the automotive sector, which has seen the grestest high profile developments.
However, it must be noted that both sectors continue to place high demands on the quality and
materid performance ddivered by the sted product and therefore the producer. Today, as then,
the gpplication of hot rolled high srength stedls permits the down-gauging of otherwise heavy
components whilst not compromisng materid performance. In return consderable cost savings
can be redised from not only weight savings but from the entire process route from materid
delivery to find component gpplication. This can be seen in figure 1 (1), were examples are
given for automotive and congtruction applications.

The am of this paper is to outline some of the key stages when hot rolling strip stedls that are
degtined for the automotive and congdruction industry and to give some examples of ther
goplications. Particular attention is given towards the processng conditions and the intertwined
relationship that exists between the sted chemicd compostion, the physca metalurgy and the
ggnificant processing stages on a HSM. Although modern HSMs are cgpable to roll and caoil
heavy gauges up to 25mm (2’), in this paper condderation will only be given to drip gauges
from 2 to 10mm, which are typicd for the gpplications being consdered. Neverthdess, it is
worthy to note tha many HSMs are dso experimenting rolling to thinner gauges near 1.8mm,
whilst heavier gauges (>10mm) are preferably being produced via plate mills.

For the automotivelheavy transportation industry, these steds are primarily used for under-
body components, which require good press formability and ductility as wel as acceptable
surface appearance despite in most cases being hidden away. In addition to developing Steds
that satisfy customer requirements, the additional challenge facing strip sted producers of today
is in the production of a hot rolled coil with optimum mechanica properties that iy the
demands of the find application (i.e. fitness for purpose), whils causng minima disruption to
rolling practices or increesng costs. The hot rolling of gdrip stedls is an intensive process, and
whilg rolling plan carbon deds is a rdativdy draghtforward task, the successful hot rolling




of high dgrength microdloyed sed grades can pose a somewhat different chalenge.
Furthermore, with the development and introduction of modern fabrication techniques such as
laser welding and tube hydroforming, there is a clear need for strip producers to supply hot
rolled coils with consstent properties. This applies to the properties both dong the coil length
and across the full width, but aso from cail to cail.

Figure 1. Examples of hot strip sted gpplied in the automotive and congtruction
industry: (a) Passenger car wheds, (b) High levd racking system; (c¢) Various
profiles for automobiles, (d) Semi-trailing am; (e) Truck frame and (f) Masts for
wind powered generators.

Applications, Property Requirementsand Alloy Concepts

As mentioned previoudy, the choice of any materid is based upon fitness for purpose. The
main chaacteridics in sdecting a ded grade ae the yidd drength, the tendle drength,
(uniform)  elongation, low temperature impact-toughness, work-hardening, hole-expanson
ratio, fatigue performance and weldability. Today severa dternative sted grades are available,
relying on different combinations of microdructures, the typicd HSLA drip showing a



microgructure of fine-grained ferrite plus pearlite, with precipitetion hardening of the ferrite
matrix. Figure 2 (2) outlines some of the reationships between the microstructurd phases and
mechanica propeties of dternative high drength drip deds, indicating, that there is an
optimum solution for each property combination, and the rather traditiond HSLA srip dill
mantansits relevant pogtion, especidly when consdering the rather easy processing route.
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Figure 2. Reationship between microgtructure and properties. Key: F = ferrite
P = pealite, B = banite, M = martendte; 7= = retaned audenite; ppr =
precipitates.

The man driving force to goply sted with higher drength than mild ded is the posshility of
weight savings, which not only results in reduced fabrication codts, but in case of automotive
goplication dso improves fud economy. Figure 3 (3) shows that under tendle stresses weight
savings as high as 50 percent can be obtained, when doubling the yied strength. When
goplying tenson or bending dresses the weght savings ae somewhat lower, but dill
remarkable.



30.8%
34 0%
23.0%
22.5%

Weight saving in %

Highest
efficiency

LOw
elficiency

Very
=%+ pfficient

S

Figure 3. Potentid weight savings when subgtituting a 200MPa yied srength
sted.

For automakers, the vast mgority of these cold-formed high drength steds are gpplied in
chasss pats such as suspenson ams, crossmember tunnds and longitudind  beams.
Moreover, some grades have found widespread application in whedls, thus making the hole-
expandon ratio and fatigue properties an important factor (4) and the HSLA drip with a
minimum  yiedd drength of 690MPa is widdy applied for mobile cranes, subgtituting the
traditional quenched and tempered deds. Although toughness requirements are a prerequisite
for thick HSLA plate (eg. beams, heavy plate, pipeine plae), it is normdly not a mgor
requirement for thinner drip products. However, it must not be overlooked that
automobiles/trucks can experience long periods of sub-zero temperatures in cold climate
countries, where average temperature as low as —30°C is not uncommon.

Good toughness can be achieved through grain refinement (the Hal-Petch relationship) and a
reduction of second phase microscondtituent. Furthermore, a reduction in the laiter aso
improves the cold formability. Figure 4 (5 shows that a reduction in the sulphur content
ggnificantly improves the uniform dongation, and a high uniform dongation equates directly
to good cold forming propetties The presence of sulphur will cause the formation of
manganese-sulphide (MnS) indusons, which will dongate during the hot rolling process. The
presence of a large number of MnS inclusions (as wdl as dumina paticles - Al,O3) will cause
cracking or splitting during component forming, especiadly when the bend axis is pardld to the
rolling direction due to the cregstion of voids a the particle-matrix inteface. To retan the
origind globular shgpe of the incluson, additions of edements such as cdcium (Ca can be
made, which form sulphides of reduced plagticity a higher temperatures and dlow the
globular-type inclusons, which are consderably less prone to nucleste voids, to be mantained
inthe fina product.

