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Abstract

Low dloyed multi phase steds are subject to extensive research efforts especialy with regard
to automotive gpplications due to ther attractive combinations of mechanicd properties. In this
paper the microgtructurd characteristics differentiating multi phase seds from conventiond
cold formable steels are highlighted. The processing of dua phase steds and TRIP deds is
described in detail and various aloying concepts are reviewed. Specid emphass is laid on the
decisve role of niobium with respect to trandformation behavior and microdructure
development. It is concluded that the addition of niobium can provide a further improvement
of the mechanica behavior and thus enlarge the gpplication field of multi phase seds.



Introduction

For a great variety of gpplicaiions the enhancement of drength remains one of the most
important targets of materid development. Economicd and ecologicd condderations have
even renforced this tendency, as devated dStrength levels are a prerequidte for light weight
condruction in the automotive industry which has ganed incressng importance during the last
yeas. To mantan or even drengthen the competitive postion of sed for car body
goplications in spite of the didinctly higher specific waght in comparison with duminum,
magnesum, and plastic new materid concepts have been developed and the maximum strength
level of cold formable sted's has been widdy extended.

The conventional mechanisms to increese the strength of sted such as solid solution hardening
or precipitation hardening are dl based on an increase of the didocation dendty or an increase
in the different types of interactions with the didocations. Unfortunatdy, in these cases the
higher strength is accompanied by a noticegbly inferior formakility (Figure 1).
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Figure 1. Ductility-grength relationship of severa high srength cold rolled seds
(IF - interdtitid-free; TRIP - transformation-induced pladticity; DP - dud phase
PM - patidly martengtic).

The introduction of a new group of deds with a microgtructure corsiging of a least two
different components has led to an incresse in the drength level without a deterioration of
ductility. The s0 cdled multi phase deds therefore offer very attractive combinations of
drength and ductility which are due to the coexigence of the different microgtructurd
components, ther different mechanicd behavior and ther mutud interactions. The
components of interest are regarded on the scae of light microscopy, e with typica
dimengons of a few miccometers. Multi phase seds can for example contain a relatively soft
matrix phase being respongble for a low yidd drength and a good formability aong with a
high tensle strength as a result of the presence of a hard second phase as in the case of dud
phase seels. It is possble to vary the mechanicd properties and to talor them for the
respective gpplication foreseen by adjusting type, morphology and orientation and above dl
volume fraction, Sze and distribution of the different phases.



Additiond potentid for the improvement of mechanical properties can arise from the presence
of a phase which does not represent an equilibrium condtituent and which transforms during
forming when the activation energy necessary is supplied.  The trandformation induced
plagticity of so cdled TRIP deds associated with the trandformation of face centered cubic
audenite to body centered cubic martendte has a pogstive effect on both srength and
formability. Fgure 1 provides an overview of the combinations of mechanica properties of
vaious cold rolled high drength sheat deds induding TRIP geds with different dloying
concepts.  Apart from the different levels of drength and ductility the flow behavior of dud-
phase dseds and TRIP seds shows characterigtic differences to conventiond cold formable
deds namdy continuous yidding in the fird case and high uniform eongatiion and reativey
low necking elongation in the second (Figure 2).
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Figure 2. Stress-drain curves of high drength steds with approximatedly the same
yidd strength leve and the specific features of different sted concepts.

Niobium is known as an dloying dement by which audenitization, recryddlization, gran
growth, phase trandformation, and precipitation behavior can be controlled in a very eficent
way and by which the mechanica properties can be varied in a wide range. With regard to
multi phase deds niobium affects among other things the transformation of audenite to ferrite
and to banite and thus volume fraction and sability of the retained augtenite which is the key
to the outstanding mechanicad behavior of TRIP geds.  Thus niobium can be utilised as a
metallurgica tool to adjust microstructure and properties.

In this paper the physica background, important process parameters, and different properties of
multi phase stedswith low dloying levelsfor thin flat products are discussed.

Microstructural Featuresof Multi Phase Steels
The microdructure of multi phase deds is dgnificantly different from single phese

microgructures and therefore requires additiond information such as volume fraction, dze,
digtribution, and morphology of the different phases to be completed described (Figure 3).



Dud-phase deds are characterized by smdl martendte idands in a ferritic matrix, while in
duplex steds both phases are of the same order of magnitude with regard to amount and Sze.
Duplex microstructures with austenite and ferrite components are of importance for dainless
deds. TRIP geds are triple phase steds with two mgor fractions of ferrite and bainite and a
minor fraction of retained audenite. In order to characterize this metastable microstructura
component it is even necessary to determine the local chemica composition (1).
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Figure 3: Microgtructurd characterigtics of multi phase stedls.

