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Some observations on the effect of
austenitisation conditions on the transformation
kinetics in an HSLA steel and related C-Mn steels
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The dependence of the transformation kinetics of an HSLA steel and related C-Mn steels on
the austenitisation conditions have been investigated using calorimetry and dilatometry. It
is observed that the ferrite-start temperature depends both on the manganese content and
on the amount of niobium in solution. Calculations of the transformation kinetics based on
an interface-mobility model applied in a tetrakaidecahedron austenite-grain geometry are
used to investigate the background of the observed changes in transformation kinetics.
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1. Introduction allotriomorphic ferrite. In this regime the chemistry of
Transformation kinetics in modern construction steelghe system has a distinct influence on the nucleation and
are rather complex. The austenite to ferrite phase trangrowth behaviour. At higher cooling rates there will be
formation depends on the chemical composition of thdess time for the formation of allotriomorphic ferrite,
steel, on the austenite microstructure before transforand a transition to Widmarettén ferrite formation will
mation and on the applied cooling rate. The microstruc-occur [5]. After ferrite formation there will be pearlite
ture that results after transformation depends on ther bainite/martensite formation.
combined effect of the above-mentioned factors. From the above it is clear that in an HSLA steel the
The effects of chemical composition are threefold.chemistry and the austenite grain size are highly cou-
Carbon, the main interstitial alloying element, will pile pled. There are not many papers in the literature which
up at the migrating austenite/ferrite interface due toactually study the growth kinetics of ferrite quantita-
the limited carbon solubility in ferrite, thereby reduc- tively and try to separate the influence of solute or
ing the local driving force for transformation. Substitu- precipitated niobium on nucleation or growth kinetics
tional elements like manganese and silicon also have —8]. In the paper by Cochrane and Morrison [6] it is
strong effect on the transformation kinetics. High con-argued that precipitation before transformation acceler-
centrations of substitutional elements give rise to deepeates the allotriomorphic ferrite formation. Thomas and
undercooling, thereby giving rise to the formation of Michal [7] have found a decrease in the ferrite-start tem-
Widmanstéiten ferrite and bainite rather than allotri- perature for niobium contents less than 0.04 wt.%, and
omorphic ferrite. Some alloying elements form precipi-an increasing ferrite-start temperature for higher nio-
tates at austenitisation temperatures. These precipitatbgum concentrations. Leet al. [8] model and discuss
can inhibit grain growth, thereby causing a reducedhe growth kinetics on the basis of the classical nucle-
austenite grain size. ation and diffusional growth theories. It is concluded
The starting microstructure for the transformation,that the solute niobium slows down the ferrite-start and
which is characterised by the austenite grain size anthat solute and precipitated niobium have the same ef-
the amount of alloying elements either in solute solutionfect on the progress of the ferrite formation.
orin precipitated form, depends on the preceeding time- In the work presented here a comparison between
temperature path. Itis well known that there is arelatiorthe transformation kinetics of a niobium containing
between the reheat temperature and the austenite grasteel and similar C-Mn steel grades without niobium
size. In the case of HSLA steels the time-temperaturés made. Furthermore, several series of experiments on
path also determines the amount and size of the precifghe niobium containing steel are performed to sepa-
itates [1, 2]. High temperature plastic deformation hagate the effects of precipitated niobium and niobium in
alarge influence on both the austenite grain size and th&olution. Experiments to determine the transformation
amount and spatial distribution of precipitates [3, 4]. kinetics are performed using both Differential Thermal
The microstructure obtained when cooling down theAnalysis (DTA) and dilatometry, while microstructural
austenite depends on the cooling rate. At low coolingdata are obtained using optical microscopy and Trans-
rates there will be enough time for the formation of mission Electron Microscopy (TEM).
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An analysis of the transformation kinetics is per- ity is less than in the austenite phase. At temperatures at
formed in terms of an interface mobility model which which ferrite is stable the formation of niobium carbide
incorporates microstructural features such as austenitgrecipitates is thermodynamically favourable.

grain size and nucleation site density [9]. There are several models available to describe the
austenite to ferrite phase transformation. In the work
2. Theory presented here the aim is to obtain a better understand-