Neverthdess, achieving low sulphur content from stedmaking should be practised and this is
possble with modern dedmaking equipment induding pig desulphurisaion and  ladle
metdlurgy, resulting in regular production of low sulphur containing deds, figure 5 (6).
Applying such processng route for sted desulphurization, sulphide shgpe control by cdcium



gppears aso naturdly: Thus the higoricad solution to use titanium, which acts as microdloy
and aso guarantees a certain sulphide shape control, has actudly become inggnificant.
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Figure 5: Sulphur concepts for HSLA strip in the last decades.

not only the amount of non-metdlic indusons, which impar ductility, but dso

the presence of a higher volume fraction of pearlite will limit ductility, as shown in figure 6 (5).

Thus a low
development.

sulphur ad low cabon sed are prerequistes for modern HSLA dtrip

The vast mgority of HSLA drip steds produced today are hot rolled from a continuoudy cast

dab. There are

a range of chemica compostions (7-12) that could be used to make a Smilar

find srength product and the stedls liged in table | are just possible examples. Pat of the



reason for this variaion is due to specific cusomer requirements and another part depends on
the capability of the respective hot srip mills. But dl of the actudly applied steels are based on
a low C-Mn-Al philosophy. The relaively low carbon content permits good ductility properties
and wedability. The manganee acts as a solid solution drengthener whils aso lowering the
audenite-ferrite trandformetion temperature (Ars). However, the manganese content is usudly
redricted as a s0lid solution dement to levels <1.80wt.%. The man microdloying eement
employed in these seds is niobium. Niobium additions up to leves of 0.06-0.07wt.% will
generate yield drengths of up to 500MPa Although, it must be noted that a heavier drip
gauges, above 6mm, niobium is usudly supplemented with additions of vanadium to guarantee
the 500MPa yidd drength. Nevertheless, the use of niobium as the firs choice addition
eement is due to its ability to act as a gran refiner, which is wel known to increase both
drength and toughness. It is caused by the fact, that niobium is fa superior to the other
microdloying dements in its ability to rase the temperaiure a which audenite recrysalisation
effectivdly ceases (13). Furthermore, niobium aso provides a further increese in drength via
secondary precipitation hardening, as will be discussed later.
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Figure 6: Influence of carbides on uniform €ongation.

For drengths grester than 420MPa, the supplemented additions of vanadium will provide
drength via additiond secondary precipitetion hardening in the ferite matrix. Alternatively,
titanium additions can dso be made which will result in precipitation of TiC particles.
However, titanium is normdly added in smdl amounts <0.020wt.% with the am of
precipitating fine TiN particdes which ae useful in the weld heat affected zone (HAZ).
Secondly, the titanium combining with nitrogen makes niobium more effective by avoiding the
enhanced formation of Nb(CN) and promoting NbC formetion, thus further incressng the
grength. Figure 7 (14) summaries the effect of the three commonly used microdloys, niobium,
titanium and vanadium on the srength and the ductile to brittle trangtion temperature. Niobium
is seen to exhibit the strongest effect. For example, in order to raise the yidd strength of mild
ged by 150MPa from a dngle dloying addition, then 0.03%Nb, or 0.08%V or 0.10%Ti is
required.

It is important to remember that each of the microdloys are unique and therefore are used
depending upon suitability of the process route and find product. For conventiond hot strip
rolling, niobium mainly acts as a grain refiner, vanadium mainly as a precipitation hardener and
titanium’s effect can be consdered to lie between the two. Hence, niobium has the ability to
provide adud effect in developing high strengths and dso improving toughness.



=
o

P=Precipitation
LG = Groin refinement ——

— HP_ ____: _...—_.-— P P\
. H . i,

ield
|T|TIE

Cad

=

—
T

=
e

j— )
= =
=

Increment of
strengih NS

=

[= 5]
=

B

R
20| et S

Increment af transition
temparature Tigp in®C

40
-Gl |
0 004 008 D 004 0DOB 012 016 O 004 008 012
n_."u Ht G."'-; '|' :: II.U -I;
Figure 7: The effect of microdloy additions to the properties of mild hot strip

Sed.

Hisorically, a large percentage of HSLA drip steds made grester use of titanium, this was
primarily because titanium forms sulphides a high temperatures and this adds to ductility
improvement by sulphide shape control. However, with improved steemaking practises and
hence lower sulphur levels this role for titanium became of minor importance. Additionaly
when employing titanium as the principd microdloy, a grester soread in mechanicad properties
is observed. Figure 8 (15, 16) shows production data for a titanium microdloyed Grade 70
(>500MPa yidd drength), confirming earlier data (17) indicating tha deviations in the finish
rolling temperature of +30°C from an am of 910°C and in the coiling temperature (am 700°C)
reults in a yidd drength levd ranging from 500 to 700MPa. Even when redricting the
processing temperature to +15°C, the scatter in yield strength remains above 100MPa. As a
result of titanium’s capability in beng a srong oxide, nitride and sulphide former, before
forming titanium-carbide, its effectiveness for audtenite processng and precipitation hardening
islimited.

