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1. Introduction

My PhD thesis is connected to the field of matesigkence, its title is: The metallurgical
background of the production technology of alumimikilled mild steels for plastic working
purposes. The aluminium killed mild steel sheet¢sfeequently used for cold worked parts or
housings. The thesis deals with the production neldgy of DC04 and DCO5 steels
manufactured according to EN ISO 10130:2007. Themnital composition of these steels is
characterised by the followings: 0,02-0,05% C, @186 Mn, 0,008-0,01% Si, 0,018-
0,025% Cu, 0,015-0,028% Cr, 0,03-0,06% Al and 00@06% N. The specification of
these steels allow larger alloying and impurityeley however, in order to satisfy the criteria
of yield strength and formability, it is advisalie keep the chemical composition in the
range given above. The mechanical properties of 2@ steels is characterised by tensile
tests. The qualification procedure involves theinigsof the elongation at fracture, the
logarithmic strain at the end of uniform deformatiand the minimal value of plastic
anisotropy (r-value) is prescribed as well. Thedpiaion technology involves seven main
steps: preheating of the continuously cast slatistdiling, coiling, burnishing, cold rolling,
annealing and skin pass rolling.

The steps of the proper production technology arengin Fig. 1.
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Fig. 1: The main steps of the production technoloiggluminium killed low carbon steels
(Mucsi, 2014 b)

The slabs are heated up in gas furnaces up toad®@0 °C. This heating up needs 190-210
minutes, after that hot rolling follows. The hotllireg is performed on the roughing and
finishing mills, always in the austenite region eTtot rolled strip is cooled down using water
jets to the coiling temperature (proper value: 580-°C) after the last step of hot rolling.
The coiled strip cools very slowly, in 2-3 daysth® further processing temperature (~ 60
°C). After the burnishing procedure, the hot rolidp is formed further by cold rolling. In
spite of the application of intensive cooling-ludating fluids, the strip warms to 100-120 °C
during cold rolling. The cold rolled strip is callegain, and 3 or 4 coils are packed on each
other to perform an annealing using bell-type foasa The annealing requires 3-4 days.

The softened steel strip is not advantageous sdtaite to plastic forming operations due to
the discontinuous vyielding effect. To abolish thiscdntinuous yielding, skin pass rolling is
performed at high strain rate to approx. 0.9 %kiméss reduction. The excellent formability
requires the strict fulfilment of several technota) parameter. The key element of the
production technology of excellent formable stekéet is the precipitation of nitrogen
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containing phases and their interaction with therystallisation process. These processes
should occur during the annealing, therefore thestmmmportant task is the dissolve the
nitride precipitates present int he continuouslgtcslab, and keep the nitrogen in solid
solution until the beginning of the annealing. ler to ensure that, small interpass times
during the hot rolling, approx 900 °C finishing teenature and smaller than 600 °C coiling
temperature is necessary.

The observance of these technological parametersotisenough to get excellent deep
drawable steel sheet. The phase shift betweenitheéenprecipitation and recrystallisation
strongly affect the formability of the end-produSince the nitride precipitation has a great
importance in the production technology, one of #ims of my thesis is to develop a
methodology for measuring the nitride precipitataomd to establish the precipitation kinetics.
Further question was the effect of hot rolled grsice on the nitride precipitation and the
relationship between the optimal formability ance tphase shift between the nitride
precipitation and recrystallisation.

The other topic of my thesis formed during the ilertests of heat treated Al-killed steels. In
the case of heat treated tensile test specimessaage behaviour has been observed. In
some cases, the upper yield strength was muchrlérge the tensile strength, but in other
cases, its value was even larger than the lowéd gteength. According to the literature, the
large deviation in the upper yield strength is ealuisy the eccentric loading of the tensile test
piece in the elastic region. Since clear and coegperimental work has not been published
yet, the other aim of my thesis is to develop, texd application a new gripping system,
which can provide centric (or in a predefined eRteccentric loading.

