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Abstract

Higher drength microdloyed sted grades were the key fulfilling ultraclight weight design
requirements. During the 80's the volume fraction of such sted grades had adready reached 20
% of the totd weight of the body in white. In cold rolled steds the drength is increased
essentidly by grain refinement and by precipitation hardening.  Also microdloyed deds can
exhibit a higher dregth in the cold formed and panted condition. This yidd drength gan
derives from work-hardening plus a contribution from bake hardening. It is aso found that the
faigue srength of microdloyed Seds increases with the datic drength even in the notched
date. Successful efforts have been made to reduce the scatter in properties for microaloyed
higher strength stedl grades. Specid emphass was placed on the development of isotropic sted
grades. The continuous annealing process results in an aditiond benefit of a reduced scetter in
mechanica properties and shows higher drength vaues for the same chemicd compostion.
An ealy Porsche test vehice and the Ultra Light Sted Auto Body (ULSAB) vehide chiefly
made of microdloyed higher dsremgth sed showed favourable behaviour.  The origind
Porsche test results were confirmed in the later ULSAB dudy. Microdloying will continue to
be an important aspect of materids desgn in the future.  Any further grain refinement would
promote plastic ingability. However ultra fine plus multi-phase structure would be an ided
goproach to overcome this problem. Microdloying, especidly with niobium, will retan a
dominant role in the achievement of the desired Structures and the resulting properties of future
materids.



Introduction

In the course of time the stedl industry has developed a number of sted grades in order to meet
increasingly demanding customer requirements (Figure 1).
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Figure 1. Higory of the development of high drength deds. PM — patidly
martengtic; CP — complex phase; MS — martendgitic, RA — resdud augtenite TRIP
— Trangformation induced pladticity; IF — intertitia-free.

The deveopment of higher drength sed grades has acquired grest dgnificance for fulfilling
ultrarlight desgn requirements. Higher strength microdloyed sted grades were the beginning
of this devdopment. At first hot rolled sted grades were developed reaching therr optimum
potertid in the mid-seventies. A few years later cold rolled conventiond microaloyed higher
drength sed grades were conceved in a logica further development of the materids.
Following this new sted groups emerged, such as hot rolled dud-phase steds as well as the
bake-hardening and higher drength IF seds.  The nineties were marked by the development
and introduction of higher drength sretch-forming grades with isotropic properties and the
further development of multi-phase stedls with residud-austenite or TRIP grades, cold rolled
dua-phase steels and hot rolled higher drength complex-phase and martensite-phase steels.
The gpplication of microdloying played a more or less important role in al these further
developments.

Soon after their market introduction in Germany the cold rolled steds were defined by a set of
standards, and in the meantime European standards were aso established (Figure 2).

Especidly for car body sructurd parts microdloyed HSLA sheet has been edablished in
Europe for many years and the volume fraction has reached 20 % of the totd weight of the
body in white. Figure 3 shows the gpplication of the most prominent HSLA sted ZSIE 340,
which is characterised by a minimum yield strength of 340 MPa, in a 1985 modd. As a result
of the Ultra Light Steed Auto Body (ULSAB) project a further growth in the usage of HSLA
deds in the automoative industry has been observed, especidly in newly designed modds, and a
continuation of this trend can be expected in the near future. In the ULSAB car a 25 % weight
reduction over a conventional desgn has been achieved by usng, among other high srength
ded dheets predominantly niobium-microdloyed ded with a minimum yidd drength of
350 MPadtrip stedls of this strength amounted to more than 50 % of the tota car body weight.
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Fgure 2: Mechanica properties of cold rolled microaloyed sheet Sedls.
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Figure 3: Materias in the body in white of the Mercedes modd W 124 (1).

Principles

Severd posshilities are available to the metdlurgist for increesng the strength of sted.  Figure
4 shows how the various strengthening mechanisms affect the tensle test values, in particular
the yield drength. For hardening cold rolled sheet sted, precipitation is exploited which aso
produces drengthening by gran refinement. A dud-phase microdructure with a certain
fraction of martendte in the ferrite gives a particularly advantageous strengthening behaviour
particularly with dight cold deformetion.
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Figure 4. Comparison of the different hardening mechanisms with respect to yield
strength, tensile strength and elongation (2).