The mechanica properties of different microstructural components of sted are compiled in
Figure 4. The data is based on the literature as well as on experiments and can only serve as an
initial guide, as the didribution of dloying eements between the components is usudly
inhomogeneous and as the properties strongly depend on the process parameters, especidly the
formation temperature of the microstructural components (2).

The formability of multi phase deds is manly determined by the ratio of yied dress and the
volume fraction of hard and soft microgtructural components.  Figure 5 provides an overview of
the combination of these important parameters for severa multi phase deds  Additiond
importance is ascribed to the gze and morphology of the condituents. The desgn of dud-
phase steds makes use of a smdl volume fraction of the second phase and a great difference in
yidd drength. Due to the generation of martendgtic idands associated with volume incresse
and shape accommodation, locdized didocation accumulations and interna tendle stresses in
the ferrite occur, which result in a low yield drength and a high drain hardening rate.  For
duplex sedls, however, a good combination of strength and formability is obtained with smilar
volume fractions and yield strength levels of the two phases (3, 4).



Phase | R,, MPa R, MPa A, % Hardness, H, .
Interstitial free ferrite 100 - 150 - 280 - 50

Farrite (mild steel) | ~ 220 =~ 300 - 45

Ferrite (0.7% Ni, 0.6% Cr) | ~330 ~ 550 -35 | ~180
Ferrite (13% Cr) | ~ 300 ~ 500 =18 -

Pearite | ~900 ~ 1000 ~10

Cementite ~ 3000 - - | 800 - 1150
MNb carbonitnides - - - | 2500 - 3000
Bainite (~0.1% C) | -~ 400 - 800 500 - 1200 =25 ‘ ~ 320
Martensite (~0.1% C) ~ 800 ~ 1200 =5 - -~ 380
Martensite {~0.4%) | ~ 2400 - - - ~ 700
Austenite (18% Cr, 8% Ni) | ~ 300 =~ 600 =40 | ~ 240

- . . i - na data avallahh;e
Figure 4. Chaacterisic mechanicd properties of different microstructure

componentsin sted; the figuresindicate the approximate range of properties.
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Figure 5: Volume fractions and yield stress ratios in multi phase seds.

Processing of Multi Phase Stedls

Various process routes for dual phase stedls and TRIP deds are ether dready in use or are
subject to discusson depending on the product. Figure 6 summarizes the different routes and
demondtrates that hot rolled, cold rolled and galvanized end products can be produced for al of



them. Other concepts of multi phase stedls such as complex phase steds are not discussed in
this paper.
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Figure 6: Process routes for hot and cold rolled multi phase stedls.

Specid attention has to be pad to the cooling strategy when producing hot rolled multi phase
deds After audenitization and the different steps of rolling in the roughing and finishing mills
the microstructure and the mechanica properties are findly adjusted in the cooling section
condging of the runout table and coiler. A variaion of the cooling intendty and the coiling
temperature provides a change in the transformation behavior and dlows the drength leve to
vary within in awide range (5).

The temperature-time-schedule for the production of hot-rolled dud-phase and TRIP deds is
presented schematically in Figure 7. The devdopment of the dedred microsructure might
prove to be difficut as some trandformations are necessary whereas others would be
detrimentd, which redricts the possble cooling path. Furthermore, the limited range of
possible cooling rates on the runout table has to be taken into account. For dua phase stedls the
cooling rate must be low enough to enable the transformation of about 85 % audenite to ferrite
to take place, associated with an carbon enrichment of the augtenite, and a the same time high
enough to avoid the formation of pearlite and bainite and to ensure the formation of martensite
a low coiling temperatures of about 200 °C. Hence, a holding step has to be insarted in the
temperature range of the maximum ferrite formation kinetics or the aloying concept has to be
atered in order to accelerate ferrite formation (6).

For TRIP geds a lower cooling rate is utilised, since ferrite formetion is delayed due to the
different dloying goproach in generd and a higher carbon content in particular and dnce
bainite is the desred microgtructure. Cailing is therefore carried out in the temperature range
of bainite formation a round about 500 °C and the fina microstructure comprises 50 to 60 %
ferrite, 25 to 40 % bainite, and 5 to 15 % metagtable retained augtenite that does not transform
to martengte, snce the carbon enrichment during ferrite and bainite transformation shifts the
martendte start temperature below room temperature.

For cold rolled multi phase steds two different hot rolling gpproaches prior to cold rolling are
concelvable the firsd of them leading to a soft materid with a microstructure of ferrite and



pearlite.  This microdructure sems from the gpplication of a high coiling temperature of
aound 700 °C. The materid is well suited to subsequent cold rolling.  Alterndtively, a hot
rolling cycle making use of a lower coiling temperature in the range of bainite formation can be
goplied. As banite forms a about 500 °C and represents a relatively hard microstructural
component, diginctly higher rolling forces must be goplied when cold rolling the materid.
However, it is expected that this process route leads to a more homogeneous and fine grained
microstructure and superior properties of the as annealed product.
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Figure 7: Temperature-time-schedule for hot rolled multi phase stedls.