2. Literaturereview

The basic of the production technology of DC044@i5 sheets is the precipitation kinetics of
nitrides (usually aluminium nitrides). There arenya&xperimental and simulation result on
the precipitation of nitrides in soft and deformeaktenite, less for undeformed ferrite and
only a few for deformed ferrite. Since the nitsderesent in DC04-05 steels are mainly
aluminium nitrides (but usually other nitrides aaro form) the most of the simulations are
concerning with the precipitation of aluminium ide. However, the experimental methods
provide the measurement of the amount of all ofrtiredes or the free nitrogen content of
the steel. Other methods measure the change of gtwysical property like electrical
conductivity. Therefore, the measurements perwith¢ precipitation of all of the nitrogen
containing phases. The free nitrogen content oflstean be measured using selective
dissolution techniques, internal friction or theetextric power based methods. The nitrides
forming at large temperature (>550-600 °C) are Iish@xagonal aluminium-nitrides, whilst
those forming in cold rolled microstructure at ltemperature are usually cubic aluminium-
nitrides or mixed aluminium-chromium nitrides. Thatrides formed in cold rolled
microstructure are gradually transform into purgdg®mnal aluminium-nitride.

The nucleation of nitrides is occurring usuallyttag grain boundaries and in the vicinity of
dislocations. The question is: what is the efféd¢he hot rolled grain size on the precipitation
of nitrides in hot and cold rolled material. Cleaxperimental work on this topic is not
published yet, only several simulation results available. According to the simulation
results of Radis and Kozeschnik (2010), the hdedobrain size has a large effect on the
precipitation kinetics, however, experimental resalo not confirm their simulations. | did
not find any experimental result on how the hoteblgrain size affects the precipitation in
cold rolled state; therefore, my investigationsas® concerned with that.
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The other topic of my thesis is the measuremernhefupper yield strength of low carbon,
cold worked and heat treated steels. The unceresrof the gripping of a tensile test piece
and its effect on the measured limit of elasticfypeared in Davis monograph in 2004.
According to the estimation published in this wdrkprder to establish the limit of elasticity
within 1 % precision, the eccentricity between tksultant loading force and the axis of
symmetry of the test piece should be less thanl@®@ (d is the diameter of the test piece).
This theory-based approximation pertains to theitliof elasticity, but the upper yield
strength could exhibit similar sensitive behaviottutchinson (1957) and Sun (2005)
measured the upper yield strength of inhomogengdwest treated low carbon steel wires.
They demonstrated, if the stress concentratiomeatgtips is eliminated (by application of
cold drawn wires which were annealed only in thddi®), then extremely large (larger than
the tensile strength) upper yield strength canepeoducible measured. Gray and McCombe
used strain gauges mounted on specimens to ingtstige bending and axial stress ratio
during elastic loading. According to their experirtad results, the bending stress could reach
the 60-80% of the axial stress. In spite of thelisbbd experimental and theoretical results,
the exact value of the upper yield strength andeéggsendence on the gripping uncertainty are
not clearly described.

4. Experimental materials and methods

My experimental materials has been prepared franfitbt coil, from 2 metres from the head
end and from the centreline of the strip of hot aottl rolled low carbon steel coils The
composition and some important technological patamef the experimental materials are
given in table 1.

. . Finishin Cailin
Sign | Quality temp. (°g) temp. (9C)
S235JR

A N 886 562
B DCO05 883 564
C St24 886 566
D DC04 882 614

Chemical composition, weight pct.

Sign C Si| Mn| P S| Al Cu Cn Ni| Mo N B
A 0.1100.015 0.61|0.0100.0150.0600.0940.0490.0400.0020.0040.00(¢
B 0.0440.009 0.26|0.0080.0090.0310.0280.0180.0150.0020.0060.000
C 0.0240.00§ 0.20{0.0050.0120.0410.0090.0210.0320.0020.0050.003
D 0.05|0.018 0.23]0.0110.0060.0290.0370.0330.0320.0030.0040.000

Table 1: The experimental materials and their irtgrartechnological parameters

Steel A and B were received in hot rolled (4 mnekhicondition, whilst steel C and D were

cold rolled to 1 mm thickness in the steel plat¢eSA showed layered microstructure along
the thickness of the material. The distributiongodin size was uneven within the thickness
of the sheet (Fig. 2). The grain size was deterchiaecording to the standard EN 1SO
643:2003 : the grain size in the 0.8 mm thick reaface layer was approx. 23 um (grain
size number = 8) whilst at the center of the skteetis approx. 9 um (grain size number =
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11). The difference in the chemical compositiontioé layers was in the range of the
uncertainity of the measurement.

