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Abstract

Currently there is considerable interest in developments leading to new advanced high strength
sheet steels (AHSS) for automotive and other transportation applications that demand high
strength, light weight materials. Design requirements will involve material properties with
strengths greater than currently available dual phase and TRIP steels (steels in this group are
referred to as the “First Generation” of AHSS), with good ductility and formability, but
produced at a cost less than the high ductility stainless steels or high manganese TWIP steels
(materials referred to as the “Second Generation” of AHSS). Recent studies have shown that
materials that satisfy the required property/cost combinations will include complex
microstructures containing high amounts of retained austenite in combination with a high
strength constituent that may be ultrafine grained ferrite, martensite, bainite, and or
combinations of ferrite-based constituents. In this paper, selected methodologies leading to the
production of new AHSS materials will be reviewed and assessed to provide a framework for
consideration of new concepts and processing routes that will be required in production
operations.
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INTRODUCTION new AHSS products, as well as to enhance
Recently, significant interest has beefXisting AHSS steels, are presented. Results

Presented here are taken primarily from the

expressed by steel producing and usin , )
industries for development of the nexteseéarch work recently published in the

generation of advanced high strength sheBfoceedings of the Interr_1ationa| Confere_nce
steels (AHSS) to meet the demandin%n New Developments m_Advanced ngh
requirements for excellent combinations oPU€ngth Sheet Steels, held in Orlando, Florida
strength, formability, toughness, cost, etQn Juné 15-18, 2008 [4], and the discussion
[1-3]. To produce the new AHSS sheet Stee|§,once_ntrates principally on ferritic-based
unique processing schemes will be required. fraterials.

is anticipated that these will be based initially

on modifications to routes currently employecﬁHSS FAMILIES

to produce dual phase (DP) and transfolAHSS steels in use today have been classified
mation-induced plasticity (TRIP) steels. Inas “First Generation,” i.e. primarily ferrite-
this paper, selected approaches to produbased steels which include e.g. DP, TRIP,
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complex-phase (CP), and martensitic (MART}he properties of a wide variety of sheet steel
steels or “Second Generation,” i.e. austenitiftamilies, including the First Generation AHSS

steels with high manganese and sometimaseels, are reasonably predicted with a two-
aluminum contents. The latter steels areomponent system based on ferritic steels and
closely related to some austenitic stainleghat steels in the Third Generation band may
steels. Of significant growing interest [1] isbe produced by various combinations of

the potential to produce new steels, referred toartensite with stable austenite. Similar calcu-
as the *Third Generation” of AHSS with lations based on metastable austenite have
properties superior to the First Generation adhown that the resulting composite properties
AHSS. It is anticipated [2, 3] that develop-depend sensitively on austenite stability

ment of steels with strength/ductility combi-against deformation induced transformation to
nations greater than available in the Firgtnartensite [3]. Composites with austenite that
Generation of AHSS, but without the full costiransforms to martensite at low strains exhibit

of the stabilizing elements and processingroperties similar to those shown in Figure 1

required for the austenitic Second Generaticior the ferrite/martensite combination, while

AHSS steels, will require unique alloy/composites with austenite having enhanced
microstructure combinations. To producestability against deformation exhibit properties

materials with the desired final propertieswithin the Third Generation of AHSS band

several microstructural features must bg3].
simultaneously and independently controlled. EE—
These include: number of constituents (e.g. |Austemte+ManensneT\
phases) and constituent volume fractionsg®
sizes, distributions, and mechanical propertie_§50
(e.g. strength and strain hardening behaviorgag
To illustrate the potential for developinga,,
materials with the desired microstructure/
property combinations, Figure 1 compares ,
predicted effects of systematic microstructural  © % &0 wvps o 1P
Variation-s’ obtained -by increasing th-e igure 1: Predicted [2, 3] strength/ductility
martensite volume fraction (up to 70 pc), i ombinations for two hyp’othetical steel families

two h_ypOtheti(_:al t\No-qomponent ComPOSitQNith systematically varied martensite volume
materials of either ferrite plus martensite ofractions with property bands for various classes of

stable austenite plus martensite [2, 3]. The§§”ve”“°”a' af]]d AHSS St_ete's [1]. P_“t?diCtiO”Sf