After cold ralling the sheet materid has to undergo a heat trestment that can be redized in
continuous anneding lines and in hot dip gavanizing lines  The volume fractions of the
different phases of the find products are dmost identical to those of the hot-rolled multi-phase
deds, but the respective microgtructures are creasted in the course of completely different
processes. Consequently, details such as the distribution of eements as well as the precipitates
in the phases and between the phases are mogt likely to differ from each other.

No full augtenitization is peformed during the heat trestment of dud-phase stedls (Figure 8a).
An annedling temperature dightly above A.; is applied and only a small fraction d 10 to 15 %
of the microstructure composed of ferrite and peerlite or ferrite and bainite is transformed to
audenite during this intercritical anneding.  Afteewards the materid is quenched and the
audenite trandforms to martendte during cooling to room temperature, 0 that the find
microgtructure consists of a disperson of martensitic idands in aferritic matrix (7).

TRIP deds ae subjected to a two dep heat treatment with intercritical anneding in the
temperature range between 780°C and 880°C, cooling and another isothemd anneding
between 350°C and 450 C which is then followed by cooling to room temperature (Figure 8b).
The microsructure of TRIP deds dfter intercriticd anneding contains dmost  identical
percentages of ferrite and audtenite, but in contrast to the microstructure of hot rolled TRIP
geds the ferrite has been part of the microgtructure prior to annedling and does not form during
cooling from the intercritical temperature.  Cooling is interrupted in the temperature range of
the bainite formation for severd minutes, before findly cooling to room temperature.  During
the second isothermd holding the audtenite is mogtly transformed to bainite thus leading to a



find microgtructure of approximately 50% to 60% ferrite, 25 to 40% bainite, and 5 to 15%
retained augtenite (8).

Agan, the audtenite of dua phase and TRIP deds is enriched in carbon due to the phase
transformations and the martendte dtart temperature is lowered. The high carbon content of the
audenite in dud phase deds retards ferite, pearlite and bainite formation and reduces the
critical cooling rate to ensure complete transformation of augtenite to martendte, whereas the
cabon enrichment in TRIP geds is even aufficient to suppress martendte formation during
cooling to room temperature. This can be attributed to the higher carbon content of TRIP steels
and the favorable conditions during the second anneding step.  Bainite formation enables a
further carbon enrichment to occur, whilst carbide formation that withdraws carbon from the
audtenite can be suppressed, which is indispensable in preserving a condderable amount of
metastable retained audenite even a room temperature. If the second anneding is too short
and if therefore too little bainite is formed, carbon enrichment of the audenite is not sufficient
and the ungable audenite is transformed to martendte during cooling down to room
temperature. Neverthdess, efforts are made to minimize or even to omit the isotherma bainite
trandformation step.
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Figure 8: Temperature-time-schedule for cold rolled dua phase () and TRIP (b) stedls.

The processes taking place during the various steps of the heat treatment of TRIP deds are
liged in Figure 9. The essentid requirement is to transform part of the initid microgtructure to
audenite, to bring al carbon aoms in solid solution and to prevent any precipitetion in the
audenite, s0 that a sufficient amount of retained audenite with a sufficient carbon content is
obtained. The dgnificant role of niobium is hinted a and will be discussed in detail.

The description of the production process dready implies drict control of the process
parameters which is necessary in order to produce the desired microstructure and mechanica
properties. Hence, it is recommended that multi-phase steels are produced on hot strip mills
with a coil box, which ensures a defined cooling rate, a congant finishing temperature without
use of a speed up, and a homogeneous temperature distribution over the strip width. Figure 10
presents the demands that are characteristic of the production of multi phase deds, some
drawbacks and handicaps, but adso numerous advantages connected with the processng of
dud-phase and TRIP sedls. For hot-rolled products the combination of the improvements
aisng from a thermomechanica trestment and the benefits caused by multi-phase behavior
must be highlighted; for cold rolled materid the possible production of high srength steds by
the gpplication of rdaivey low rolling forcesis highly remarkable.
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Figure 9: Metdlurgical features during the processing of cold rolled TRIP stedls.
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Figure 10: Comparison of the process routes of hot and cold rolled multi phase stedls.

Alloying Concepts

Numerous aloying concepts have been developed for dual phase steels as well as for TRIP
deds in order to adjust the desred microstructure and propertiess.  The dloying dements
change the thermodynamic dability of the phases and the kinetics of transformation whereby
the transformation temperatures are shifted, the transformations are either promoted or hindered



and the phase digribution is dtered. Additiondly, the dements might act as solid solution or
precipitation hardeners and affect the grain sze. Some of the most @mmon dloying concepts
for dua phase and TRIP stedls are summarized in Figure 11 (9-14).