=1

Fig. 2: The layered microstructure of steel B (Mu2814 a)

| established the nitride precipitation kineticsngsthe decrease of the free nitrogen of the
steels, using special heat treatment, cold workingcedures and the measurement of
thermoelectric power. | used the methodology inicetl by Massardier et. al (2003) for
determining the precipitation kinetics of nitrideshot rolled state, but for cold rolled state
the | have modified their experimental method.

During a thermoelectric power test, a wire or narrband shaped specimen is placed
between two copper blocks. The voltage arising tduthe Seebeck-effect is proportional to
the temperature difference and to some microstrakctuoperty.

Specimen

25°C|| |[15°C

-

—
Copper blocks />Copper wires
Amplifier &

microprocessor

Fig.3: Thermoelectric power measuring device amdhigout

The amount of free nitrogen is measured by a spfeciastep methodology. In the first step,
performed at 550-700 °C, the precipitation of dis is induced. In the second step a
equilibrating heat treatment at 270 °C has beefopeed. After that cold rolling to 75%
thickness reduction and finally aging at 120 °C46rminutes were applied. The value of the
thermoelectric power before and after the agingesithe information on the amount of free
nitrogen in steel.



In cold rolled state, the precipitation inducingah&eatment is performed in range 430-510
°C, which was followed by a rapid recrystallisativeatment at 700 °C for 1 minute. After
that equilibrating treatment at 270 °C, cold rallito 75 % thickness reduction and aging at
120 °C for 45 min. were performed. This method wapaglied also for partially recrystallised
samples.

Avrami- and Arrhenius equations have been usedesrribe mathematically the nitride
precipitation. The interaction between the nitjecipitation and recrystallisation has been
also investigated. The formability of the microsture arising during the interaction process
Is tested by Erichsen cupping tests (Accordingfbl&§O 20482:2003 and by measuring the
r-value according to EN ISO 10113:2006. The meatanproperties of tensile test
specimens heat treated by different methods has &lse determined. This is performed in
cooperation with ISD Dunaferr steel plant.

The other topic of my thesis is the effect of hdakloading on the measured upper yield
strength of tensile test specimens. | have devdlapenovel gripping system, which can
provide uniaxial loading. This fact was proved lnaisi gauge experiments and tensile tests.
The assembly of the novel gripping system is givefig. 4.
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Fig. 4: The néw gripping system for tensile tests

The working principle is the following: Fortificatns (7) were stuck using high strength glue
(9) to the grip section of the tensile test speaini®), which serve as load transferring
elements. A spider (1-6 parts) performs the loadgsfer from the machine to the test piece.
The spider is connected to the fortification’s holée line of the resultant loading force is
determined by the location of the holes in theificetion. The spider made possible to
compensate the alignment errors between the maahuhéest piece.

The testing of the new gripping system is perfornoedsteel C and D. The tensile test
specimens were in heat treated condition. The tneatment is performed in the laboratory,
using the following steps: heating up at 30 °C/l6%0 °C, holding at this temperature for 5
hours and finally cooling in furnace. The geomettynensions and allowances of the test
pieces are given in Fig. 5.
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Fig. 5: Special tensile test specimens used farstigate the upper yield strength

5. Themain results of thethesis

The effect of hot rolled grain size on the preeifpn of nitrides

According to my experimental work, the hot rolle@ig size has a large effect on the nitride
precipitation. Figure 6 shows the decrease of fig®@gen content of the steel on different
isotherms between 550 and 700 °C. Diagrams showethdts for steel B, for grain sizes 9

and 23um.
%01 M — _rEQ o 509 — o o
= e 71,5550 °C —a__ g i ~e
401 ‘ 404 _
P . 1 . N
% N . é [
?,.:: 30 (a.) < 30 (b.)
53 ]
g . g N
Z 201 2 201 e\
) ®  Grain size=9 um ‘ o ®  Grain size=9 um .
=1 ° I § o sivem
35 104 Grain size=23 um . ‘ (?) 104 ® Grain size=23 ym
\\1\. >
0 T Typical deviation S~ 04 '/R
1000 10000 100000 1000000 1(|)0 10I00 1O(I)00 100I000
Time (s) Time (s)
50
e ° 50 o
= e T =650 °C L R
n T
404 404 "~ 2 T =700 °C
€ ° = - g
g - £ .
~ 304 Q
~ 304
5 (c) . : (@) N0
g - g
= 204 =
S = Grain size=9 ym - Z 204 e
| ® Grain size=23 ym £ ®  Grain size=9 ym °
& 10+ 5 104 ® Grain size=23 ym -
s [%)
N |
0+ 04 L
100 1000 10000 100 1000 10000
Time (s)