A key property for the effect of niobium on the forma- ing of the physical processes occurring during -and
tion of both the austenite and the ferrite microstructureghereby governing- the austenite to ferrite phase trans-
is the solubility product of niobium-(nitro)carbide [10]. formation. Therefore a physically based model is used.
In the present study we will concentrate on NbC as théA first quantity to consider in the model is the size and
precipitating phase. The solubility producfor NbC  the shape of the austenite grains. The austenite grains
is defined by have irregular three-dimensional shapes, corresponding
with a Voronoi tesselation, which on average contain
k = [Nb][C], (1) approximately 15 faces. Van Leeuweh al. [9] de-
A scribe a model which is based on a tetrakeidecahedron,
which can be regarded as an average austenite grain
ghape. In this geometry, nucleation can be simulated
Ip take place at specific sites, for instance the austenite
grain corners, from which the nuclei grow spherically
into the austenite grain. The fraction ferrite as a function
K — koexp(—&> 2 of time is determined by numerical integration.
- RT/) In order to simulate the growth of the ferrite grains,
) ] i ] the interface mobility model as described by Krielaart
with ko denoting a pre-exponential fact®s an acti- ¢t g) [12], after Christian [13], is used. The interface

vation energyR the gas constant antl the tempera-  ye|ocityy is given by the product of the interface mobil-
ture. From Equation 1 and the total amount of niobiumjy, \ and the driving force for transformation G/,

in the alloy the weight percentage of Nb present as;ccording to
NbC-precipitatecnpc, can be readily derived.

in which [A] denotes the concentration of element
in solution in the iron lattice. Most commonly, [A] is
expressed in weight percentages. The solubility produ
has an Arrhenius-like temperature dependence, whic
is expressed by the equation

Several sets of the parametdgsand Qs for NbC Q
in ferrite and in austenite have been proposed in the v = M - AG"/* = Mg exp<——> LAGY, (3)
literature, as summarised recently by Gladman [11]. RT

Whereas the actual values fqyand for Qs show con-

siderable differences, the resulting values koas a Where M is a pre-exponential factoQ the activa-
function of T show that the variation ikin the austen- tion energy for movement of the atoms in the boundary
ite temperature range (L000KT < 1300K)islimited ~ region, andAG”/* is the difference in Gibbs free en-
to £30%. For ferrite (800 k< T < 1200 K) the differ- ~ ergy between the austenite and the ferrite. In this work
ences increase up #060%. In this work we will adopt we will adopt this definition of interface VelOCity. The
the valuesky=1380 (wt.%§ and Qs=148 kJ/mol driving force can be calculated using a thermodynamic
for the austenite pha5e1 which were derived from th@atabase, which takes into effect the contributions of
SGTE thermodynamic database. The parameters fdpanganese and carbon. The manganese is assumed to
the solubility product of NbC in ferrite have the val- be homogeneously distributed throughout the material.
uesko = 31600 (wt.%% and Qs =194 kJ/mol. For the ~Furthermore itis assumed that the carbon redistributes
HSLA steel grade (0.02% Nb) used in this work it fol- during the austenite to ferrite transformation, and that
lows that forT > 1350 K all niobium dissolves in the the carbonisdistributed homogeneously throughoutthe

austenite phase (Fig. 1). In the ferrite phase the solubilaustenite phase. The total amount of niobium present
in the system is too small to have a noticeable influence

0.020 on the phase diagram and the resulting driving force.

The principal influence of the chemical composition is
thus incorporated.
0016 | T :
2 If precipitates are present, they can mfIqence fthe
$ transformation kinetics, for instance by exerting a pin-
30.012 i ning force on the austenite/ferrite interface, effectively
2 reducing Mg. According to the classical Zener ap-
$0.008 | proach[14]the Zenerdrag or Zener retardation pressure
P,, experienced by a moving interface and caused by a
0.004 | . distribution of precipitates, is given by
0.000 L . - 3 fy
800 1000 1200 1400 1600 P, = Zﬂ T (4)

Temperature (K)