L4 . own are or compaosites consistin (0]
pred,l(_:tlons are superimposed on a strengt Srrite+martensite or stablepaustenite+marter?site
ductility map often used to compare sheet
steel properties [1] and which identifies While the predictions shown in Figure 1
property bands associated with First an@rovide insight into microstructural com-
Second Generation AHSS. For these cabinations required for the new AHSS, simplified
culations, specific properties for each phasassumptions were embedded in the composite
were assumed based on literature data antbdel and consideration of actual deformation
predictions utilized a composite model for twdoehavior of and interactions between consti-
ductile constituents [2]. Figure 1 shows thatuents will be required to predict optimal
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microstructures. Nonetheless, it appears cleand cooling rates, and incorporation of

that the Third Generation of AHSS will additional thermal cycles associated with hot
consist of complex microstructural combi-dip galvanizing, etc. It should be noted that

nations, with significant use of both a) highalloy designs have been based primarily on
strength constituents (e.g. martensite, bainittgw carbon steels due to welding consi-

ultrafine grained ferrite, etc) and b) highderations and modifications to weld designs or
ductility constituents with significant strainjoining processes may allow the use of higher
hardening capacity (e.g. austenite witltarbon grades in the future, enabling new
controlled stability against deformationprocess/product concepts that are considered
induced transformation to martensite) [2, 3]infeasible at present.

While development of modified TWIP steels

and Second Generation AHSS are important A,

and are receiving considerable attentiony,
particularly in Europe and Asia, this papers
concentrates on ferritic based materials. AS
discussion of developing Third Generation3 FBA ' TRIP"
AHSS by starting with Second Generationg
AHSS products is left to future publications. +

F-M § "Dual Phase"

CONVENTIONAL COLD ROLLED AHSS

Time
PROCESSING . . .
Figure 2: Schematic time-temperature diagram for
DP and TRIP steels can be produced as hot or TRIP and DP steel processing [5]

cold rolled products, but current interest is

focused more on cold rolled low carbon steelsp STEEL PROCESSING OPPORTUNITIES
subjected to thermal cycles such as illustrat | oh teel h . AHSS
schematically in Figure 2 [5]. Low carbon ual phase steeis are the primary A
steels rapidly cooled from an intercriticalprOdUCtS currently being incorporated into

temperature result in DP steel microstructurdsré vehicles, and thus there remains

consisting primarily of ferrite and martensiteSignificant economic incentive to produce DP
teels with enhanced properties, i.e. higher

and which may contain small amounts of . ¢ B
retained austenite. For appropriately designedrength with improved formability. The
steel compositions, if cooling is arrested andtrength of cold rolled and annealed DP steels

transformation is accomplished at arS Primarily controlled by the martensite
intermediate temperature, typically above th¥olume fraction, while for steels with a
martensite start temperature, then TRIP stegf§nstant martensite volume fraction, the
consisting of microstructures with bainiticductility and formability, including resistance

ferrite and larger quantities of austenite resulp localized fracture, are controlled by the
after final cooling to room temperature. Inrelative strength of the martensite and ferrite,

either processing route, the final micro-@nd the martensite particle size and distribution
structure depends on control of a largéd, 6]. To achieve the necessary hardenability
number of variables including alloy contentfo produce martensite on cooling, DP steels
starting microstructure, annealing temperatureften contain high Mn contents which may be
prior to cooling, time at temperature, heatingreater than 2 wt pct. The presence of the high
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Mn content may lead to banding and result in A novel path to produce DP steels with
local inhomogeneous deformation and lessnhanced properties was illustrated by Azizi-
than optimal formability [7]. Alziamini et al. [9] using a 0.17C-0.74Mn