Figure 9 undelines tha for effective audenite processng in the finishing tran where
approximately 0.20%Ti is required (18). Therefore, for typicd titanium leves, in the range of
0.02 to 0.15%, the dstatus of the augtenite and thus the amount of titanium in solid solution are
not defined and are srongly dependent on the deformation rate and temperature. Consequently,
the potentid for drength increese by precipitation hardening is rather uncertain and highly
dependent on the coiling temperature. It was this rather uncertain condition during augtenite
processing of titanium steds, which led to the preferred agpplication of niobium as microdloy,
gnce it completdy retards audenite recryddlisation in the finishing sequence with as little as
additions of 0.03%. The optimisation, as indicated in table I, led via a patid to a totd
subgitution of titanium in HSLA drip, with the result of more homogeneous mechanica
properties and better toughness in the heet affected zone, as shown infigure 7.
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Based upon a niobium microdloyed variant, which will essly genegrate a minimum yied
drength of 420MPa (equivdent Grade 60), figure 10 further highlights the contributions of
various drengthening mechanisms via dloy desgns and thermomechanicad  trestments to
achieve yidd drength levels up to 700MPa in hot rolled drips (11). Thermomechanicaly rolled
pearlite-reduced steds with around 500MPa minimum yied strength (equivdent Grade 70) ask
for additiond strength increase in addition to grain refinement and more precipitation hardening
is commonly used. Either higher niobium levds in combingion with a high finish rolling
temperature can achieve this, or additions of vanadium or titanium to such a niobium based
ded. Higher drength sted grades such as Grade 100 (minimum yield strength of 690MPa)
require a fine-grained ferrite-banite microdtructure, which exhibits ultrahigh drength and
good toughness. For a bainitic microgtructure and increased hardenability, the manganese
content is usudly increased and additions of molybdenum and or boron can be made. These
ultra-high drength deds have been commercidly introduced for quite some time and have
specificaly found use in truck bodies, car brackets, crane booms and dsructura tubings,
permitting weight reductions whilst ddivering enhanced strengths (19).

]
Dislocation Bordening
1] by olloying with Mo, Ma Nb,Ti B
; 500 Precipitation hordening
= by alloying with Nb, Tior ¥
= 400 .
= [II-:II: refinement
& by TM®, alloying with Kb
2 300 ¥ ¥ing
-1; = Sohd solution hardermng
= = by Mn, 5i
100

Bose sirength of mild steel

*TM = Thermomechanical freatment often referred
toas heavy contralled rolling
Fgure 10: Contribution of various srengthening mechaniams via dloying and
processing to achieve 700MPayield strength in hot strip.

Processing Conditions and Physical M etallur gy

To ad undergtanding of the following section, figure 10 shows a schematic layout of a hot dtrip
mill and the accompanying metalurgica processes.

Sab rehedting

Following cadting, the dab is reheated or soaked within a furnace to permit hot rolling to grip.
Overdl there are three ways by which the continuoudy cast dab can be charged into the
reheating furnace:

i) Coald chaging;
ii) Hot charging; and
i) Direct charging



Out of the three, cold charging practices are the most popular due to the exse of handling cold
dabs and the requirement of scheduling dab grades and dimensons. Conventiona charging
practices are such that dabs corresponding to a single grade and the required widths are rolled
in a continuous sequence. Besides charging the $abs from cold, they can adso be hot charged or
directly charged. Hot charging is whereby dabs are introduced into the furnace at around 700 to
900°C, this not only saves in reheat time but importantly saves energy. For direct charging,
dabs are tranderred draight from the caster to the furnace. However, for an efficient set-up the
continuous caster must be reatively cose to the furnace. In addition, both hot and direct
charging does not permit examinaion of the dab surface for defects, and thus does not alow
for any scarfing.

soaking furnace first stage final stage

of rolling of rolling caghing Coll

Dissolution of precipitates Precipitation of NBC in gustenite Precipitation of NbC in ferrite

Austenile grain coarsening Lustenite grain refinement  Aupstenite grain elongation Phase transformation
by multiple recrystallization by retardation of recrystallization

Figure 11: Metdlurgica processes during hot gtrip rolling of HSLA sted!.

Besides giving the metal adequate pladticity for hot rolling, for HSLA sted grades the dab
reheating temperature must be high enough to aso emsure the following:

i) That the microdloying addition has gone into solution (however, for Ti/N treated
ded grades, the exisence of fine TiN paticles is amed for to limit the audenite
grain growth during rehegting), and

i) The temperature a exit of finishing will be above the dart of the augtenite-to-ferrite
(Ars) transformation temperature.