The physcd and chemicd properties of the dements manifest drict periodicity. The aomic
volumes and aomic radii closely related thereto have a profound effect on the properties of the

elements (Figure 5).
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For example, if the radii are plotted againg the aomic number (3), Smilar pogtions in the
respective periods result in dmilar properties.  The dements chromium, manganese, cobdlt,
nickel, copper lie in the minimum group dose to iron. They have rdaivey large solubilities in
iron and are important aloying dementsin seds.

For the trangtion éements titanium, vanadium, zirconium, niobium and tantaum the positions
are found to lie close to the | eft of the minima; consequently their effects are Smilar.

In ded making the trandtion eements are often utilissd as microdloying dements in order to
obtain the specificaly dedred sted properties. Trangtion metas are known to form a series of
smple and solid solution compounds of oxides, sulphides, carbides and nitrides  The
compound-forming tendencies of severa of the trangtion metds in sted have been summarised
(Figure 6).
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Fgure 6. The tendency of certain metas to form oxides, sulphides, carbides, and
nitrides and their preci pitationstrengthening potentia (4).

Niobium shows a gsrong tendency to form carbonitrides, but reatively little tendency to form
oxides, sulphides or solid solutions of these compounds. In this respect it behaves amilarly to
vanadium. This characterigic diginguishes it from titanium which does not act as a carbide
former until al oxygen, nitrogen and sulphur have been consumed by prior additions of
titanium.

In cold rolled stedls the strength is increased essentidly by of grain refinement and, to a smdler
extent, of precipitation hardening (5). This is supplemented in most cases by solid-solution
srengthening by means of manganese or slicon additions (Figure 7).

The assessment of the contributions of the individud strength-increasing mechanisms for two
groups of seds was made using the Hal-Petch relationship for gran sze and yidd srength
commonly assumed vaues for the solid solution drengthening  effects of manganese and
dlicon. The precipitation-hardening effect of titanium and niobium can be determined for hot
rolled grip on the bass of the acid-soluble content of these microdloying eements. In the case
of a feritic-pearlitic sructure the yield strength is increased by around 50MPa for every 0,01%
of soluble Ti. No comparable assessment is available for cold-rolled drip, but a much smaler
increese in the yidd drength can be assumed a least for batch anneded steds.  This is
explainable mainly by the Ostwald ripening of the coherent precipitates.
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Figure 7. Alloy concept and drengthening mechanisms in batch anneded high
strength cold rolled strip.

Smilar to other deds a fing gran dze in HSLA sheet is the only strengthening mechanism,
which has no detrimenta effect on cold formability (6). Consequently, as in hot grip, HSLA
cold rolled drip deds preferably make use of the microdloying eement niobium, which acts
mainly by gran refinement. Since the drengthening effect of niobium done is not sufficient to
economicaly guarantee a yidd drength higher than 350MPa (Figure 8), for higher srength
ded a combinaion of niobium plus titanium is often used together with higher additions of
solid solution hardening dements.
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Processing

Figure 9 schematicadly depicts the production route from the dab stage to the higher strength
cold-rolled strip aswell as the chief process parameters of the individua production stages (7).
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Figure 9: Production route for the manufacture of cold gtrip.

Baich amneding sarves to diminae work hardening &fter large cold deformation, thus
improving formability of the shest sed. Depending on the baich dlocation and the coil
weight, different anneding times are required for batch anneding in order to achieve uniform
heeting. With the hdp of a corrdation and regresson andyss for the effect of the process
parameters on the mechanica properties of microdloyed higher strength sted grades, it was
found that, in paticular, the parameter anneding time in batch anneding has a drong effect on
the properties Therefore differences in anneding time are the chief cause of scater in the
properties of the batches of drip. Consequently three fundamenta approaches come into
congderation to reduce the scatter in the batch anneded microdloyed higher srength sted
grades:

- Contral of the anneding time within tight limits,
- hift of the annedling conditions to regions in which variations have little effect, and
- generd reduction in the effect of the annedling time.