In processing DP steels the importance ¢ft€el in which the five-stage processing
the hot rolled microstructure achieved orlistory shown in Figure 4 was employed to
coiling has received limited attention in theProduce a ultrafine grained DP steel. After an
literature. Meloet al. [8] compared the effect ice-brine quench (Step I), the steel possessed a
of coiling temperature (450 v. 6%D) after hot fully martensitic microstructure that was
rolling on the DP microstructures developedempered in Step Il prior to cold rolling (Step
after intercritical annealing of a cold rolledlll). A recrystallization pre-anneal at 5%D
0.15C-2.14Mn-0.4Si (in wt pct) steel, and(Step IV) produced an ultrafine aggregate of
resulting light optical micrographs illustratingferrite and carbide (cementite). Stage V
the importance of coiling temperature aréncorporated a rapid heating rate and short
shown in Figure3. A banded pearliticimes at the intercricical annealing tem-
microstructure existed in the sample coiled gierature, both chosen to minimize ferrite grain
650°C (Figure 3(c)) while the material coiledgrowth and promote carbide dissolution and
at 450C was uniformly bainitic (Figure 3(a)). austenite formation. On quenching, an
The fine structure associated with bainite wasltrafine structure developed with a martensite
maintained in the cold rolled samples. Owolume fraction of approximately 0.42 having
subsequent DP processing from T®0the a uniform distribution of Zim martensite
bainitic material produced a more uniformisiands. While not shown, in this material the
martensite distribution (Figure 3(b)) than wastrength difference between the ferrite and
evident in the DP microstructure (Figure 3(d)martensite should be less than in other DP
produced from the material coiled at 880  gteels owing to the grain size refinement of

Hot rolled Q from 760°C the ferrite, and consistent with the modeling
predictions of Krempaszket al.[7], should
lead to improved overall material performance
in tests limited by decohesion fracture and
non-uniform second phase distribution. In a
related study [10], incorporation of an

@) (b) additional reduction step in the interval

normally associated with the runout table, can
be used to enhance deformation induced
ferrite formation resulting in ultrafine grained
DP products.

Another path to precondition sheet steels
© d) prior to DP processing, particularly for steels
of interest for hot dip galvanizing operations,
Figure 3: Light optical micrographs showing the has also been considered recently. The
effect of microstructure after coiling at 450°C (a) or response of materials to DP processing
650°C (c) on DP microstructures produced after S .
depends on the distribution of alloying

quenching from 760°C, (b) and (d) respectively. . o~
Adapted from [8] elements in addition to carbon, and renewed

Sim®Pro'08, December 09-11, 2008, Ranchi, INDIA



17z

interest has been expressed [11] to implemettt achieve third generation AHSS properties,
unique processing histories to modify Mntwo primary modifications to TRIP steel
distributions to enhance the Mn content in thenicrostructures are required [3]: a) increase
austenite present at the intercritical annealinpe volume fraction of austenite, and
temperature. This approach was evaluatdny) increase the stability of austenite against
recently by comparing the response to DRansformation to martensite with strain.
processing of a 0.2C-2.0Mn steel coiled afustenite stability increases with an increase
550°C with the same steel after an additionah carbon and alloy content, a reduction in
hot band annealing treatment (0.5 hr alustenite particle size [12], and segregation of
750°C). Addition of the extra step producedother austenite stabilizing elements to
material with a better combination of strengtlaustenite during intercritical annealing.

and ductllity with reduced sensitivity 10 The apility to modify austenite stability
intercritical ~ annealing ~ conditions.  ThiSg,ing the isothermal bainitic heat treatment
example, along with others highlighted above, 'riq e 2 depends sensitively on the alloy/

gnd in later sections, lllustéat((jes tthat f]!ex!lt_)t'I'E[ytime/temperature combinations employed. This
N processing 1S~ needed 1o 1aclltals y, \sirated a recent comparison of TRIP
implementation of new microstructure

concepts. steels containing aluminqr_n. Spengetr al.
[13] showed for an Al-stabilized TRIP700 that
an increase in time at the bainitic isothermal
hold temperature of 400 increased the initial
austenite volume fraction from approximately
0.1 to 0.12 and the stability against trans-
formation with strain. In contrast, with a
0.18C-1.58Mn-1.3Al alloy for use in hot dip
galvanized TRIP600 products, kit al. [14]
showed that for comparable annealing times
the amount of retained austenite decreased
with an increase in isothermal transformation
temperature above 48D, an effect that was
enhanced for longer transformation times.