Figure 1 Equilibrium concentration of niobium-carbide precipitates in Where'B IS acorrectl_on faCtOV I_St_he interfacial e_nergy’
austenite ¢) and ferrite &) as a function of temperature for 0.02% Nb | the volume fraction of precipitates andhe size of

steel. The symbols denote the experimentally determined values.  the precipitates. Spherical incoherent precipitates were
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assumed and the problem is treated only geometrically 1.0
Inthis cases equals 1. Inlater studies the correctionfac-
tor g was introduced [15]. This factor can vary between = 0.8
0.1 and 2.3, depending on the geometry of the precipi-ﬁ
tates and the shape of the deforming grain boundary. %, 0.6
The parameters describing the interface mobiby,  E
and Q, are mathematically strongly correlated when “‘;’ 0.4
Equation 2 is fitted to experimental data on the kinetics%
of the phase transformation. The approach adopted ir£ 0.2
this study is to keep the activation energy at a fixed value
and to vary the pre-exponential factor to optimise the 0.0 . . L -
agreement between experimental and modelled fractior 950 975 1000 1025 1050 1075 1100
curves. For the activation energy a value of 140 kJ/mol Temperature (K)
is used. This value corresp_ond_s with the activation enI':igure 2 Equilibrium ferrite plus pearlite fraction as a function of tem-
ergy for austenite recrystallisation [16] and to the valu€perature for the steel grades presented in Table I.
used by Krielaart and van der Zwaag for the austenite
to ferrite transformation in binary Fe-Mn alloys [12]. tisation temperature, samples were electrochemically
Factors that do influence the transformation kinetics bubrought into solution using an EDTA solution. In this
have not been incorporated in the model will affect theprocess the precipitates do not dissolve. The electrolyte
value of the pre-exponential factdv. is filtered using a filter with a 100 nm pore size. The
In the calculations it is assumed that nucleation takesesidue is mixed with NeB8Qy. This mixture is melted
place instantaneously at a certain temperature duringnd dissolved in a solution of sulphuric and oxalic
cooling from the austenitisation temperature. The unacid. The niobium concentration of this solution as
dercooling,AT, is defined as the difference betweenwell as the niobium concentration in the electrolyte are
this temperature and the &¢éemperature. The under- determined using a Perkin Elmer Inductive Coupled
cooling, which is a measure for the delay in nucleation Plasma — Optical Emission Spectrometer (ICP-OES).
is also varied to optimise the correspondence between To obtain data on the transformation kinetics,

T

T

T

calculated and measured data. dilatometry experiments were performed usingahB”
805A/D dilatometer. Cylindrical samples of 4.0 mm
3. Experimental diameter and 10.0 mm length were clamped between

The compositions of the steel grades used in this inguartz push-rods. The samples were heated by induc-
vestigation are given in Table I. Grade Mn12Nb istion and the temperature was registered by S-type ther-
the HSLA steel, and contains a small amount of nio-mocouples. The temperature gradients along the length
bium, 0.02 wt.%, and furthermore as main alloying el-of the samples remained within 10 K. Cooling rates
ements 1.20 wt.% manganese and 0.136 wt.% carbomere controlled to be constant over the entire transfor-
The other grades do not contain niobium, but differmation range. For the higher cooling rates anfldw
in manganese, carbon and silicon concentration. Thevas used. The dilatation data were analysed using a
grades are coded according to the manganese contemethod that accounts for the difference in specific vol-
The compositions lead to a variation in the equilib-ume between ferrite and cementite [17]. Three series of
rium fractions as a function of temperature, as can beeaxperiments were performed. The first series was per-
seen in Fig. 2. In this figure the total fraction of ferrite formed at different austenitisation temperatures, rang-
plus pearlite for the different steel grades is shown as ing from 1173 Kto 1423 K, in order to determine the de-
function of temperature in the ferrite/austenite region.pendence of the austenite grain size and the subsequent
The fractions are calculated using the thermodynamitransformation kinetics on the austenitisation temper-
database program MTData assuming para-equilibriunature. The samples were heated at a rate of 50 K/min,
and taking into account contributions of manganese, silheld for 20 minutes at the austenitisation temperature,
icon and carbon. The relatively low A¢emperature of and cooled at 20 K/min. To investigate the influence of
the Mn11 alloy is caused by the relatively high carbondifferent austenitisation times, a second series of exper-
concentration. iments was performed, consisting of heating at 5 K/s
For the quantitative analysis of the fractions soluteto 1423 K, an isothermal hold for 5, 20 or 40 min-
and precipitated niobium as a function of the austeniutes and subsequent cooling at 20 K/min. Finally, two

TABLE | Chemical composition of alloys (wt%)