How does the sted industry support the redlisation of the new sted concepts and accompany
them by specid invesments? Firsly, a new thin dab casting process alows the production of
hot gtrip which is, in terms of dimengions, close to the cold rolled product: Strip thicknesses of
1.0 mm and less can be produced with reduced deviations (Figure 10). Secondly, this new
technology is best suited to produce the newest stedl grades with very high strengths.

Greatly improved cold rolling mills like the new cold rolling mill TAKO of ThyssenKrupp
Sahl AG are ale to rall down hot drip with very high drength to rdatively low gauges, if
required (Figure 11).



width: 900 - 1.600 mm
thickness: 0,8 - 6,35 mm
length: 450 m

rolling power: 70 MW

Figure 10: Thin dab cadter.

Figure 11: New cold ralling mill TAKO, generd view.

A new hat dip gavanisng line is cgpable of processng drips with the firgt class surfaces which
are primarily needed in the automotive indudry, and to process improved and newly developed
deds with compardivdy high grength induding niobium-microdloyed steds, which may be
gavanized or gadvannedled. An increased subdtitution of cold rolled material by thin hot rolled
materid can dready be recognized a present.  With these new facilities the ambitious demands
of the market for significantly improved products can readily be fulfilled.

Connection Hot and Cold Rolling

Achieving high drength in cold rolled and anneded geds is more difficult than in hot rolled
deds (6). Traditiondly, the find annedling trestment has been performed by the box or batch
anneding process involving dow heating, long soaking times a the anneding temperature and
dow cooling. Such processng reduces strengthening by precipitation hardening, hence the
maximum strengths achievable are lower than for hot rolled products (Figure 12).
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Figure 12: Yidd drength increase by microdloying hot and cold rolled mild sted
with niobium and titanium.

The role of microdloys in cold rolled sheet is Smilar to that in hot gtrip materid, by acting via
gran refinement and precipitation hardening. However, due to the recrysdlisation anneding
process, which is necessary after cold rolling, the absolute strength \due of the resultant drip is
ggnificantly lower than in thermomechanicdly processed hot drip of the same chemicd
compostion.

The direct reationship between the cold strip and hot gtrip yield strength is shown in Figure 13.
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Figure 13: Corrdation between the yidd dress of hot and cold rolled
microdloyed sted (8).

For samdl hot drip thicknesses with specific temperature control in the hot grip line yied
srengths of up to 800 MPa can be obtained, whereby under certain circumstances it may be
possible using a suitable andytical gpproach to produce severd hot grip sted grades. The yidd
drength is sgnificantly lower after baich anneding.  The highest drength grade of batch
anneded deds usudly has a minimum yidd drength of 500 MPa Higher drengths are
achievable in principle, but only in the recovery anneded date. Characteridtic features of



recovery annealed steds are low cold formability and large scatter of the properties dong the
arip.

Batch Annealed Stedls

In niobiumdloyed seds a dgnificant dday in recryddlisation  (Figure 14) is observed
especidly when atoms are dissolved both in the augtenite and in the ferrite (5). A theoreticd
interpretation of the influence of dissolved aoms on recrydalisation tekes account of
differences in the dectronic dructure of the various dloying dements in iron. According to
this, an addition of 0.01 % dissolved niobium increases the recrydalisation temperature by
aound 20 K. This numericd vaue approximately corresponds to the experimentd results up to
Nbuissolved cONtents of around 0.05 %. Contents above this hardly exert any further influence on
the recrysdlisation temperature. When dloying is over-goichiometric, the carbon-content is a
measure of the amount of precipitation. NbC-precipitation dso exerts a strong influence on the
recrysadlisation temperature. Compared with nonr-microdloyed deds the recrydalisation
temperature of niobium-microaloyed stedsis about 100 K higher.
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Figure 14: Incresse of recryddlization temperature by niobium in solid solution,
determined with isochrona annedls, recrystalized = 5%.