Steel | C Mn | Si Al Cr | Nb | Other
DP | 01 | 10 | 05

0.1 10 | 0.1 P: 0.05
. 0.1 15 | 01 12 | 05

012 | 12 | 01 0.8 | 0.04

007 | 14 | 0.03 | P:0.03

TRIF 0.2 1.5 1.5
) 0.2 1.5 0.1 1.8
0.3 1.5 0.3 1.2

0.15 1.5 06 P:0.1
" 0.15 1.5 0.1 1.0 Cu, Ni
! 0.2 1.5 1.5 0.04
= 0.2 1.5 1.1 0.04 Mo:0.3

Figure 11: Alloying concepts of multi phase stedls, contents in mass%b.

The main dloying dement is carbon by which al trandformations are noticesbly affected and
by which the find microstructure and the mechanica properties are controlled.  Carbon
dabilizes the audenite which leads to the formation of martendte in the case of dud phase
deds and to the retention of augtenite in the case of TRIP seds. However, other requirements
such as weldability limit the use of carbon to round about 0.2 mass %.

Other important dloying dements for dua phese seds are dlicon and manganese.  Silicon in
the firg place promotes ferrite formation, whereass manganese retards pearlite and bainite
formation and dlows martendte formation to occur during cooling from the intercritica
temperature.  Phosphorus or duminium (sometimes in combination with chromium) can be
used to reduce or replace silicon, which may cause problems during hot rolling and coating.

Niobium in the date of solid solution retards satic and dynamic recrysdlization during hot
deformation as well as the audenite to ferrite trandformation. Smdl carbonitrides which form
when niobium combines with carbon and nitrogen aso delay recryddlization, conditute an
effective obgtadle to grain growth and result in Sgnificant srengthening.

The addition of niobium to dud phase steds not only provides noticegble grain refinement and
thus improved ductility but dso renders an additiond holding step in the temperature range of
maximum ferrite formation unnecessary and enables continuous cooling to be goplied after
finish rolling (Figure 12). Ferite formaion involves carbon enrichment of the augtenite thus
retarding pearlite and bainite formation and facilitating martengite formation.

Any ddic recrysdlization within the finishing mill is suppressed, as the solute drag effect
caused by the presence of soluble niobium raises the temperature at which recrysdlization can
occur above the entry temperature to the finishing mill. The possble temperature range of hot
deformation is extended, since the addition of manganese lowers the A.; temperature.
Consequently, the accumulation of dran findly ether leads to dynamic and metadynamic
recrysdlization within the last sands of the finishing mill or even to a complete suppresson of



recrygdlization combined with a full pancaking of the audtenitic microdructure, if drain
induced precipitation takes place. In both cases the nucleation rate and the growth rate of
ferrite is drongly enhanced due to the credstion of gran boundaries, twin boundaries,
didocations, and deformation bands on a massve scae, so that ferrite formation is accelerated.
The dynamicdly recryddlized dructure is conddered to be even more advantageous with
regpect to grain refinement, because the high fraction of soluble niobium shifts ferrite formation
to lower temperatures and acts in the same way as accelerated cooling (15).
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Figure 12: Effect of niobium on hot grip processing of DP sed.

Higher carbon levels are used for TRIP geds which is due to the necessty of producing a
highly enriched augtenite with a carbon content above 0.8 mass%. Apat from carbon,
manganee and dlicon play an important role to control the transformation behaviour and to
dabilize the retaned audenite.  Slicon not only promotes a possble formation of some
proeutectoid ferrite during cooling after intercriticd anneding, but as an dement which is not
soluble in cementite slicon dso prevents or a least retards carbide precipitation during bainite
formation and dlows the carbon to diffuse into the retaned augtenite. Manganese as an
audenite dabilizing dement lowers the transformation temperature of the augtenite and in this
way helps to avoid martensite formation during cooling to room temperature. Manganese aso
enhances the posshility of carbon enrichment, by increasng carbon solubility in augtenite and
extends the applicable range of cooling rates as it delays pearlite formation. Moreover,
manganese, as well as slicon, increases the drength of the materid by solid solution hardening.
Too high manganese levels must be avoided, because manganese lowers the carbon activity in
audenite and in this way promotes carbide formation. The inhibiting effect on ferrite formation
must dso be teken into account, Snce it minimizes a possble carbon enrichment during
cooling. Concerning the addition of dlicon and manganese, the reaive amounts must be
adjusted in order to control the phase digtribution and volume fraction as well as the carbon
content of the augtenite in particular (16).