Alloy %C (at%)  %Mn %S %Nb %Al %Cr %Mo %Ni  %Cu %N %S %P
Mn12Nb  0.136 1.200  0.017  0.020 0.053 0.025  0.002 0.027 0013 00036 0009 0.016
Mn09 ((J().f437) 0.926  0.009  0.002 0.043  0.027  0.004 0.026  0.016 0.010  0.011
Mn11 (gflsg 1100 0320 <0.005 0.028 <0.02 <0.005 0.020 <0.02 0.077 0.08 0.011
Mn15 (ng% 1460 0178 - 0031 - 0.002 0.026 0011  0.0064  0.008

(0.80)
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different types of two-step annealing experiments werdion starts, since the Agemperature for Mn12Nb is
made. The samples were first annealed at 1423 K t@078 K.

dissolve the niobium-carbide precipitates, and the sec- Figs 3 and 4 show the effect of the austenitisation
ond anneal was performed at a temperature below theemperature on the transformation kinetics as observed
precipitation start temperature (1350 K) to allow for by DTA and dilatometry. Fig. 3 shows the DTA mea-
re-precipitation of the niobium carbide. Analogous ex-surements and Fig. 4 shows the measured dilatation
periments were performed without the second anneahnd the resulting fraction transformed during cooling
yielding samples with the same austenite grain size, buor alloy Mn12Nb. The DTA measures the specific heat
a different amount of niobium in solution. The first type and the transformation enthalpies. Therefore the sensi-
of the two-step annealing experiments -heat treatmertivity for the ferrite formation becomes larger at lower
A- consisted of heating at a rate of 50 K/min, anneal-

ing for 20 minutes, cooling at 20 K/min to 1273 K,

holding for 0 or 30 minutes and subsequent cooling 230 P
at 20 K/min. The other heat treatment -heat treatmen 225 "

P
B- consisted of heating at 5 K/s, annealing for 40 min- 200 Tam
utes, cooling at 10 K/s to 1033 K, holding for 0, 30 or o175 | TaM
60 minutes and subsequent cooling at 20 K/min. The exg ;5q M

. . . ", . B A Taus = 1323 Kl
periments with varying austenitisation temperature ass |, W -

A

well as one of the two-step annealing experiments were I £ A Tum = 133K
also performed on a Perkin-Elmer DTA-7 apparatus. I T = 1423 K
Discs with a diameter of 3.0 mm and a heightof 2mm 75 | A Tt = 1473 K

were used. Special care was taken to prevent decarbur 50 | Tos = 1523 K

sation by using a purified Ngas flow through the sam- 25 - 1 1 1 . .
ple chamber. Microstructural data were obtained using 750 800 850 900 950 1000 1050 1100
optical microscopy. 2% nital was used to reveal the fer- Temperature (K)

ritic/pearlitic microstructures. The prior austenite grainFigure 3 The measured specific heat curves (plus a multiple of
boundaries were revealed using both a thermal etchingp J/molK for all except the lowest curve) during cooling at 0.3 K/s
technique and a technique based on the partial transfoiter austenitising Mn12Nb at different temperatures, as measured with
: P : H1e DTA. The labels A, W, P, and B correspond to the formation

mation of the sample. The grain sizes were determine . . , : , . : C

. . . of allotriomorphic ferrite, Widmanstten ferrite, pearlite and bainite
using the mean linear intercept method. respectively.

The TEM foils were prepared by mechanical grind-
ing, electropolishing and ion-milling. A Philips CM30 80
TEM was used to detect niobium-carbide precipitates.
Both bright and dark field techniques were applied.

4. Results and discussion e
4.1. Experimental >
Fig. 1 showscypc in the austenite and in the ferrite 3
phase as a function of temperature, calculated from the
solubility products for the HSLA-steel investigated in

this study. The concentration of precipitated niobium

after austenitisation at the indicated temperatures (fol- 40 1 L - L

lowed by a quench to room temperature), as found by 800 850 900 950 1000 1050
the chemical analysis, is depicted as well. The measure.. Temperature (K)
results correspond well with the calculated results, al- @)

though the experimental concentrations are slightly 1.0
higher than the theoretical values. The theoretical val-
ues describe the equilibrium case. The experimentally 0.8
observed concentrations however, are influenced by th'g
kinetics of the dissolution of the niobium carbides. It §0,6
can be seen that above 1350 K most niobium is dis-‘%
solved in the austenite phase. At this temperature a biZg 4 |
modal austenite grain size distribution is observed in.g
optical microscopy. This bimodal austenite grain sizeé;o_2 |
distribution is due to the transition of grain growth in-
hibited by pinning by the precipitates of nhormal grain
growth after the dissolution of the precipitates, as is 200 850 900 950 1000 1050 1100
described in [18]. For the steel grades without niobium Temperature (K)

no biqual a_ustenite gra}in size distribution is found. ®)