Of importance for the cold drip grain sze in the case of microdloyed deds is the hot strip
gan sze (5). This applies in paticular to seds with rdatively high contents of dloying
elementsin which the precipitate distribution can be grestly influenced by temperature control

in the hot drip mill.  Two hot rolled grip coils originating from the same heat and coiled a
different coiling temperatures were cold rolled and recrysdlisaion-annedled at 700°C in a
batch-type furnace. In the frequency didribution of individua grain sizes in two cold rolled
deds, the influence of the coiling temperature is Hill evident even after recryddlisation (Figure
15). High coiling temperatures, and the coarse particle disperson that they cause, result in a
coarser mean grain size and an atogether broader grain size distribution.
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In the course of many years great efforts were made, through knowledge of the effects of
operationa production parameters on the mechanica properties, to reduce the scatter of the

|atter.

It is important to know how the scatter in mechanica properties is influenced by the

coiling temperature dependent vaues of the sSze of the precipitates and of the grains on the one
hand and of the grain sze didtribution on the other hand.

The knowledge of the effect of the anneding time on the microstructure after batch anneding
obtained from invedigations and accompanying cdculaions is summarised schemdicdly as

shown in Figure 16.
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Figure 16:. Influence of the anneding time on the change of microdtructure in
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Depending on the annedling time, pronounced precipitation takes place followed by coarsening

of the precipitates.
investigated annedling time.

The microdructure is completdy recrystdlised irrepective of the



The effect of the anneding time on the mechanica properties and the resulting scatter (Figure
17) become amdler through reduction of the hardening contribution with increesng coiling
temperature (7).
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Figure 17: Influence of the coiling temperature and the batch anneding time on
the decrease of the yidd strength.

In order to verify the &bility to reduce the scatter band from coil to coil on the bads of the
avalable knowledge, production trids were caried out with coils of the niocbiumvtitanium
dloyed higher srength cold rolled srip grade MHZ 460 (7) which is utilised, for example, to
make dashboard cross members.  Altogether 82 coils were produced with high and low coiling
temperature and with annedling times of 25 to about 50 hours after the cold rolling. Figure 18
shows a plot of the yidd drength agang the anneding time. Whereas with the low cailing
temperatue of 640°C increesng the anneding time leads to great decrease of the yidd
drength, the yidd drengths after the application of high coiling temperatures of 700°C have a
congant vaue which is largely independent of the anneding time. Evidently the tests confirm
the results of the laboratory invedigations and model cdculdions, that increassng the cailing
temperature and thus promoting precipitation coarsening dready initiated in the hot dgrip,
reduces the influence of the anneding time. This makes possble a sgnificant reduction in the
scatter band from coil to coil.
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Figure 18: Influence of the cailing temperature on the scatter in the yield stress of
a batch-anneded niobium/titanium microdloyed sed with a min. YS of 460
MPa.



Furthermore, by gpplying lower finish ralling and higher coiling temperatures during hot gtrip
rolling (Figure 19) the precipitation hardening potentid is reduced, resulting in a more
homogeneous didtribution of properties (9). Not the highest possble strength but the lowest
scatter in mechanica properties is the customer’s preference and this determines the processing
conditions.

Further efforts have adso been made to reduce the scatter in mechanica properties regarding the
type of anneding process and the more effective high convection baich annedling process dso
shows better results in this context. A helpful consderation is to adjust the postioning of coils
in the bell, where typicaly the top piling position results in the highest strength.
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Figure 19: Scatter in tensle propertties of a batch anneded HSLA sheet ded
(0.06% C, 0.80% Mn, 0.02% Nb and 0.08% Ti) after different hot strip rolling
conditions.

Because the microdloyed deds show an inherent tendency to display isotropic behaviour,
specid emphass was put on the devdopment of particularly isotropic sted grades. These
deds have unidirectiond flow properties in the plane of the drip and thus little tendency to
produce earing, and they aso have high strength.