Figure 4: Schematic time-temperature history used The potential to use nitrogen to stabilize
to produce ultrafine grained DP steels [9] austenite in TRIP steels with commercially

interesting compositions was considered in
TRIP STEEL PROCESSING the study by Leetal. [14], on nominally
OPPORTUNITIES 0.08C-1.5Mn-1.5Si steels with and without
Modifications to conventional TRIP steel0.03 Al. The Al-addition served to getter
alloys and processing routes potentially offepitrogen, producing steel with limited free
the most direct paths to extending materialitrogen. Figure 5 shows the effects of hot dip
properties into the third generation AHS3alvanizing temperature for a constant pro-
strength-ductility band shown in Figure 1. Incessing time on the initial retained austenite
comparison to currently available TRIP steels;ontent of the two alloys. The alloy without
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the aluminum addition exhibited a higherof die quenching after stamping. As most
amount of retained austenite at all temmartensitic steels are employed after
peratures, and the increased stability of tHempering, Saglitzet al. [15] evaluated the

austenite was attributed to rejection otempering response of a typical B-modified
nittogen from cementite during bainite0-22C press-hardening steel after water
formation and corresponding stabilization ofluénching. Figure 6 shows a summary of their
austenite due to an increase in the loc&fSults plotted as ultimate tensile strength
nitrogen content in the austenite adjacent t4ersus total tensile ductility. As-quenched

cementite-austenite interfaces. Use of nitrogéﬁ'artensn.e has high strength with ductility that
as an austenite stabilizer was suggested |§oessent|ally equivalent to tempered structures

provide improved mechanical propertiespmduced by low temperature tempering. The

L bbservation of equivalent ductilities indicates
although the extent of the effect is limited by, ¢ as-quenched material should perform

_nltr_ogen solubility, and _200 ppm N WaS;t least as well as low-temperature-tempered
indicated to be the likely limit using microstructures. The data show that increased
conventional steelmaking practice. tempering in the range of 150 to 360

5 decreases total elongation somewhat, a
T T consequence of a form of tempered martensite

5 - embritlement due to enhanced void
L Si . nucleation at carbide particles formed during
4 - tempering. This observation further suggests

i 1 that the use of materials in the as-quenched or
auto-tempered conditions are appropriate as
Si + Al the degree of tempered martensite embrittle-
ment does not appear severe.

Retained Austenite (%)
w
T
1

1F -

0 1 I 1 I 1 I 1 I 1
460 480 500 520 540 560

GA Temp (°C)

Figure 5: The effects of galvanizing temperature on
the retained austenite content in a steel modified
with Al to getter nitrogen in comparison to the same
steel without Al. Adapted from [14]

MARTENSITIC STEEL PROCESSING
OPPORTUNITIES

Fully martensitic sheet steels are receiving
increased attention as they possess high
strefngth %?d ante Curtr.entlyt bellng mcorporall;[elgﬁgure 6: Combinations of ultimate tensile strength
as formable al_" omotive S(_-:‘es as a resu - 9hd total elongation for martensitic 0.22 pct C
developments in hot stamping where the highoron steel tempered at various times and

strength martensite develops as a consequenesperatures. Adapted from [15]
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NOVEL PROCESSING OF AHSS similar to 1-step Q&P [16, 17]), a conven-
CONTAINING MARTENSITE tional Q&T process for sheet quenched to

Recently there has been considerable reseaf§@M temperature prior to tempering, and two
interest in cold rolled and annealed materiadifferent Q&P processing histories processed
rapidly cooled to a temperature below th®Y quenching to either 240 or Z€followed
M but above room temperature after heatingy an isothermal hold at 4% (this process is
to T > A or to an intercritical annealing tem-€quivalent to those referred to previously as
perature. This sequence is akin to a modifiedStep Q&P [16, 17]). In a format analogous
martempering process as employed ifP Figure 1, Figure 7 shows that _fo_r a_rmlar
quenched and tempered steels, but is designéength levels, Q&P steels exhibit higher
to modify the microstructure rather than thgluctilities than the martensitic Q&T grades
thermal stresses. After cooling, the material {@nd thus offer a potential processing path to
held at the quench temperature (QT) or jgroduce new third generation AHSS steels.
reheated slightly and held for a specified time

prior to cooling to room temperature.