Combining Figs 1 and 2 it can been seen that accordlfigure 4 (a) The dilatation curves, and (b) the fractions transformed

ing t_o _equilibrium predictions all niObiu_m should be of Mn12Nb during cooling at 0.3 Kis after austenitisation at different
precipitated before the austenite to ferrite transformatemperatures. The austenitisation temperature is indicated.

0.0
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temperatures. The sensitivity for the pearlitic reaction 90
is even larger, caused by the formation of the covalent
cementite structure. The height of a peak is a measure 8 [
for the average rate of the transformatiorii/dT [19].
In Fig. 3 a multiple of 25 J/molK is added to each mea- &
sured heat curve in order to clarify the relative changes <= 75
between the curves belonging to different austenitisa-
tion temperatures. 70
In the DTA signal corresponding to the lowest aus-
tenitisation temperature, 1173 K, two peaks, labelled 9 |
A and P, are observed. It is seen that the allotriomor-
phic ferrite formation (peak A) starts at 1050 K. The
second peak, corresponding to the pearlite formation
starts at 905 K (peak P). The heat effect measured after
the highest austenitisation temperature indicates four
different processes. The peak corresponding to the al
lotriomorphic ferrite formation is still present, shifted 75 | Mn09
towards lower temperatures and smaller with respec -,
to the A-peak after the lowest austenitisation tempera_
ture. The largest peak in this curve, peak W, starting aE
925 K, corresponds to the formation of Widmaatth 560
ferrite. This peak partly overlaps with the peak corre-™ 55
sponding to the pearlite formation. The peak at 810 K,
labelled B, corresponds to bainite formation. The peak
labelling was applied on the basis of microstructural 45
analysis of the fully transformed samples. Fig. 3 shows 49 : s . ! .
thatincreasing the austenitisationtemperature shiftsth  g50 850 900 950 1000 1050 1100
ferrite start temperature towards lower temperatures Temperature (K)
Furthermore, it is seen that at higher austenitisation (b)
temperatures the formation of Widmaatsen ferrite Figure 5 Dilatation curves for the four steel grades investigated after
becomes favourable because less allotriomorphic feraustenitisation (a) at 1173 K, and (b) at 1423 K.
rite is formed. The appearance of the Widmattsti
phase coincides with the niobium-carbide precipitates Fig. 5a shows the dilatation curves of the steel grades
being dissolved (i.e. above 1350 K). investigated, all austenitised at 1173 K and subse-
The dilatation signal (Fig. 4a) can be used to obtainquently cooled at a rate of 0.3 K/s. They indicate that
data concerning the phase fractions, since the phagbe average transformation rate of the steel grades is
transformation results in volume changes. The volumepproximately the same. The transformation products
change corresponding to the austenite to ferrite transare allotriomorphic ferrite and pearlite. Comparing the
formation depends on the carbon concentration of théilatation curves with the equilibrium fraction curves of
austenite, and since the volume change correspondirfgg. 2, it is seen that the Mn15 alloy has the largest un-
to the austenite to pearlite transformation is normallydercooling. This indicates that the retarding influence
less than the volume change of the austenite to ferritef manganese is larger than the influence of the carbon.
transformation, the pearlite formation is less clearly ob-Fig. 5b shows the dilatation curves after austenitisa-
servable. Nevertheless the dilatation signal shows th&on at 1423 K. The transformation behaviour of Mn09
same features as the DTA results. Fig. 4a gives the meds quite similar as before. There is a rapid formation
sured change in length. The dilatation curves are shiftedf allotriomorphic ferrite followed by the formation
along theA L-axis such that they coincide in the austen-of pearlite. The other three alloys, however, show a
ite region and highlight the shift in transformation start slower formation of ferrite and a transition to the for-
temperature. The absolute length change is difficult tanation of Widmansitten ferrite. The shift in ferrite-
measure accurately and depends on the sample prepstart temperature of Mn12Nb is quite large in com-
ration [20]. Fig. 4b shows the fraction transformed parison to the shift in ferrite-start temperature of Mn11
curves obtained from the dilatation measurements. Fowhen the transformation kinetics after austenitisation at
the specimen austenitised at 1173 K both allotriomor1173 K and 1423 K are compared. Furthermore, there
phic ferrite and pearlite formation are detectable in thds a prominent retardation in the pearlite formation of
dilatation signal. The specimen austenitised at 1473 Khe Mn12Nb alloy. Fig. 6 summarises the above. The
shows some allotriomorphic ferrite formation before ashift of the experimentally determined starttemperature
transition to Widmansiten ferrite occurs. Note that relative to the equilibrium Atemperature for the steel
the formation of Widmanstten ferrite, which was grades investigated is plotted against the austenitisation
visible as a peak in the DTA-signal, shows as an intemperature. The dashed lines as well as the low tem-
crease of the length-change rate in dilatometry. In thigperature part of the Mn12Nb line are all parralel and are
sample both pearlite and bainite are formed. In the diintended as a guide to the eye. For the non-niobium con-
latation signal however it is not possible to distinguishtaining alloys there is a gradual dependence between
the pearlite from the bainite formation. the undercooling and the austenitisation temperature,
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TABLE Il Mo, AT andd, as a function of the austenitisation time 90