Time (s)

Fig. 6: The change of free nitrogen in steel B. &fiect of grai size is remarkable (Mucsi,

2014 a)

It can be established for every temperature, thatdecrease of free nitrogen in theu@
grain size material occurs much intensively tha@3mm grain size material. This is due to
the larger number of nucleation sites in thgn® grain size material. (Because the specific
grain boundary area and therefore the possible tenucleation is approx. 2.5 times larger
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in the 9um grain size material than in the g8 grain size material.) Moreover, the smaller
grain size cause shorter diffusion distances ftoengrains to the grain boundaries.

Furthermore, | have established that the curvessponding to the different grain sizes are
approaching each other with increasing treatmene.tiThis means, that the preferential
nucleation and growth sites are the grain boungantil the precipitated fraction reaches ~
70%, aftzer that the precipitation continues indige grains along dislocations and in the
vicinity of other lattice defects.

The effect of hot rolled grain size on the preeipitn in cold rolled state is tested on
specimens prepared before cold rolling from thded#nt layers in steel B. The prepared
specimens were cold rolled to 75 % thickness reolu@nd precipitating treatments at 430-
510 °C were performed. Figure 7 shows the decretfee nitrogen content of sold rolled
steel B; for initial, hot rolled grain sizes ofifn and 23um.
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Fig. 7: The effect of hot rolled grain size on texrease of free nitrogen in cold rolled state
specimens (steel B) (Mucsi, 2014 a)

As it can be seen in Fig. 7, the rate of decrefe® nitrogen in the cold rolled specimens is
almost independent of grain size. Comparing thif wie precipitation kinetics in hot rolled
state, it can be established that the hot rolleingsize has much smaller effect on the
precipitation of nitrides in cold rolled state. $tig because the preferential nucleation sites
are the lattice defects inside the grains (mainisiodations) and therefore the grain
boundaries loss their significancy. After cold wiadk the density of lattice defects (and
therefore the number of nucleation sites) is macgdr than in hot rolled state.
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The kinetics of nitride precipitation is describesing the Y =1—exp{— (k [t)”) Avrami-
type and thek = A lexp(-Q/(RI[T)) Arrhenius-type equation. In the equations, Y is th

precipitated fraction of nitrides (the ratio of pigitated and initial free nitrigen), R is the
universal gas constant, t is the time (in seconidg),the temperature in Kelvin.

Using the fitted equations the amount of nitridegipitation during the slow cooling after the
coiling process was simulated. The question was imawwy nitrogen precipitates before and
after the coiling procedure. In Fig. 8, the amoohprecipitated nitrides forming during the
slow cooling after coiling at different temperatsiie given.
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Fig. 8: The amount of nitride precipitation duritihg slow cooling after coiling at different
temperatures (Mucsi, 2014 a)

As it is revealed in Fig. 8, the coiling temperatapplied for steel B (564 °C) cause only
approx. 3-5 % nitride precipitation, depending loa grain size of the material. In steel B, the
total nitrogen content of the steel was ~ 60 ppimjsivthe average free nitrogen content in
cooled coils was approx. 48 ppm. This means tr@a2h% of the nitrides are precipitated in
this state. Since ~ 3-5 % is precipitating durihg slow cooling after coiling if 564 °C
coiling temperature is applied, approxY=15-17 % of the nitrogen content of the steel
forms precipitates during the technological stegfete the coiling.