As a higher silicon content can be responsible for a poor surface qudity of hot rolled stedl and a
poor coatability of cold rolled sted, a patid or complete subgtitution of dlicon by other
dloying dements has been the focus of dtention of severa research activities ~ Another
element, which is not soluble in cementite and therefore fas to diffuse from the interface of the
carbide paticle before the particle can continue to grow, is duminium, which dso promotes the
generdtion of ferite But as the effect of duminium is wesker and as the solid solution
hardening potentid of duminium is lower, it is often used in combinatiion with higher carbon



contents or in combination with phosphorus, which reduces the kingtics of cementite
precipitation on the one hand and is a very effective solid solution hardening dement on the
other hand. Further disadvantages connected with the use of duminum are the rise in the
trandformation  temperature, which extends the intercriticd region and makes full
audtenitization impossble, and the rise of the martensite Sart temperature (17, 18).

Phosphorus can be used when the addition of slicon and duminium has to be limited. Low
additions of less than 0.1 mass% prove to be sufficient to prevent the precipitation of iron
carbides and to provide a clear enhancement of strength. The beneficid effects d phosphorus
on the formation and retention of retained austenite can only be accomplished in combination
together with glicon or duminium. If the addition of phosphorus exceeds a certan amount,
phosphorus might segregate to the grain boundaries and cause a deterioration in the ductility

(19).
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Figurel3: Effect of dloying dements on transformation behavior during
continuous anneding of TRIP seds.

The well known effects of micro dloying dements such as niobium on grain boundary motion
and dement migration dso influence the TRIP effect. The different phase trandformations
during hot rolling, intercriticd anneding, cooling, isotherma holding in the temperaiure range
of banite formaion, and draning ae modified thus resulting in superior mechanicd
behaviour. Direct effects of niobium on the retention of augenite a room temperature and
indirect effects arisng from the improved carbon enrichment of the audtenite must be
highlighted. Vanadium might dso be used to control the trandformetion behaviour of TRIP
steels (20, 21).

Additions of molybdenum to niobium-bearing steels are reported to bring about a further
improvement in the combination of strength and ductility and to conditute another possibility
of lowering the dlicon leve required. Molybdenum exerts an important solute drag effect and
delays the transformation of augtenite to ferrite and to pearlite strongly. Although molybdenum
lowers the eactivity of cabon in audenite and promotes carbide formation from the
thermodynamic point of view, the contrary effect is observed in practice. Due to the strong
solute drag effect the carbide precipitation is actudly retarded in the presence of molybdenum.
Moreover, molybdenum raises drength due to solid solution hardening. Figure 13 depicts how



the dloying dements affect trandformation behaviour during each single step of processng
(22).

Transformation Behaviour and Microstructur e Development

The presence of some metastable audtenite after the find heat treetment is consdered the main
reason for the superior properties of TRIP steds. The devedopment of the microstructure and
retained audenite in paticular is therefore illusrated in Fgure 14.  During intercritica
anneding a microdructure of dmog identicd fractions of ferrite and audtenite is planned. The
cabon aoms ae dmost completely incorporated in the audtenite. Figure 14-1 shows an
augenite grain which is surrounded by severd ferrite grans and which originates probably
from the pearlitic or the bainitic region of the microdructure prior to heating. During cooling
pat of the augtenite might transform to ferrite, again connected with carbon enrichment of the
adjacent augtenite.  The ferite is likedy to nucleaste a the gran boundaries and especidly the
triple points of proeutectoid ferrite and augtenite (Figure 14-2).

(1) (2) (3)

Carbedas

Figure 14: Microgructure development during heat trestment of TRIP ged; (1)
two phases during intercritical soaking, (2) ferite formaion in audenite during

firg cooling, (3) banite formation and retaned augtenite enrichment during
second soaking.

In the course of the second isothermd holding step, pat of the audenite is transformed to
banite and the remaining audenite is further enriched in carbon, so that the martenste Start
temperaure is shifted below room temperature. The retained audenite is predominantly found
adjacent to recently formed ferrite and bainite and within the bainite (Figure 14-3). Some very
gndl grans might remain audenitic in Site of a moderate carbon enrichment, which derives
from the adverse nuclegtion Stuation due to the smdl sze. The find microgructure contains 5
to 15% of retaned audenite, which is partly or completdy transformed to martenste during
forming, as the driving force is increased by a mechanicd contribution. The beneficid effects
of this trandformation depend heavily on the resdance of the audenite to srain induced
martengte formation which is determined by the driving force avalable for the audenite to
martendte trandformation and the activation energy needed to trandform the highly metastable
audenite to the more dable martendte.  The lack of activation energy, that must be
compensated by the mechanicaly provided driving force in order to induce martensite
formation, is often referred to as dability of the audenite, though the audenite does not
represent a stable phase in terms of equilibrium. If the so cdled stability is ether too low or too
high, the transformation does not progress steedily during forming and its beneficd effect is
limted. The audenite dability is manly determined by the carbon content.  Additiond



importance is dtributed to other dloying dements, which adso affect the chemica driving force
avalable and the activation energy necessary for the martendgtic trandformation, the audtenite
gran dze, which defines the probability of finding a nucleation ste in the audtenite particle, the
grength of the matrix, which determines the mechanicd driving force contribution to the totd
driving force, and the dress dtate gpplied, as the volume change due to the transformetion is
encouraged or impeded by the tri-axia nature of the stress (23, 24).