at 1423 K for the Mn12Nb steel grade. The corresponding experimental
dilatation curves are shown in Fig. 7a
taus (min.) Mo (molmm/Js) AT (K) d, (um)
5 18 60 193
20 22 70 245
40 30 100 309
120
40 1 1 1 1
100
750 800 850 900 950 1000
Temperature (K)
~ 80 |
& (@
51 60 | 100
L
<
40 +
20
0 1 1 1
1100 1200 1300 1400 1500
Austenisation temperature (K)
Figure 6 The shift of the experimentally determined start temperature 20 min.
(Ts) relative to the equilibrium A temperaturers. the austenitisation 50 . . . .
temperature for the steel grades investigated.
800 850 900 950 1000 1050
Temperature (K)
whereas in the Mn12Nb alloy an additional retardation (b)
is observed for austenitisation above 1323 K. Figure 7 Dilatation curves resulting from different austenitisation times

The relation between the austenite grain size andt 1423 K when a cooling rate of 0.3 K/s is applied for (a) steel grade
the ferrite-start temperature is also observed whef{!"12NP.and (b) steel grade Mnl1.
analysing the effect of the austenitisation time, as is
seenin Fig. 7a for the Mn12Nb alloy and in Fig. 7b for 80
Mn11. Both figures show a delay in the ferrite-start tem- 0
perature. In Table Il the austenite grain sizes of MN12Nb
are given, and itis seen that longer austenitisation time: 60
indeed lead to an increase in austenite grain size. A furg
ther comparison of Fig. 7a and b shows that even afte >0
a short austenitisation time, the ferrite growth rate in< 40
the Mn12Nb steel is effectively reduced. Furthermore
due to the slow pearlite formation in the Mn12Nb steel, 30
the transition of Widmanatten ferrite to pearlite for-
mation is clearly visible for this grade. An increase in
cooling rate also leads to an increased undercooling 10 L 1 L
as can be seen in Fig. 8. This however is not causet 79 00 900 1000
by the austenite grain size, but by the time available Temperature (K)
for nucleation. Another interesting feature in Fig. 8 is
the transition from allotriomorphic ferrite formation to Figure 8 Dil_atation curves for Mn12Nb for various cooling rates after
Widmanstitten ferrite formation, which depends both 2Stenitisation at 1423 K.
on the transformation temperature and the amount of
allotriomorphic ferrite formed. ite grain size does not change during the 1 hour hold.
Figs 9 and 10 show the DTA and dilatation measuredn the fraction curves corresponding to the niobium
ments of the two-step annealing experiments. The holdeontaining alloy there is a shift along the temperature
ing temperature was chosen at 1273 K, such that preaxis; after the additional hold the ferrite-start tempera-
cipitation of the niobium in NbC, which had gone into ture is increased. The amount of allotriomorphic ferrite
solute solution during austenitisation at 1423 K, is therformed is larger and the amount of Widmaatsth fer-
modynamically favourable. In order to determine therite smaller. The specific heat curves show the same
influence of the niobium, in Fig. 10 the fraction curvesfeatures. The shift in start temperature is less clearly
for Mn11 for identical heat treatments are also shownvisible, but the shift towards less Widmaat€n ferrite
For the Mn11 alloy there is no influence of the addi-formation and thereby a reduced contribution to the
tional holding at 1273 K. This indicates that the austen-heat effect of the Widmareatten ferrite compared with
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90 carbides. Fig. 11 shows the fractions transformed after
holding at 1033 K, near the Atemperature, for alloys
80 P Mn12Nb and Mn11. The difference in average growth
- rate of the allotriomorphic ferrite between the curves
% 0 in Figs 10 and 11 are due to the difference in austenite
§60 | grain size, which is due to the variation in austeniti-
& sation time as was seen in Fig. 7. Apart from this dif-
50 t ference the same observations are made as in Fig. 10:
no hold the additional hold for the Mn12Nb causes a reduction
40 in undercooling while the hold has no influence on the
transformation kinetics of the Mn11 alloy.
30 ' ' ' ' ' ' The TEM was used to compare the precipitation char-
750 800 850 Te%ggeramago(m 1000 1050 1100 acteristics of the austenitisation treatments at 1423 K