Incomplete dissolution of the microdloying dements will mean their excluson to paticipate in
any gran refinement andlor secondary precipitation hardening.  Although a rehedting
temperature of 1200°C would suffice for the vast bulk of microdloyed grades, a reheating
temperature of 1250°C is commonly applied in modern grip mills, thus guaranteeing an
gopropriate finish rolling temperature. Figure 12 (20,21) shows the temperatures required for
complete dissolution of the carbides and carbonitrides of niobium that were formed during the
cooling of the cast dab. As shown, the minimum temperaures required for complete
dissolution are determined by the niobium, carbon and nitrogen content and a higher dloy
addition will thus require a higher rehedting temperature. To reduce rehedting fue cods,
refractory degradation and dso increase productivity, some researchers have suggested
reducing the soaking temperature. However, an invedtigation into the reduction of dab soaking
temperature found that it subgtantidly reduced the amount of avalable solute microaloying
dloying addition, resulting in lower drengths (22). The minimum soak temperature of the dab
is dso governed by the power of the roughing stands, as a colder dab will require much higher
rolling loads.
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In addition, figure 13 (23) highlights the affect of temperature on the audtenite grain growth
characterigtics. Although the process of roughing should result in a smdler augtenite gran size,
it is not desrable to have a very large sating gran sze. Therefore, to limit the grain sze and
as mentioned above, the addition of smdl amounts of titanium to niobium microdloyed seds
is sometimes made to pin the augtenite grain boundaries. As the titanium will aso scavenge the
available free nitrogen dso the dab surface will be improved and deplete levels there will be a
tendency to form more NbC precipitates during hot rolling.
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In generd there are two types of reheeting furnaces that are in operation throughout the world:

i) Walking beam, whereby the dabs are trangported via a series of moving arms which lift
the dab from below and move it forward, and the second; and
i) Pusher-type, where the introduction of one dab will force the exit of another.

Although both furnaces should result in the drop-out (exit) of a homogenised soaked dab, the
pusher type furnaces have a tendency to impat some degree of locaised chilling effect due to
the skids, which are water-cooled. Indeed, a recent investigation (24) highlighted the loss in
find srengths that can be expected at the skid chill postions. However, it must be noted that
pusher furnaces are widely used throughput the world, and with regular maintenance the skid
chills should not have a great impact upon the through coil condsency in mechanicd

properties.

Roughing, the Delay Table and Coil Box

On exiting the furnace, the dab will continue to cool and so the process of reducing it to the
find hot rolled coil must be undetaken with the leest dday for both metdlurgicd and
processing reasons. Before entry into the roughing stands, the dab passes through a set of
vertica and horizontal scde breskers. Here the scae formed during rehedting is effectively
cracked off through the agpplication of a light load assigted by the use of high-pressure water
gorays. During the passage through the roughing train the dab is reduced in thickness from
about 250mm to 35mm in severd reductions of typicaly 20% or more. During the roughing
complete recrydtdlisation is expected for al sed grades. The primary metdlurgicd am of the
roughing process is to destroy the as cast structure and through repesated recrystdlisation, finish
with a homogeneous augtenite grain Sze.

Following roughing the bar emerges onto ether a dday table, or enters a coil box. At this stage
the temperature of the bar will typicadly be around 1050°C. The am of the delay table, or coil
box, is to ‘hold the bar as it is fed into the finishing tran. The coil box dso dlows
homogenisation in temperature, catering for the naturd temperature run that develops dong the
bar length. In order to reduce the temperature loss on the delay table, heat reflecting pands are
often used. It is interesting to note that it was only after the 1980's that the coil-box technology
(invented by Stelco) was applied to hot srip mills, in addition to the introduction of the
Generdion IV mills, which were specificdly desgned as a response to new economic priorities
(25). The delay can dso be used to lower the entry temperature of the bar. This would occur
when one or two dands in the finishing tran are dummied to produce a thick fina hot rolled
gauge, typicdly >10mm. It is important to ensure that the bar condition prior entry into the
finishing train is of homogeneous grain dze, snce any discrepancy in the uniformity of the
gran sze will be caried through to the fina product and is likely to have an impact upon the
uniformity of final mechanicd properties

Fnishing Train

Prior entry into the finishing tain the head end (nose) of the bar is cropped via a flying shear to
square the bar. Again a set of high-pressure water jets are used to remove any secondary scae
formed on the bar. The finishing train typicdly consgsts of 6 to 7 dsands, each which can be
independently controlled in terms of roll gap, roll speed, work roll shifting and bending. In
practice, for hot rolled gauges up to 10mm, al seven stands can be used. During rolling, the bar
will be in dl the gands a the one time with periphera roll and coil speed synchronised to
mantan drip tenson with the ad of inter-stand balanced looper ralls. In addition, inter-stand
cooling can aso be gpplied to ad rolling and aso to coal the bar.



The reduction pattern employed is designed to reduce the developed rolling loads in the mill, as
the drain rate will subgtantidly increase due to the increased roll speed. The lower the bar
temperature, the higher will be the loads. Furthermore, as the augtenite is conditioned and drain
induced precipitation takes place in the mill the loads will increase. Table Il (26), provides an
example of the temperatures, strains, strain rates etc. that could be experienced when hot rolling
a typicd low carbon niobium microaloyed grip stedl. The time taken to hot roll the entire bar
is usudly limited to 60 to 70 seconds, and this is achieved by accderaing the mill (sometimes
referred to as mill zoom), which dso preserves the temperature of the strip. However, even with
mill accderation a degree of temperature run down will exig aong the bar length. It is
important to note that unlike Steckel or plate mills, the reduction paitern employed within the
finishing train is somewhat redricted. This is manly due to the sequentid nature of the rolling
operation, the power and torque of each individud stand, the rolling velocity etc.