The phase didribution and especidly the didribution of the dements is different from that
predicted from equilibrium. Cdculations incorporating thermodynamic as well as kinetic data
clarify the processes during intercritical annedling. It can be concluded from Figure 15a that the
volume fraction of audenite in a typicd TRIP ded increases as a function of intercritica
anneding temperature, until findly full audenitization is reached. In consequence the carbon
content of the augtenite declines. After 90 seconds, however, the actual amount of audenite is
lower than predicted by thermodynamics. Figure 15b reveds that neither & 780°C nor at
850 °C equilibrium can be attained within 90 seconds. The concentration peek a the interface
of augenite and ferrite is due to carbon diffuson from ferrite to augtenite and the high carbon
content remote from the interface stlems from the presence of pearlite, which was chosen as a
component part of the initid microdructure for the caculations. Snce subgtitutiond eements
diffuse much more dowly then interditid dements, only little dteration of the digtribution of
these elements between the phases is expected (25).
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In the temperature range between 450°C and 350°C, in which the second anneding step is
performed, only carbon possesses a mobility worth mentioning.  Holding temperature and time
goplied are vitdly important s0 as to create a sufficient amount of retained audtenite with an
adequate dability. This combination is the prerequisite for the favorable mechanica properties
of TRIP geds. Figure 16 outlines the devdopment of the phase didribution a a congant
temperature as a function of holding time. As the ferite fraction does not change, it is
excuded from this schematic graph. Too short holding times lead to the formation of little
banite and prevent the degree of carbon enrichment which is indispensable to avoid martenste
formation during cooling to room temperature. As bainite formation progresses, the amount of
retained austenite increases gteadily, before it reaches a maximum. Even higher amounts of the
hard bainitic phase and consequently lower amounts of retained austenite are directly correlated



with higher drength values but noticesbly poorer dongation vdues. Very long holding times
must be avoided, as carbide formation might start, which withdraws carbon from the audenite
and reduces the volume fraction of retained audenite. If the holding temperature is raised,
shorter holding times, which are of specid interest to industrid usage, provide the desred
microstructure and the favourable austenite characteristics (26).
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Figure 16. Devdopment of the volume fractions of the microgructurd
components during second soaking and final cooling of TRIP stedl.

Niobium changes the recryddlization and trandformaion behaviour during hot  rolling,
intercritical anneding, bainitic transformation and possbly during intermediate cooling as well.
The effect of niobium on the martendte dat temperaure after intercriticad anneding for three
minutes a 800°C is shown in Figure 17 and reveds the drong inhibition of martendte
formation that can be achieved by niobium. This is paticulally true, if a low coiling
temperature of about 500°C is applied after hot rolling. The low coiling temperature leads to a
decrease of the Mg temperature of the niobium free TRIP sed as wdl, which has been
suggested to be explained by the homogeneous and very fine dructure of the bainite and the
homogeneous digtribution of carbon. The microdtructure of ferrite and pearlite resuting from
the use of a coiling temperature of approximately 700°C, however, contains coarse cementite
that possbly does not dissolve completedly or a least entalls an inhomogeneous carbon
digtribution during intercritical annedling.

A gmilaly podtive effect is ascribed to the addition of niobium which accounts for the
generation of a fine grained ferite due to the retardation of recrysalization and grain growth
and due to a ferrite formation that takes place at lower temperatures, but possesses a dgincily
higher driving force and a higher nuclegtion rate. However, the effect of niobium is redricted,
when coiling is peformed a 700°C, as precipitates become coarser and thus less effective
concerning the suppresson of grain growth during the dow cooling. If coiling is carried out at
round about 500°C, only 50% of the niobium is precipitated after hot rolling, whereas 50% is
determined to be chemicdly soluble which is the result of chemicd isolation andyds and
indudes niobium in solid solution as well as very smal precipitates with a diameter of less than
20 nm. As the measurements indicate that the precipitated fraction of niobium after intercritica
anneding is irrespective of the hot rolling conditions and amounts to more than 90%, extendve
precipitation must teke place during intercriticad anneding in the case of the low coiling
temperaiure.  The favourable nuclestion conditions surdy result in the precipitation of very
andl paticdes These precipitates not only control the grain Sze, encourage carbon diffusion



and ensure a highly homogenized microstructure, but apparently dso impar martendte
nucletion condderably. The result is another decrease of the Mg—temperature by amost
100°C.
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Figure 17: Effect of niobium contet and coiling temperature on the M-
temperature of TRIP geds, Compostion in mass%: C: 0.2, Mn: 1.4, S: 0.5, Al:
0.75, P: 0.04.