with and without the additional hold at 1033 K. Nei-
Figure 9 Specific heat curves for Mn12Nb. The peaks correspond tother heat treatmentled to precipitation on prior austenite
allotriomorphic ferrite, Widmanatten ferrite and pearlite formation. qrain boundaries nor to precipitation at théw inter-
Both curves correspond to samples austenitised at 1423 K. One sam ce during transformation. The heat treatment with-
was additionally held at 1273 K for 30 minutes before further cooling. . . . . .

out the additional hold resulted in a distribution of fine

1.0 niobium-carbide precipitates. The heat treatment with
the additional hold resulted, besides the fine precipi-
0.8 tates, in numerous coarser particles. The coarseness of
g hold Mnl, the precipitates indicates that they have been formed be-
o6 L hold & no hold fore the transformation occurred. Evidence of increased
§ nucleation due to the presence of the precipitates is not
S04 | Mnl2Nb, observed. The delay in transformation-start tempera-
5 no hold ture after the austenitisation above the precipitation-
Eoz i start temperature is probably due to the niobium in
’ solution.
0.0 : : .
4.2. Model calculations
800 850 ?fmperam?:?m 1000 1050 The model calculations focus on the behaviour of

Mn212Nb. The results of the modelling are summarised
Figure 10 Fraction transformed for Mn12Nb and Mn11 after austeni- in Tables Il to IV. Fig. 10 shows an example of the
tising at 1423 K, with and without hold at 1273 K. The modelled allotri- model results. Both the undercoolimg]’, and the pre-
omorphic ferrite fractions are also given. exponential factorMy, are varied, such that the mod-

elled curves fit the part of the experimental fraction

the contribution of pearlite is clear. Fig. 10 shows thatcurves which corresponds to the allotriomorphic ferrite
the ferrite-start temperature after the additional hold

is approximately 10 K higher than in the experiment

without the intermediate hold. This corresponds to arrABLE 111 MpandAT as afunction of the cooling rate after austeni-
undercooling of 85 K. Considering Fig. 6, it can be tisation at 1423 K for the Mn12Nb alloy. The corresponding experimental
concluded that the net effect of the niobium in solutiond!atation curves are shown in Fig. 8

causes a retarding effect on the ferrite nucleation. Thg (;s) Mo (molmmJs) AT (K)
shift in start temperature is expected to be related to a
change in the amounts of solute niobium and niobiunf-15 9 35
0.3 16 45
0.6 28 55
10, 12 50 70
0.8 . .
2 TABLE IV Mg and AT resulting from the two-step annealing ex-
E Mnll, periments A and B. The corresponding experimental fraction curves are
c% 0.6 } hold hold & no hold shown in Figs 10 and 11
<
E Holding
_50'4 I temperature (K)
g Alloy & time (min.) Mo (molmm/Js) AT (K)
=02
Mn12Nb 1033/60 20 50
1033/30 21 60
0.0 . 1033/0 23 80
780 830 880 930 980 1273/30 18 40
Temperature (K) 1273/0 19 60
Mn11 1273/0 33 16
Figure 11 Fraction transformed for Mn12Nb and Mn11 after austeni- 1273/30 33 16

tising at 1423 K, with and without hold at 1033 K.
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formation. The modelled curves are not smooth sincdoy which the transformation could be slowed down is
a limited grid of 40x 40 x 40 is used in the numerical the pinning of the interface by precipitates. This pin-
model. ning would result in a modification of the driving force