Some result of the investigation of the interacbetween precipitation and recrystallisation

In order to investigate the nitride precipitatiaeirystallisation interaction, specimens from
the centre of steel B were prepared. These spesimene cold rolled to 75 % thickness
reduction. The cold rolled specimens were isothdynmeat treated at different temperatures
between 520 and 600 °C for different times. Theysallised fraction of the specimens was
measured in the section parallel to the rollingection; moreover, the precipitated nitride
fraction was also evaluated. The results are giwéig 9 and 10.
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Fig. 9: The change of recrystallised fraction itdawlled steel B during isothermal heat
treatments (Mucsi és Felde, 2014)

In Fig. 9, it is remarkable that a strong retamatappears in the recrystallisation process
(except at 520 and 600 °C). The retardation appetgifferent recrystallised fractions
depending on the temperature: at 530, 538, 5455880 °C the plateau starts at 10, 35, 50,
62 és 93% recrystallised fraction. In order toityathe connection between the appearance
of the retardation effect and nitride precipitatitime precipitated fraction of nitrides has been
also measured. Using the recrystallised and ptetgu fractions, the recrystallisation-
precipitation time temperature (RPTT) diagram wasstructed (Fig. 10).
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Fig. 10: Isothermal recrystallisation-nitride pratation-time-temperature chart (Mucsi és
Felde, 2014)

According to my experimental results, the strongandation in the recrystallisation starts
when the precipitated nitride fraction reaches appi5-50%, independently on temperature.
The retardation effect finishes, when the precipdanitride fraction reaches approx. 85-95%.
The formability of the microstructure arising dugirecrystallisation is tested on continuously
heated specimens. Erichsen and tensile test piresesheated up at 20, 30, 55, 85 and 120
°C/h heating rate to 690 °C, and they were heldhet temperature for 6 hours. Their
formability test results are shown in Fig. 11.
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Fig. 11: A Effect of heating rate on formability steel B (Mucsi, 2014 b)

On the basis of industrial experiences, and my mxm@atal results given in Fig 11, the

optimal heating rate is ranging between 30 andGl&.°The good formable microstructure is
connected to the interaction of nitrides and rdatiysation. Since the heating rate in the coils
during the bell-type batch annealing procedureosaonstant, my aim was to connect the
optimal formability not to the heating rate but tiwe correct phase shift between the
recrystallisation and nitride precipitation. In erdo give such approximation, | heated up at
20, 30, 55, 85 és 120 °C/h heating rate until tteeipitated fraction reached approx 5% (to
approx. 525...530 °C), after that | measured fre@ogén content and evaluated the
precipitated nitride fraction (Fig. 12.).
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Fig. 12: The relation between the optimal heatatg and nitride precipitated fraction at the
beginning of the recrystallisation (Mucsi, 2014 b)

The experimental results clearly show that if oplinmeating rate is applied, then the
precipitated nitride fraction is approx. 37-57 %eTcriterion for the development of good
formable microstructure is that the nitride pretifpon should occur in 37-57% extent before
the recrystallised fraction reaches 5%.
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The results of the investigations of the uppemdysttength

The prepared cold rolled tensile test specimenisl f@dling was performed in the steel mill)
have been heated up at 30 °C/h to 650 °C, whichfalimved by 5 hours holding at this
temperature, finally, the specimens cooled dowthénfurnace.

Specimens made of steel “C” were loaded at diffeeenentrities (0,056, 0,15, 0,3 illetve
0,8 mm See Fig. 5). The tensile tests performedroelectromechanical testing machine, at
25 °C, at 2 mm crosshead speed, which lead tolD:72/s elastic uploading.

The results of the tensile tests are presentedyirilB.
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Fig. 13: The dependence of the upper yield streagtthe initial loading eccentricity

As it can be seen in previous figures, the measupebr yield strength is much larger at
0.056 mm eccentricity, but its value is even lartiam the lower yield strength at 0.8 mm
eccentricity. The upper and lower yield strengtld #me tensile strength are plotted together
against the loading eccentricity (Fig. 14).
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Fig. 14: A The dependence of upper- lower and kessiength due to loading eccentricity
(Mucsi, 2013 a)

The upper yield strength depends strongly on tlaglifg eccentricity, but the lower and

tensile strengths do not change with eccentricitye reason for it is that the lower and
tensile strengths are measured after large pldsficrmation, during which the test piece
align itself to the axis of loading.

Similar results were obtained for steel D. The gadfithe upper yield strength agains loading
eccentricity is described by the following equation

R eHmért = ReH,O - d Ija>< (1)
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where Ry is the upper yield strength measured at zero é&icien (so-called extrapolated
upper yield strength) (MPa), which could be a nesardity; d is the slope factor (MPa/mm),
e is the eccentricity (mm). Parameters for steeh@ @ are given in table 2.