Figure 20 shows the dief features of these isotropic stedls (10). Starting from the conventiond
concept of a batch annedled isotropic sted which may be dloyed with titanium, niobium and/or
boron, further developments led to the continuoudy anneded or gavanised isotropic sted
including a gdvanneded coating (ZF). In addition to the assurance of bake-hardendbility after
deformation, these deds ae characterised by further enhanced formability with significantly
increased r-vaue. A further devdlopment initiative led to sgnificantly increesed drength with
bake-hardenability by the agpplication of a dud-phase (DP) sed concept featuring good
formability in reaion to its high strength.

When deep drawing with a flat bottom or round bottom punch, a comparatively small limit
drawing raio with additiona large reduction of sheet thickness is achieved with microaloyed
isotropic sted (11). In the case of pure dretch-forming, materid flow tekes place from the
sheet thickness. Isotropic sted thereby achieves a large limit drawing depth, together with a
large thickness reduction (Figure 21).
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Figure 21: Thickness reduction depending on the maximum drawing depth of
biaxia gretching for different deds.

Continuoudy Annealed Steels

The role of microdloys in cold rolled steds is smilar to that in hot strip materid, by acting via
gran refinement and precipitation hardening. Due to the grester coarsening of the gran Sze
and of the precipitates during the baich anneding process, the yiedd drength is consderably
lower than in continoudy annedled gtrip sted of the same chemica compostion (Figure 22).

As in typicd hot drip dloy desgn, HSLA deds prefer the microdloying dement niobium,
which acts mainly via grain refinement.  Since the drength increesing effect of niobium done is
not sufficient to economicdly guarantee a yidd drength higher than 350 MPa, for higher
drength drip the combination of niobium plus titanium is often used together with higher
additions of solid solution hardening ements.
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Figure 22: Comparison of the effects of batch and continuous anneding on the
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Contrary to the economics of mild deep drawing qudity ded, continuous anneding is
consdered to be chegper than the baich anneding process for dl srip sted with a minimum
yield drength of 230 MPa and greater (1). In addition to these economical consderations, the
continuous annealing process results in an additiona benefit of a reduced scetter in mechanicd
properties and shows even higher mean vaues for the same chemicd compostion (Figure 23).

Therefore, for the same srength, the continuoudy anneded HSLA ged can utilise a somewhat
leaner aloy design than that used for batch annedled sted!.
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Figure 23: Properties of a niobium microdloyed drip ded after two different
annealing processes.

In view of the complex combination of the different factors that exert an influence during a
continuous anneding process, any quantification with the ad of the different srength
increedng mechanisms is impossible without a detalled metdlographic examination (5). The



recryddlistion anneding of high-drength  microdloyed cold rolled grip in a hot-dip
gadvaniang line is therefore a process agpect requiring optimisation by the engineer. Good
formability of the materid reguires complete or & least very extensve recryddlisation of the
dructure.  The anneding temperature required for complete recrysalisation depends on the
aloy content and on the degree of cold rolling (Figure 24).
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Fgure 24: Limitsfor continuous anneding of niobium-alloyed stedls.

Very high annedling temperatures are not practica, however, as then a decrease in precipitation
hardening occurs as aresult of particle coarsening.

The utilistion potentid of a materid depends criticdly on the extent to which its behaviour can
be described in terms of material parameter vaues. For the traditiond HSLA deds the chief
properties can be demondrated, partly in comparison with other higher strength stedls.  Figure
25 compares the yidd srengths and tensle strengths as characteristic parameters from dynamic
tendle tests which are sgnificant for predicting crash peformance. In this comparison niobium
ded hasthe largest yield strengths.
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The tensle strength too becomes greater with increasing dtrain rate, but not to the same extent
astheyidd strength (Figure 26).
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Figure 26: Influence of the Strain rate on the tendle stress.