Figure 18 demondrates that bainite formation is aso delayed by niobium, which might dso be
attributed to the blocking of the nuclestion sites by the very fine dispersed carbonitrides.  This
hypothesis is supported by the fact that the retarding effect is much more pronounced a a lower
transformation temperature of 350°C, a which the displacive character of the bainite formation
should preval. At a temperature of 450°C the velocity of banite formation is hardly affected
by the niobium content. Another possble mechanism accounting for reduced bainite formation
is ferite formation during cooling due to the fine grained microstructure and the enhanced
nuclestion and growth conditions. A smilar effect might be accomplished by usng a lower
cooling rae  Dilaometric experiments confirm that a trandformation actudly takes place
during cooling. A ferite formaion would enable further carbon enrichment of the audtenite
and lower the banite start temperature.  This assumption conforms to the fact that asde from
the velocity of bainite formation the total amount is reduced (27).
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Fgure 19 illudraes the gran refinement in multi phase deds due to the addition of niobium
and reveds an even stronger effect than in normdized steds which originates from the lower
rehegting temperature applied to TRIP steds and especidly dua phase seds. An additiond
contribution of the multi phase microgtructure to the smdl ferrite grain Sze is dso @ncevable.
Findly the pogtive effect of niobium on the volume fraction of retaned audenite is displayed
in Figure 20. The high audenite contents are a result of the combination of the different
mechanisms described, including grain  refinement, carbon  enrichment, and martenste
nuclegtion inhibition (28).
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Figure 20: Effect of niobium on the volume fraction of gr of TRIP steds for
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Mechanical Properties

Each deveion of the drength levd usudly causes a deterioration in formability as can be
observed in Figure 21, which summarizes the developments of the past years in the fidd of
cold-rolled sheet sed. Only by introducing TRIP steds was this conflict was a least partly
defused and a ded grade became avalable that offers enhanced strength with tendle strength
vaues up to 1000 MPa in combinaion with high dongation vaues surpassng those of micro
dloyed gseds by far and dmost reaching those of mild deep drawing seds. These findings are
supported by drain hardening characteristics which dlow a closer look a the materid
behaviour during forming. Regardless of the deformation Stage the stran hardening vaues of
TRIP ged ae much higher than those of dngle phase feritic sed (Figure 22), which is a
consequence of the coexisence of severa phases with different strength levels and different
formability characteridtics, the extensve generation of didocations within the martenste and
the adjacent regions of ferrite and audtenite, and the drain induced transformation of retained



audenite to martendte, accounting for the suppresson of locd necking. The drain hardening
of TRIP geds is unequaled by other low dloyed steds. For high grains it can be three times
as high as that of soft deep drawing sted DC 04 and even didtinctly higher than that of dud-
phase steel H 300 X. The nvaue shown in Figure 23 tedtifies to the excdlent srain hardening

behaviour aswdll.
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An addition of niobium to dua phase deds raises yidd and tensle strength consderably as
illugtrated in Figure 24. An increase of up to 200 MPa can be achieved without a greet loss in
ductility being based on the drong gran refinement.  Medium coiling temperatures produce a
certain amount of bainite and reduce the dress concentrations existing at the grain boundaries
between ferrite and martengite thus improving ductility (29, 30).

1100

1000 ¢ R_ 0.035 mass % Nb
& 900
E.
© 800
:
o
£ 700}
E’ R, 0.035 mass % Nb
& 600 +

500 ¢ Rz no Nb

4GD i i i 3 i

150 200 250 300 350

Coiling temperature, °C

Fgure 24:. Effect of niobium content and coiling temperature on the mechanicd
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As the drain induced formation of martendte is subject to a distinct temperature dependence,
the mechanica properties of TRIP sedls respond sendtively to a change in temperature. By



vaying the chemicd compostion and the processng parameters the microdtructure can
therefore be adapted to the respective forming or usage temperature in order to obtain the
required mechanical properties.  The mechanica properties of dud phase deds exhibit a
smilar temperature dependence as those of single-phase ferritic steds (Figure 25).
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Figure 25: Effect of temperature on the flow curves of DP and TRIP stedls.