Material
Parameter Steel C Steel D
Extrapolated upper yield strength
4248 (~ 425 368
Retio(MPa) (- 425)
Slope factor, d (MPa/mm) 157,3 62,9
Correlation coeffitient, R(-) 0,9951 0,9841

Table 2: Parameters of Eq. 1 for steel C and D 82013 a)

The upper yield strength of steel C decreases $6ttMPa due to the 0.1 mm eccentricity
increase. However, this value for steel D is app6oPa.

In order to express in a general manner the eécigytof loading, | introduced the angularity
error ¢ (See Fig. 5) between the resultant loading forakthe axis of symmetry of the test
piece. The measured upper yield strength agaiasinularity errop for steel C is:

R eHménc — FzeH,O -f E¢ = 42418_74];]-1@ (Mpa) (2)
whilst for steel D:

R cimenp = 368-29641¢ (MPa) 3)
In equations, the should be substituted in degrees.

5. Industrial application of theresults

The results of my researches were applied in ISaferr to optimise the production
technology of DC04-05 thin sheets. Before the oigttion, DCO5 quality sheets could be
produced very rarely, because it was difficult ts@e lower than 180 MPa yield strength
and greater than 1.9 r-value. As a result of mgassh works many other empirical model
has been developed, which can take into account the
- effect of cold rolling reduction,
— the chemical composition,
— the grain coarsening occurring during the annediieat treatment
— and the effect of the skin pass rolling
on the final mechanical properties. Using the eixpemt-based mathematical models, the
following technological modifications have beerraduced:
— the chemical composition should be in the rang-0.045% C, 0.16-0.25% Mn,
0.03-0.06% Al 0.004-0.007 % N
— the finishing temperature should be in the randge @38 °C
— the coiling temperature should be in the range BBD°C-0s
— the cold rolling reduction should be in the range76% (depending on the
composition). Moreover,
— a new annealing treatment method was introduced 8R@), which lead to smaller
than 180 MPa proof strength and higher than 1 8luevafter skin pass rolling.

As the result of the optimisation, the producigiliof DC0O5 became possible and the
deviation in the mechanical properties of DC04 dased.
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6. The new scientific results, theses

The new scientific results are connected to theédeitprecipitation in DCO5 steel and to the
special tensile tests performed on St24 steel nltnele precipitation and its relation with the
recrystallisation is the key element of the producttechnology of aluminium killed low
carbon steel strips.

| investigated the nitride precipitation on speasi@repared from the first ring of a DC05
steel coil. The coil is characterised by 883 °Gsfimg and 564 °C coiling temperature. The
chemical composition of the steel (expressed irpet) is:0.044% C, 0.26% Mn, 0.009%
Si, 0.009% S, 0.008% P, 0.031% Al, 0.02% Cr, 0.815.006% N és (Ti, Mo, Nb,
V<0.001%) The 4 mm thick strip is characterised by thrgeia along the thickness. In the
two 0.8 mm thick near surface layer the grain samber was 8 (grain size is g&1), whilst

in the central 2.4 mm thick layer the grain sizenbar was 11 (the grain size iuf). The
nitride precipitation process was investigatedgacimens prepared from the large and fine
grain size layers. In order to investigate theidetprecipitation in cold deformed state, the
prepared specimens cold rolled to 75% thicknessctezh. | used a thermoelectric power test
based methodology to investigate the nitride pittipn. | described the nitride precipitation
using Avrami- and Arrhenius-type equations.

| used a St24 steel to investigate the dependenoeasured upper yield strength on loading
eccentricity. The composition of the steel in wtt.p0.024% C, 0.008% Si, 0.195%Mn,
0.041% Al, 0.021% Cr, 0.005% N és 0.003% B. The pesces prepared from a 75 % cold
rolled coil having 886 °C finishing temperature &b °C coiling temperature. The tensile
test pieces were heat treated in laboratory furnthey were heated up at 30 °C/h to 650 °C
which was followed by 5 hour holding, finally thegoled down in the furnace.