Not only conventiond bake-hardening steds and multi-phase seds, but dso microdloyed
deds can exhibit a higher drength in the cold formed and painted materid than in the as
delivered condition (14). This yidd drength gain derives from work-hardening plus a certain
BH-effect (Figure 27). The figure shows this behaviour for continuoudy anneded shedt,
underlining once more the very high work hardening effect of the dua-phase sted. Both stedl
types show admost no strength increase by bake-hardening in the non-deformed condition. But
in the deformed condition there is a significant BH effect.

. | ZSt E 340 | | DP 500 |
€ 300 I ] 300 |
. J,
Z 5 =® \Nork hardening (WH) P
£ =& WH+170°C/20 min (WH+BH) / )
2 200 =A WH+220°C/20 min .l
% 20
2 150 . 150
s —"
g 100 // ad 100
& 50 BH-effect —| 50 L BH-effect
g |
> 0 1 0

0 2 4 6 0 2 4 6

Cold deformation in %

Figure 27: Yidd drength increase of continuoudy anneded high srength sheet by
cold deformation and bake-hardening.

Knowledge of the behaviour under cyclic stressis dso important for ng the performance.
In the fatigue drength limit range it is found that the tolerated dresses of al Seds here
investigated increase with the gtatic strength even in the notched state (Figure 28).
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Figure 28: Wohler-lines of notched specimens (K=6).

Further assessment of the fatigue behaviour is possble by evaduating the stress-drain diagrams.
For this purpose the dresses for specified numbers of cycles are plotted as a function of the
drain vaues. Figure 29 shows a comparison of these cyclic curves with the monotonic curves.
The solid solution hardened, the niobium-microdloyed and the soft reference sted manifest
cydlic softening, which does not arise with the dud-phase stedl, which was a so tested.

stress in MPa stress in MPa
400 I T | 400 T
300 — DC 04 | | cyclic —— monotonic !
200 = 200 /4"'——
/ H
100 S 100 /, P-Si-Steel
—T
0 0 T
000 0,05 0,10 015 0,20 0,00 0,05 010 015 0,20
strain in % strain in %
400 | 400 | |
300 [~ DP500 | 300 [— Nb-Steel | —
200 | - 200 /’C [

100 " 100 r/
/

0 0
0,00 0,05 0,10 0,15 0,20 0,00 0,05 0,10 0,15 0,20
strainin % strain in %

Figure 29: Comparison of the monotonic and the cydlic stress srain curve, R=-1.

Figure 30 provides information regarding the effect of notching for various higher srength
deds. In generd, higher strength steels are more senditive to notching than the soft reference
ded. However, there are ways to overcome this disadvantage in the design and production of
components (13).



250 i
; R=-1 |

© \ -
< 200 \
=
<
(@)]
5 150 .
7 \Q
. {
: .
.g’ 100 — & PSi-Steel
F DP 500

A Nb-Steel

® DC04

50 : :
0 1 2 3 4

Notch factor

Figure 30: Influence of the notch factor on the fatigue strength.

Crash Performance

Figure 31 shows the energy disspation of a higher srength sted and a soft sted as a function of
the impact speed (12). For the same sheet thickness and the same weight, the component made
of high drength sed is condderably sronger a low impact speeds.  Accordingly, the
deformation is decigvely smdler & low speeds compared with components made of non
dloyed soft ged which require a longer deformation path for energy disspation. At high
impact speeds the two types of sted become more equal in their energy absorption behaviour,
findly reaching the same vaues a a gpeed of about 70 km/h. These results were confirmed by
crash tests with complete vehicles whose bodies were chiefly made of HSLA seds (12). A test
vehicle chiefly made of higher strength stedl showed favourable behaviour (Figure 32).
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Figure 31: Energy absorption of high strength microaloyed and of soft stedl.
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After a frontd collison with a rigid barrier & 50 km/h speed. The passenger cabin was not
damaged, and it was possble to open the door. With the help of accderation sensors it was
verified that no physologicaly criticd vaues appeared during the crash. Thee ealy test
results obtained on Porsche vehicles made of HSLA deds were impressively confirmed in the
laer ULSAB sudy with regard to the dgnificance of the utilisation of higher drength stedls.
However the gods and success of the ULSAB study went considerably further.