Table Il Example of hot grip mill finishing conditions in processng 3mm HSLA
grip
Sand1l | Stand2 | Stand3 | Stand4 | Stand5 | Stand6 | Stand 7

Temperature (°C) 1020 990 960 935 910 890 865
Strain 057 0.41 043 034 0.27 0.28 0.14
Strain Rate (s*) 9 15 29 46 66 101 98
Roll Speed (ms™) 1.2 2.1 45 5 6.1 7.9 9.5
Force per unit width (trm™) 17 1.6 17 13 12 11 1.0

The metdlurgicd benefits to be gained when finishing rolling for niobium microdloyed deds
are wdl known (14, 23, 27-32) and therefore only the process related mechanisms for
thermomechanicd rolling will be briefly mentioned here. For niobium microdloyed deds
(depending upon the stedd compodtion) a stage will be reached, ether before or during ralling,
when no audenite recryddlisation will occur i.e, recrysdlisaion-stop temperature. From here,
further hot deformation will ‘pancake the grains. It is widdy recognised that the retardation of
audenite recryddlisaion is dther due to solute drag and/or drain induced precipitation of
Nb(CN). In ether case the resultant being, with subsequent reductions, that the austenite grains
become eongated and thereby develop a greater effective grain boundary surface area
Together with the formation of deformation bands within the grains, the ability to nudesate
ferrite grains is substantidly increased. It is this process of developing a pancaked or eongated,
audenite tha is referred to as ‘conditioning’ the structure and forms the characteristic part of
thermomechanica process.

For niobium microdloyed seds nuclestion of Nb(CN) in audenite is expected to occur
heterogeneoudy on preferentid dtes such as gran boundaries and didocations, or more
probably on subgrain boundaries as found in deformed audenite. It is consdered that grain
boundary precipitation will occur an order of magnitude quicker than matrix precipitation. Thus
suggesting that grain boundary precipitation firsd ddays the recryddlisation process and matrix
precipitation is required to ensure the complete stoppage of recrydalisation (33). Any drain-
induced precipitation that takes place in the audenite is incoherent with the find ferrite matrix
snce it had a cube-cube relaionship with the former austenite microgtructure. Furthermore it is
consdered to make little if any contribution in terms of precipitation hardening as result of its
reldive coarse particle sze. Strain induced Nb(CN) precipitates in audtenite have their major
role in devdoping a fine ferite gran via audenite conditioning, resulting in a much better
combination of high dgrength, good toughness and ductility than possble via precipitation
hardening.



In addition to developing an optimum conditioned dructure, it is adso important that the
finishing temperature is kept aove the Ars point, even a the grip edges. When hot rolling
wide grip there is a tendency to develop a cold edge, which could be up to 20°C lower than the
mid-width temperature, which is normaly used as the control messure. Thus, if during rolling
the edges cool bdow the Ars, then the formed ferite will be deformed, which will lead to
inconsgtent properties. Although it is possble to control roll into the intercriticd range to
increese the find drength through substructure and/or subgrain hardening of the ferrite, this
type of rolling will generate a mixed gran dructure, which has a toughness impairing effect.
Since, on the other hand, the finishing temperature influences the level of drain imparted in the
microdructure below the recryddlisation temperature, it is not surprisng to find that a
reduction in temperature will lead to improved toughness vaues, as long as the finish ralling is
carried out in the metastable augtenite.

Furthermore, it must be noted that the am find hot rolled gauge will dso have an impact upon
the mill processng parameters in addition to the find mechanicd properties. The generd trend
observed, for an identicad stedd composition and processng conditions, is a reduction in find
drengths with heavier gauges. This is particularly observed when moving to gauges above
6mm and can be explained by:

i) A reduced imparted totd drain for the heavier gauges resulting in a ‘less conditioned
audtenite Structure, and hence a reduction in ferrite nuclegtion Sites, and;

i) The fact that a heavier find gauge will naturaly experience a dower cooling rate on the
run-out-table, thus affecting the ferrite nucleation rate and thus grain size.

The amount of solute nicbium a entry and exit of the finishing sequence is important for
audenite processing and potentid precipitation hardening as wel. Under practical rolling
conditions dmost no niobium will have been precipitated out during the roughing process (34).
Although a number of proposds exist, the exact mechanism and deveopment of Nb(CN)
precipitetion during multi-pass finishing is ill under invedtigation, but taking into account the
high deformation rate and short inter-pass time of hot drip finish rolling, the NbC precipitation
in augenite will be much less complete with regard to the equilibrium, than in plaie or even
Seckd mill rolling and one can assume, that aout 50% of niobium will reman in solid
solution (35).

Run-Out-Table (Accderated) Cooling and Coiling Temperature

On exit of the finishing train, the drip thickness gauge and width is accurately measured via an
X-ray device, and is then cooled by water sprays from above and below the strip. The cooling
of the drip is probably one of the most important stages HSLA steds hot drip ralling, requiring
accurate control as it is a very flexible and powerful tool of the hot strip mill. Once the coiler
captures the head-end of the grip, tenson is applied to the gtrip and the mill will accelerate to
mantan the finishing temperature. Such variations in the drip veocty will result in different
rates of cooling to be gpplied and result in inconsstent mechanica properties if the cooling
rates are not controlled aong the entire strip length.