1. thess;

| showed using thermoelectric power experimentst, $hDCO05 quality steel strip containing
60 ppm by weight total nitrogen contains only 48ydpee nitrogen in a hot rolled, coiled and
cooled to room temperature condition. The 80% efttital nitrogen content is not included
in precipitates and its 20% is free. | showed ugrpgeriment-based simulations, that during
the cooling after coiling of a hot rolled coil hagi 850 mm inner, 1990 mm outer diameter
and 1200 mm height only 3-5% of the free nitrofems nitrides. Consequently, the 15-
17% of the free nitrogen forms nitrides during teehnological steps before the coiling.
(Mucsi, 2014 a)

2. thess

In Table T1, | summarized the parameters of theafr and Arrhenius equations referring
to the nitride precipitation in DCO5 hot rolled eten temperature interval 550-700 °C. |
proved using kinetic investigations that both @& garameters (k and n) in the Avrami kinetic
function depend on the hot rolled ferrite grairesikhe average value of Avrami-exponent in

temperature range 550-700 °C fop® grain size steel iﬁg =107, whilst for 23um grain
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size steel it isn . = 1p2. The value of the fitted k(T) function is largey 84-38% at qum
grain size than at 28n grain size. (Mucsi, 2014 a)

Table T1.
Average Correlation Correlation of
grain T X of Y(t) Q k(T) function
diameter |(°C) ne) KS) | function (kd/mol) A (15s) R?(-)
(Lm) R°()
550 0.89 1.180° 0.994
600 0.98 6.63.0° 0.978
9 650 1.18 4.210° 0.992 221 | 11960 0.998
700 1.22 1.6a0° 0.990
n, =107
550 1.19 8.1310° | 0.992
600 1.26 5.280° | 0.986 :
23 650 1.82 3.1710% | 0.976 222 |9.967.0° 0.998
700 1.79 1.140° | 0.986
n, =152
3. thess:

In Table T2, | gave the parameters of the Avramd @rrhenius equations referring to the
nitride precipitation in DCO5 cold rolled steel temperature interval 430-510 °C. The

average Avrami exponents referring to the nitridecpitation in cold rolled, but initially 9

and 23um hot rolled grain size material in temperaturerinal 430-510 °C is equal to the

second decimal, their valuex, =n_, = 052; however, the ratio of the rate constantgkgk)
at 430, 470 and 510 °C is 1,63, 1,30, and 0,%pewtively. (Mucsi, 2014 a)

Table T2.

Average Correlation Correlation
grain To : of Y(t) Q of k(T)
diameter| (°C) ne) k(@/s) | Wkas | ¢inction (kd/mol) A1) function
(Lm) R*(-) R*(-)

430 0.56 8.7107 | 1.63 0.994
0
9 [270| 051 | 1.020°| 130| 0997 | 225 | 52580°| 0.983
510 0.49 4.380° | 0.95 0.988
ﬁg = 052
430 0.53 5.330" 0.998
23 70| 047 | 8.2a0° 0996 | 256 | 6.25907| 0.990
510 0.55 4.610° 0.998
ﬁ23 = 052
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4, thess:

| verified experimentally, that the r90 value andcksen-number of a DCO5 steel sheet
approach to their maximum, if the nitride precifida occurs in 37-57% extent before the
recrystallised fraction reaches 5%. This statenfiemhs the basis of the optimal (optimal
from the point of view of g-value and Erichsen number) industrial batch-typeealing
method. (Mucsi, 2014 b)

5. thess

The tensile tests with a St24 steel was perforngigumy novel gripping system, at 25 °C
and at 1,720" 1/s elastic strain rate. The lower yield strermtld the tensile strength of the
steel are: R=28%5 MPa and R=334t4 MPa. The measured upper yield strength of
specimens depicted in figure T1 depends on tharngaatcentricity according to the relation:

Ry = Royo —f [0 =425-741119 (MPa) (R?=0,9951) where R, is the upper yield strength

measured by using a strict uniaxial tensioning (Mgais the angle between the axis of
symmetry of the test piece and the line of actibthe loading force, f is the slope factor
(MPa/°). The domain of functiongRis 0°< ¢ < 0183, and the values of function covers the

interval 289 MPa< ¢ < 425 MPa (Mucsi, 2013 a).

Figure T1:
. 280 005
R30 0,1
16 +0,02
b e, P ¥
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