Materials produced by this interrupted

qguenching process have been referred to by a

variety of terms including “quenching and

partitioning (Q&P)” [16, 17], “TRIP-dual’

[18], “TRIP aided bainitic ferrite (TBF)” [19],

“isothermal quench and tempering (IQ + T)”

[20], and “quenching, partitioning, and

tempering (Q-P-T)” [21]. For the discussion

that follows, steels from these studies are

referred to as “Q&P” steels, although Q&P

processing usually . implies quenChInq:igure 7: The effects of processing histories on the
tempera_tures meaningfully  below  thesgrength-ductility combinations obtained using a
martensite start temperature JM On 0.2C-1.7Mn-1.5Si Al-killed steel. Adapted from [18]

guenching, the amount of initial martensite

that forms depends on the, kor the austenite ~ During the intermediate isothermal hold,

present during annealing, and the differencgeveral potential microstructural modifications
between the Mand QT. Subsequent change§an occur including: carbon partitioning from

in the microstructure on isothermal holdinghe martensite to the austenite resulting in
prior to cooling to room temperature depen(iﬂcreased volume fractions of austenite at
on alloy content, temperature, and holdingoom temperature [16], isothermal martensite
time. Figure 7 summarizes results of Jun ani@'mation [22], transition carbide formation

Fonstein [18] on a nominally 0.2C-1.7Mn-[23], migration of the martensite/austenite
1.5Si Al-killed steel processed with varioughterface, carbon trapping at dislocations,
thermal histories including “TRIP-dual” bainite formation, and cementite formation
isothermally transformed at 4%D (essentially [24]. If carbon partitioning can be promoted in
a TRIP austempering process as shown ligu of the other possibilities, then the

Fig. 2) or transformed below the,¢a process potential to produce new high strength steels
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with controlled amounts of ferrite (controlledafter hot rolling [26] and AHSS sheet steels
by the annealing temperature prior towith controlled microstructural gradients or
guenching), martensite, and retained austenitémodial grain size distributions [7]. These
can be realized. One way to promote austenigdternate approaches to develop new steel
stabilization is to add Si to suppress cementitmicrostructures may prove interesting in the
formation and Figure 8 illustrates this effect ifuture.

the recent work of Santofimiet al. [24] on a

nominally 0.2C-3.5Mn steel with either 0.45|MPLICATIONS FOR PROCESSING AND

or 1.54 Si. For all partitioning times, the highEQUIPMENT REQUIREMENTS

Si steel had higher retained austenite conterﬂ%lny of the new processing routes that are

due to the suppression of cementite formatio&rrently being evaluated, or have been

a_tnd for tlmes_greater_ than 100 S, there Waﬁ'oposed, require careful control of heating
lile change in the final austenite contenty.y cjing rates and deformation histories

indicating the presence of a wide processi at may exceed capacities of current hot and

w!tr;]dgyv. g.ﬂle;d ztudlesh on L%Wﬂ/l Mndds_:_eelscold rolling, annealing, and galvanizing lines.
with st or Sl ave snown that ko adaiionSy ¢ 5 ragylt, there is significant ongoing deve-

also promote austenite stability by pOSSib|¥opment and implementation of new pro-