There are a large variety of cooling profiles that can be employed on a modern commercia hot
grip mill. The application of an early cool is finding increesed use in the production of
niobium-HSLA dgrip deds, as this permits maximum exploitation of the conditioned audtenite
dructure. However, if a late cooling is gpplied, then some degree of recovery will occur in the
audenite, but no recrydalisatiion. Furthermore, the presence of niobium in both precipitate and
olute form  will dgnificatly retard the restoration process and thereby assst in the
preservation of the didocation Structure for longer.



As discussed, it is the essence of controlled rolling to increase the nuclegtion dtes for ferrite
grans, by giving a large amount of deformation to the sted in the nonrecrysalised augtenite
region and acceeraied cooling is to inherit the potentia ferrite nucleation Stes and make full
use of them (35). The application of an accelerated cool will promote further grain refinement,
gnce the lower transformation provides more nuclel in the undercooled austenite. The type of
microstructures that can be developed from controlled cooling can be predicted from a
continuous cooling temperature (CCT) diagram. Such diagrams chat how the mechanicd
properties can be talored accordingly to the cooling strategy employed. In practice for low
carbon microdloyed sted grades the cooling is interrupted at temperatures ranging from 650°C
to 550°C, or lower for some products.

The agpplied cooling rate has a ggnificant role to play in determining the find ferite gran dze,
and this is shown in figure 14 which demondrates, for the same sted gauge and composition,
the enhancement of the cooling rate (via an agoplied ealy cool and 75°C lower coiling
temperature) increased the yidd strength through a finer ferite gran sze, additiond benefits
were aso seen in anoticeable narrowing of the grain size digtribution (36).

> ~ 00 O o
e 9. 2. T2
/
‘
4
’
‘
’
;) =
’
&
o/
; =
‘
’

0
q

Mean ferrite grain size (um)

w
o

! ! ! N \

A5 30 H 40
Cooling rate (°C/s)

&
8

Figure 14: Influence of cooling rate in the run-out table on the ferrite grain size of
HSLA dtrip.
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The effectiveness of a deformed augtenite Structure to that of a recrysalized structure with the
goplication of an accelerated cool is dso clearly demongrated in figure 15 (37). Although in
redity the cooling rates experienced for strip processing will be in excess of 15°C/s, the trend is
cdear to see. Here, the ability to exploit the highly conditioned sructure, rich in ‘potentid’
ferrite nuclegtion Stesis redised.

If the accelerated cool exceeds a critical level and the interrupt temperature is low, then an
acicular ferrite (carbide free bainite) structure can be produced. Besides the cooling rate dso a
high dloy content promotes such bainitic transformation. Sted of such microstructure achieves
high strengths (>700MPa TS) and adequate elongation and toughness, thus this type of product
is finding increesed use in the automotive industry for whed disc, drum gpplications and anti-
intruson frames.
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Figure 16: Influence of processng conditions on the nature of precipitates and the
resulting strength — schemétically.

The solute niobium leve after finish rolling will determine, in conjunction with the codling rate
and find cailing temperature, the degree of precipitation hardening via fine Nb(CN) particles
that will occur. This is schemdicdly shown in figure 16 (38). During accderated cooling, in
addition to the ferite gran refinement, interphase precipitation of the microdloying dement
can occur. However, this is dependent upon the levd of cooling and with very high cooling
rates suppresson of interphase precipitation has been suggested (39). For niobium
microdloyed steds, under prevaling conditions, fine Nb(CN) precipitates will form on the
audenite-to-ferrite transformation front, giving the characteristic row-type digtributions (planar
aray). Thexe fine paticles typicdly a few nm in diameter and with row spacing of about



100nm (dependent upon cooling rate), will further increase the drengths via the mechanism of
paticle cutting. The didinctive rows of particles tha ae associaled with microdloyed
interphase precipitation are seen when only imaged a a certain orientation usng a transmisson
electron microscope. When imaged from another incident angle, the particles will gopear to be
randomly digtributed within the matrix. The niobium precipitates which form in the ferrite can
be identified from the orientation relationship between the ferrite and the precipitate reflection
in the eectron diffraction pattern and it is well edtablished that Nb(CN) precipitates in the
ferrite with the Baker-Nutting orientation relationship (40).

Application of a high coiling temperature may result in incomplete tranformation to ferrite, see
figure 17 (26). For the sed compodgtion given in the figure, any remaning augtenite will
tranform dowly to ferrite and pearlite; as the augtenite will be rich in carbon rgected from the
surrounding ferrite. The pearlite/carbides morphology will be srongly influenced by the coiling
temperaiure. Coare lamelae will form with high coiling temperatures while lowering the
temperature will result in a degenerated pearlite aggregate of ferrite and carbide. The presence
of gran boundary carbides and coarse pearlite will lead to poor toughness values. It is likey
that faster cool rates and a low coiling temperature will in fact lead to more second phase due to
the rapid undercooling of the audenite leading to a finer pearlite/carbides with a lower carbon
content. It dso possble that if incomplete transformation occurs on the run out table, then the
audenite which transforms reaively dowly may promote coherent or interphase precipitation
of Nb(CN), dthough atoo high coiling temperature may lead to aloss of coherency.
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Figure 17. Phase trandformation curve of two steds and two cooling rates
(reheated to 1000°C and linearly cooled).