The drength vaues of TRIP steels decrease as temperature increases, as shown in Figure 26.
Obvioudy the tendle drength is much more affected by the temperaiure variation. The
behaviour of the yield drength as a function of temperature does not greetly differ from that of
conventiond seds and can be explained by the effects of thermaly activated plastic flow,
whilst the transformation induced pladicity has a dgnificant impact on the tensle srength.
The increase of the latter a lower temperatures is diginctly more pronounced than the waell
known temperature dependence of steels not showing any kind of phase transformation during
deformation and can therefore not derive from thermaly activaied processes.  Actudly the
sresss and drain induced formation of martendte is respongble for the rise in tendle strength
obsarved a low temperaiures, whereas the yidd strength is hardly influenced by the TRIP
effect, as the dress is not high enough to cause the formation of a consderable amount of
martendte (31).

The dongation vaues possess a maximum in the temperature range between 50°C and 120°C
(Figure 26), that can be interpreted as a consegquence of the optimum sability of the retained
audenite in relation to the stress dtate gpplied.  The martendte preferably appears in the regions
subjected to the maximum sress, which usualy leads to the occurrence of necking in this area
The formation of the hard martengtic phase, however, is an adequate device by which locd
necking can be suppressed and thus strain hardening can be encouraged. A higher temperature
results in a higher gtability of the austenite, which impedes or even avoids martendte formation.
In consequence the amount of retained augtenite transforming into martenste will be reduced
due to an increase in temperature. Lower temperatures, however, destabilize the augtenite by
increasing the chemicd driving force, 0 tha the trandformation dready takes place during the
beginning of the deformation, which leads to higher strength vaues, but does not contribute to
an improvement in the formability. Superior formability requires a transformation of audenite,



that progresses deadily, as dress and drain grow.  Some very smdl and highly enriched
paticles do not transform during sraining and paticipate in the plagic flow of the matrix,
which is reported to improve uniform elongation and hole expandability (32).
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Figure 26: Effect of temperature on the mechanica properties of TRIP sted TRIP 700.

Although the exigence of retained audenite in the multi phase microstructure of TRIP deds is
accounted the source of the favourable mechanical behavior, no clear reation between the
volume fraction of retained augtenite and the elongation vaues for example can be detected. In
contrast to the possible assumption that an increase in augtenite content is generdly followed by
higher eongatiion values Fgure 27 reveds tha the maximum eongation values do not
coincide with the highes volume fraction of audenite. Neverthdess a minimum amount of
retained austenite should be present in order to guarantee TRIP behavior and enhanced strength
and formability. Rather poor formability in spite of a high augtenite content is related to an
insufficient carbon enrichment during anneding and thus a low dability of the audenite, which
is then trandformed to martengte in the very early stage of plagic deformation or even in the
eladtic region, so0 that dud-phase behaviour can be observed. As only a limited amount of
carbon is avalable, a compromise between the augtenite content and the carbon content in the
audenite must be found. Therefore an increase in audenite content might sometimes even
prove detrimenta to the formability. The minimum amount of retaned augtenite necessary to
ensure high eongation vaues rises, if the srength level of the materid gets higher, as is true
for seds containing niobium. As niobium encourages the formation of high austenite contents,
the addition of niobium leads to higher strength and dmogt equa eongation values. Figure 28
shows the gradud transformation of audtenite during sraining and the effect of temperature. A
shorter anneding time in the bainitic range would result in a higher initid audenite content and
asharper drop as afunction of strain (33).
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The mechanicd activation of the martenste transformation is primarily based on the impact of
shear dress which is not only the key to plastic deformation by didocation dipping, but aso
promotes the nuclegtion and growth of martendte particles. Moreover, the hydrogtatic part of
the dress tensor interacts with the volume increase due to the transformation of face centered
cubic audtenite to body centered cubic martendte, so that hydrogatic tenson encourages



martendgte formation, whils hydrostatic compresson inhibits martendte formation. Figure 29
reveds how the audenite is dabilized and the martenste dart temperature decreases as a
consequence of increesing hydrostatic compresson.  The decline of the martenste dart
temperature is more pronounced for higher carbon contents (34).
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Figure 29: Effect of hydrogtatic compresson on Mg-temperaiure for different
carbon contents.

Conclusions

The mechanical properties of so called multi phase seds are superior to those of conventiona
cold formable high drength deds, but the production of these sedls requires sophidticated
process routes and the observance of narrow parameter windows.

Niobium exerts a remakable influence on gran sze deveopment, trandformation behavior,
cabon enrichment of the audtenite, and martensite nuclegtion. This renders process control
often much easer, dlows less demanding process routes and leads to a further improvement of
the favourable mechanica properties of multi phase sedls.

Materid development in future should pay attention to the effect of temperature and dress dtate
on the trandformation of metastable austenite in order to adapt the microstructure to the

regpective forming temperature and dress date thus optimizing drength and formability  of
TRIP gtedis.
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