e‘Cessing steps to facilitate production of new
materials. As illustrated in Figure 4, both high
heating rates and cooling rates enhance
production of ultrafine grained DP steels.
Rapid heating rates can be obtained through
installation of inline induction heating systems
at critical stages in the process stream. For
-1 example, installation of an induction heater
1 between the annealing furnace and zinc pot, in
— conjunction with a rapid cooling system on
exit of a continuous annealing furnace, would
allow the possibility of producing Q&P
products on a hot dip galvanizing line.
ol i Installation of an induction heating coil and/or
1 10 100 1000 @ controlled cooling system on a runout table
Partitioning Time (s) would provide the opportunity to control
Figure 8: The effects of Si content (0.45 or 1.54 wt ~ COiling temperature for the purpose of more
pct) and processing time on the volume fraction of  completely using coiling as one step in the
retained austenite in a 0.2C-3.5Mn steel Q&P qgyerg|| heat treating process. Of particular
processed with QT = 240°C and PT = 350°C. . . .
Adapted from [24]; error bars deleted for clarity note is the compact cooling SySte_m dlsc_ussed
by Sprocketal. [27] where cooling, using
While not covered extensively here, ithigh water flow rates and critical control of
is worth noting that new processingwater nozzle geometries, equivalent to that
approaches are being considered to develgghieved in a conventional laminar flow
Q&P steels for processing on a runout tableystem was obtainable in a space of 7 m in

drag like effect [25].

o
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contrast to the 57 m required for conventiongberatures. There appears to be a critical
processing. The compact size of this systetemperature where there is a distinct transition
was shown to offer a novel system design that surface Si concentration. The disappearance
possibly could be adapted to both new andf the oxide at the surface was interpreted to
existing lines. While not exhaustive, theseccur by the reduction of the SiGim by
examples clearly illustrate that equipmentlissolved carbon in the steel, and zinc was
manufactures are prepared to respond to tseown to wet samples annealed above the
potentially more severe processing conditionsansition temperature.

(i.e. high heating and cooling rates) that will
be required to produce several of the new i g? (heating) o Fe (heating)
Third Generation of AHSS steels. 20 1(70s soaking) ®_Fe (70s soaking)

As most automotive sheet steels are coated
for corrosion control, another important processs 15
parameter that must be considered is th&
surface chemistry of the as-heat-treated shegt
prior to entering a coating operation. Many of2 10-
the alloy systems discussed above, partig
cularly the TRIP and Q&P steels, involve Sié
additions to control transformation responseS °7
on cooling. However, high Si steels are©
known to exhibit significant difficulties in
conventional heat treating and galvanizing
operations owing to silicon-containing oxides
on sheet surfaces. The presence of surface
oxides necessitates modifications in pro- Temperature (T)
cessing to remove or modify the oxide tdrigure 9: Effects of annealing temperature on the
ensure complete Zn wetting of the steejurface Si and Fe concentration (heating experi-

surface during hot dip galvanizing. Thements—dotted lines and isothermal annealing—

. . ” solid lines). Adapted from [29]
formation of surface oxides is reportedly

minimized by ut|I|_Z|ng a protective atmos_fSUMMARY

phere furnace with hydrogen in place o

conventional inline annealing furnaces [28]Recent results from a 2008 international
although availability of these types of systemsonference on AHSS were used to highlight
in current mills is very limited. Van De opportunities for modifications to existing and

Putteet al.[29] recently illustrated the degreedevelopment of novel paths for the production
that surface oxides can be modified irof new high strength sheet steels with
their study of austenitic annealing of astrength-ductility combinations superior to

0.23C-1.45Si-1.61Mn-0.023Al steel in athose available today. The steels of interest
N,-5%H, atmosphere. Figure 9 shows thevill contain significant amounts of a highly

surface Si and Fe concentrations in sampleictile constituent (e.g. austenite) and high
rapidly heated (open symbols) or soaked fastrength constituents, including martensite,
70 s (solid symbols) at the indicated tembainite, ultrafine grained ferrite, etc. The

750 800 850 900 950 1000 1050

Sim®Pro’'08, December 09-11, 2008, Ranchi, INDIA



17¢€

selected examples illustrate that significant[6] Matlock,

opportunities for the production of new AH

SS

products have been identified, although most
require higher heating and/or cooling rates,

along with multiple thermal or deformation

processing cycles not currently available on

most production lines. The challenges for
future will be to design methodologies

the
to

economically implement these new processing

routes.
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