From the early developments on accelerated cooling in the late 1950s and early 1960s, through
to the introduction of laminar cooling and water curtain devices on hot grip mills, current
research is focusng on the gpplication of ultra-fast cooling (UFC) technologies (41). Studies
have so far shown that compared to conventional laminar devices, where cooling rates of 20 to
40°C/s can be readily achieved, UFC units can ddiver cooling rates over 300°C/s. Early studies
on a low carbon niobium microdloyed sed has shown tha the drength is further enhanced
through a combination of developing a very fine equ-axed ferrite grans and an increase in
precipitation hardening. Consequently, optimisation of the totd dloying content can be



consdered (as discussed below). Furthermore, and equaly important, the dudies have
indicated that the uniformity in mechanica propertiesis aso improved.

Cailing and Coil Coaling

Once cooling has been interrupted, further precipitation of Nb(CN) will occur within the ferrite
matrix at favourable Stes such as didocations. As the hot rolled coil dowly cools, some degree
of paticle ripening will occur for dl exiging precipitates. The ripening process is commonly
termed Ostwald ripening, were the paticles will undergo cannibdigtic growth. (31). As the
paticles coarsen, the drengthening mechanism changes from one of paticde cutting to
didocation looping. According to the OrowanAshby reationship the ided Studion is to cregte
a large volume fraction of paticles having a smdl paticle sze, thereby devdoping a large
contribution to the overdl yidd drength. The advantage of usng niobium as a microdloying
eement is seen from the fact that it not only refines the ferite gran dze and increases the
drength and toughness, but dso contributes to the strength via secondary precipitation effects.
Niobium is dso ale to provide a greater increase in yidd strength when precipitating as a
coherent particle in the ferrite matrix in comparison to vanadium and titanium, figure 18 (42). It

can be explained by the larger difference in the lattice parameter of NbC to airon compared to
TiCor VCand VN.
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Figure 18: Maximum yield drength increase by precipitation hardening for a wide
range of sted compostions, solution trested at 1300°C and isotherma holding at
600°C.

It is clear that the interrupt (or coiling) temperature is important in not only determining the
microcondtituent type, but aso the degree of precipitation strengthening that can be expected
from the remaning solute niobium exit finishing. It has dready been discussed, tha the
precipitates formed in the high temperature audtenite state will not contribute towards any
secondary hardening effects. This is because they will be reaively coarse in comparison to the
coherent particles. However, their contribution was generated when pinning the austenite grain
dructure during hot rolling in the finishing train. In generd, a lower coiling temperature
(<600°C) will limit the opportunity for paticles to coarsen and theréby mantan a high
drength. However, if the colling temperature is too low, <450°C, then precipitation is likely to
be suppressed thereby leaving a quantity of microdloy in solution. Ultimately, the correct
choice of coailing temperature will depend upon the find property requirements and dso the
power of the coiler to be able to coil acold grip. In some hot strip mills, the latter is sometime



found to be the limiting factor. A recent laboratory based investigation confirmed the existence
of an optimum coiling temperaure for generding high srengths while maintaining ductility
levels (24,36).

The results of the invedigaion led to an indudrid trid where, for a given niobium
microdloyed ded, the average cooling rate on the run out table was increased and the coiling
temperature was reduced from 650°C to 575°C. The resultant change in the ferrite grain sze
was shown ealier in figure 14, whereby increesng the cooling rate from 20°/s to 32°Cls
reduced the average ferrite gran sze from 5.5um to 4um, resulting in a yield srength increase
of about 25MPa. In this indtance, the use of a reduced coiling temperature dso gave higher
contributions from secondary hardening and subgrain strengthening; estimated a 80-90MPa in
tota, in comparison to 40MPa when coiling a 650°C. Furthermore, in examining a series of
niobium microdloyed steds another investigetion confirmed, that for a congant finish rolling
temperature, an increase in the niobium content did not help to further increase the leve of
precipitation hardening and the optimum solution was to adjust the coiling temperature, figure
19 (26).
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Figure 19: Adjusted tensle drength as result of the niobium content and coiling
temperature.

It is noteworthy to mention, that reducing the coiling temperature can dso have a postive effect
of the levd of cold formability. Figure 20 shows the strength and hole expansion vaues for
three different coiling temperatures (43). The resulting microstructures comprised of 80%
ferrite with a second phase of ether pearlite, bainite or martenste. When coiling a 450°C the
precipitation hardening effect of niobium was observed to diminish and only the postive effect
of refining the microdructure prevaled. Nevertheless, the strength is not impared compared to
the 650°C coiling temperaiure as a result of the higher didocation dendty in the banitic
condituent. The enhanced cold formability is directly attributable to the eiminaion of pearlite
bands. From figure 20, the hole expanson vdue is dso much higher than for dud phase seds,
which were coiled below the martendte dart temperature and therefore exhibit a ferrite plus
marteniste microstructure. Although these steds show an even higher dtrength than the ferrite
plus banite ged, the higher internd dresses caused by the martendte transformation a low
temperature lowers the ductility. Therefore, HSLA deds with a microgtructure of ferrite plus
bainite are often gpplied to gpplications such as passenger car whed discs where a minimum
tendle srength of 600MPa is required. The typica chemicd compostion of this sed would be
0.08% carbon, 0.25% silicon, 1.45% manganese and 0.03% niobium (12).
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Figure 20: Influence of cailing temperature and dloy design on the microstructure
and properties of HSLA dtrip.