New Developments and Prospects

Since a higher tensle drength normaly means a reduced processahility, especidly formability,
the more recent deveopments am, primarily, a improving the formebility/tendle drength
ratio.

In the search for better materid concepts with more favourable hardening mechaniams in

respect of the formability/tensle drength ratio, materid science developed the family of muilti-
phase stedls (Figure 33).
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Figure 33: Structura hardening of multi-phase steels. DP — dud phase RA —
retained audenite TRIP — trandformation induced pladticity, CP — complex
phase; PM — partidly martengtic; MS — Martenstic.

The increase in tendle srength is obtained by incorporating hard phases next to the soft phases
in the microgtructure.  The microgtructure of dud-phase seds condsts bascdly of ferrite with
a martendte congtituent of up to about 20%. A dage of further development is represented by
RA (TRIP) -deds which contain in ther feritic/bainitic matrix resduad audenite condituent
which is converted into martendte in the forming process. The trangtion to deds with very



high tendle drengths of over 800 MPa is marked by the complex-phase steds. In their
microgtructure, a greater volume fraction of hard phases, together with fine precipitates, can be
found next to softer condituents in a very fine dructure. A further devdlopment dtage in the
same tendle drength range is represented by the concept of partidly martenstic steds.  When
the martensite content is markedly above 20 %, such seds tend to feature rdatively low yidd
drength and high tensle drength. The absolutely highest tensle strength of up to 1400 MPa
can be attained with martensite- phase steels.

But what are the most redidtic future aspects in materids design? Two essentia features can
dready be redised rather eadly : fine grained Structures and multi-phase structures.  As aready
pointed out for the conventiond microdloyed deds fine gran Sze is an ided drengthening
mechanism in terms of strength and toughness. But as grain Sze decreases, the yidd drength is
more affected than the ultimate tendle drength, so that in an extreme case the ratio of yied
stressto TS approaches 1 (Figure 34).
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Figure 34: Influence of the grain Size on the mechanica properties.

There is a question mark regarding the ductility of such materid. In bec-dloys which show
yield drops followed by Liders-drain, continued gran refinement eventualy promotes plastic
ingability.

The amount of work hardening following Liders-srain decreases with decreasing grain Sze
until a the finet gran sze dudied (~ 1 mm) necking of the tendle specimen darted
gdmultaneoudy with yidding, implying that the LUders dran exceeds the dran a& maximum
load.  Such inhomogeneous deformation and plagtic indability would obvioudy present
difficulty in any practica gpplication of ultra-fine grained materid.

A future development to overcome this problem could be a fine sructured multi-phase sted,
amng for an ultimae supefine multi-phase dructure resulting in - excellent mechanica
properties in terms of a very good formability-strength rdationship.  Ultra-fine errite/martendite
and ferrite/carbide dructures exhibit much more atractive room temperature ductility than does
ultra-fine ferrite.  Accordingly, ultra fine plus multi-phase structure would be an ided approach
to overcome the problems of mechanical ingability of Sngle phase ultrafine grained sed.



Figure 35: Steps for the development of super fine grain multi-phase structure.

The physcd medlurgis knows a variety of measures to achieve superfine microgstructura
features like the formation of finedy structured hard phases eg. in TRIP-steds or the grain
refinement of dud-phase stedls by microaloying (Figure 36).
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Figure 36: Influence of Niobium on the grain size of hot rolled dud- phase stedl.

Accordingly, a variety of microgtructures with nanometer dimensons, dso cdled nano geds
are being developed, some of these having dready been introduced into the market, such as
microdloyed PAS 700 with a minimum yield stress of 700 MPa (Figure 37).
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Figure 37: Mechanica properties of a high-tensle stedl.

The microgtructural features, which control the mechanica properties, are of the order of
magnitude of less than a micron and most importantly, microdloying, especidly with niobium,
will retan a dominat role in the achievement of the dedred sructures and the resulting
properties of the future materids.
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