Table 11l shows both an increasingo andAT with  as given by the difference in free energy between the
increasing austenitisation temperature. The increase iferrite and the austenite. The order of magnitude for the
AT is caused by the lower density of heterogeneoupinning force can be calculated using Equation 4. As-
nucleation sites, due to the increaséjnThe increase  sumingy = 0.2 J/n? for an austenite/ferrite interface,
in Mo, which corresponds with a higher interface ve- f =2 x 107%,r =5 x 1072 m, 8 = 1 it follows that the
locity, might seem to contradict Fig. 7, where for the pinning force is 0.04 J/mol. This value changes slightly
higher austenitisation temperature a lowdydT was for other values of8, y, f orr, butit can always be ne-
found. It should be noted however, that not oy, but  glected when compared to the driving forces involved.
also the nucleus density influences the overdjidir.  In Table IV theMp andAT values following from the
The nucleus density however is hard to determine accufitting of the data of the Mn11 steel grade after austeni-
rately. In all calculations, the number of 24 nuclei pertisation at 1423 K are also shown. Thd value is the
austenite grain, corresponding to all the corners of théowest found in this work, which once more indicates
tetrakaidecahedron, was used. As an example of the irthe delay of nucleation in the niobium containing steel
fluence of this choice, a calculation for the experimentafter austenitisation above the niobium-carbide disso-
consisting of the 40 minutes austenitisation treatmentiution temperature. Furthermore it is seen that the inter-
with more nuclei, viz. 40 per austenite grain, leads toface mobility of Mn11 is higher than that of Mn12Nb.
Mo =23 mol mm/Js whe\T is kept at 100 K.

_Ta_ble Il _shows t_)oth an increasiniylp a_nd AT 5. Conclusions
with increasing cooling rate. In these experiments, the

austenite grain size from which the allotriomor hicfer-A comparison of the transformation kinetics of an
9 P HSLA steel grade and related C-Mn alloys shows that,

:r;mteuzzjrgscszolglitrr:e i:??hfe‘i;f?)?ghng?%gngt:ﬁtb% tggiosmﬂfor the niobium containing steel, increasing the austeni-
9 isation temperature leads to a lower ferrite-start tem-

e 1 I erature an a ansiion to Wit frre o
' ation. Also longer austenitisation times, leading to a

a large cooling-rate dependence of the pre_eXponent'%’Eduction of heteregeneous nucleation sites, or higher

ﬁgti(r)]r’ré?s%xl?c?r ?hi(; ht?ggg illgl I?;irrziciﬁcrpe%t;ilgy' rﬂje cooling rates, delay nucleation and shift the transforma-
cleus density, due to the Ioweroferrite-start tem gera’tur fion towards lower temperatures. The nucleus density
Y, P Chowever seems to increase. For the non-niobium con-

gt Tabe 1 are interesing snce e POk aing alys a reardation et of manganese on
rect effect of the niobium on the transformation ki- ucleapon is observed. Also nl_oblum n _solut|c_>n has a
netics from austenite grain size effects. It is seen th trong mf_luence on the nucleation of ferrite as is shown
the additional hold causes an increase in undercoolin y the shift of thefe_:rrlte—start temperature of the.HS_LA

(see also Fig. 10). The growth rate however does no%teel after an additional holo! below the_ precipitation-

seem to be iﬁflue.nced significantly. The variation in tarttemperatur(_e,togetherW|t'h the relatlvelylarge S.h'ft
Mo is not significant. Fig. 12 shows.the driving force of the undercooling as afgncﬂon of thg aqstemﬂsaﬂpn
fo?the transformatio.n for.the experiment with the One_templtlaratu_rrehcqmp?red W'}h t_he rflor?-nloblum c?cnta_m-
hour hold at 1033 K. It is seen that due to the Iow!nga oys. The nterface velocity ofthe austenite-ferrite

temperatures at which the transformation occurs, re||_nterface itself is not changed by the change in the ratio

. - . between the amount of niobium in precipitates and the
atively large driving forces are involved, even for the

. . .~ amount of niobium in solution.
low cooling rate used. One of the possible mechanisms
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