Uniformity of Properties

The chadlenge however lies in achieving these ided/optimum-processng conditions both aong
the entire hot rolled coil length and across the coil width. On remova from the cailer, the coil
will cool very dowly to room temperature. However, during the cool there will be a tendency
for precipitate ripening to mirror the cooling profile of the coil. This is observed from figure 21,
which shows the topologica yied srength developed from a section of a niobium HSLA grip
ded (26). This paticular sted coil exhibits softer drengths a the edges, suggesting that
insufficient time a temperature was experienced to generate optimum secondary hardening
from Nb(CN) paticles, unlike the mid width of the coil that gppears to have experienced the
right cooling conditions. It is factors such as these that will dso impat some degree of
inconggency within the coil. In generd it has been found, for high microdloyed deds
(niobium or vanadium), that the immediate coil ends will exhibit higher drengths than the body
due to exposure related effects of the inner and outer laps (36,44). This is shown quantitatively
in figure 22, where two cooling curves representing distinct parts of the coil are superimposed
onto iso-hardness curves of a sted with 0.02% niobium in solid solution obtained for various
anneding times and temperature conditions in the ferrite (44). The difference hardness
increases a a cetan anneding temperature is a result of the anneding time corrdating with the
volume fraction and particle sze of the ferite precipitates. As after a certain time, fine NbC
precipitates are formed homogeneoudy throughout the matrix. With longer anneding times the
amount of such precipitates increases and a hardness of up to 30HV (corresponding to 100MPa
tensle drength) can be redised. With increased annedling times, the hardness is expected to
fal due to particle coarsening effects.

This is something that is inherent to dl hot-rolled coils. Although it is important to note that if
the gpplied coiling temperature is well below the desired optimum, then the reverse will be true;
i.e. the coil ends will be soft due to suppresson of precipitation. Also, a change in the second
phase microcondituent and volume fraction must dso not be forgotten. To minimise this effect,
and depending upon the response time of the run-out-table control system, it is possble to
apply a catenary or Upattern cool to the strip. The process involves a reduction in the leve of



cooling applied at the head and tall end of the hot-rolled strip and thus producing a coil with
hotter ends. This will, to a degree, counteract the rapid cooling experienced by the exposed
outer and inner laps and thereby baance the overdl coil cooling rate.
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Figure 21: Topologicd yied strength distribution for a niobium HSLA grip.
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Summary

The roles of niobium are summarised in figure 23 (46).
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Figure 23. Schematics of the different roles of niobium during thermomechanica
ralling.

The genera and expected trend is that an increase of niobium to the base sted will result in
higher gdrengths. This is shown in figure 24, which contans a range of indudtrid niobium
HSLA drip steds with varying manganese levels (26). A concluson that can be rapidly drawn
is tha achieving a maximum contribution from the niobium microdloying addition requires
griking the right balance between:

i) Achieving sufficient leves of audenite conditioning beow the

temperature to aid generation of afiner ferrite grain Sze, and;

i) To ensure favourable conditions for the precipitation of fine coherent Nb(CN) particles
in the ferrite structure to generate a degree of secondary hardening.

recrystalisation

The hot drip rolling of dl microdloyed high strength sted grades require careful process
control over the entire drip mill. It is clear that there is no one sngle important pat of the
process route that is key. By understanding the intertwined relationship between the process
route and the physcd metdlurgy it is possble to develop a range of cold formable sted grades
for the automotive industry. In addition, through knowledge of the process metdlurgy it is
possible to take corrective action further down the process stream if it is required.

The lion's share of the chdlenge evidently lies with good temperature control and management
over the etire hot drip mill. Although dl microdloyed deds can be conddered more
responsive to the surrounding process conditions, niobium has the added advantage over other
dements such as vanadium, in that it imparts srengthening contributions at two different stages
of the process i.e, grain refinement during finishing train rolling and secondary precipitetion



hardening, especidly during coil cooling. Thus, even if the hot drip mill cannot apply a very
low caling temperature or a catenary cooling profile, the niobium microdloying addition,
adong with the sted compodtion and finishing schedule, can be tallored to generate a maximum
conditioned audtenite sructure and hence, fine ferrite grains. The latter will not only provide
high yidd drength but dso improve toughness properties. With the gpplication of an optimum
coiling temperature a further increase in drength can be redlised via precipitation hardening.
However, the rdationship between the ferite gran sSze and the secondary hardening
contribution is a complex one and figure 25 shows the baance, which exigts (26).
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The cold forming of hot rolled grip is a standard production step especialy for the automotive
and condruction indudtries. For tensle drength levels aove 500MPa microdloyed HSLA
deds are quite acceptable for a wide range of applications. However, dud-phase stedls are dso
now widdy available for gpplications requiring superior formability. These seds, which have a
dud or tri-phase microstructure, are produced by various processing routes or heat treatment,
which are harmonised with the chemica compostion. In the optimisaion of dl these ded
types it has been edablished that - equdly as in HSLA dgrip - microdloying with niobium
futher improves the mechanicd properties especidly through refinement of the
microdructure. This not only generates higher tensle properties, but aso has no ductility
impairing effect, thus resulting in an exponentid increase of the characterigtic product of tensle
strength and elongation with higher niobium levels,
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