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Abstract

Thermomechanical processing has been extensively studied in the past decades. At
the same time, modeling microstructural evolution has become a powerful tool for
materials and process design by providing quantitative relations between microstructure,
composition and processing. Much less attention has been paid to the thermomechanical
processing of hot forging. This process is different from flat rolling. [n addition to the
different deformation geometry, the steels have higher carbon contents and the reheat
treatment is faster. [nduction heating is widely used in forging, which has a much higher
heating rate and shorter holding time than conventional furnace heating.

This study focused on the microstructural evolution of microalloyed forging steels
during induction reheat and after hot deformation. Four materials were studied: [541Nb
(0.41C-1.67TMn-0.038Nb-0.0135-0.005N), 1541VTi (0.40C-1.49Mn-0.11V-0.014Ti-
0.0425-0.009N), 154 1Al (0.40C-1.48Mn-0.023A1-0.0265-0.006N), and [141Nb (0.39C-
1.51Mn-0.046Nb-0.125-0.005N).

Three investigations were carried out: (1) Grain growth and precipitate evolution
during induction reheat; (2) Effect of initial microstructure on grain growth during
induction reheat; and (3) Recrystallization kinetics following hot defermation.

A physical model was established to predict the evolution of the precipitate size
distribution during continuous heating, resulting from diffusion-controlled precipitate
dissolution followed by coarsening. The Zener equation for particle pinning was modified
to incorporate the etfect of a distribution of precipitate sizes. Starting from the initial

precipitate size distribution in the bar stock, the models predict the precipitate size
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distribution and the mean grain diameter at all stages of the heating cycle. The predicted
results agree well with the experimental observations.

Different initial microstructures were produced by preheating as-rolled | 14INb steel
bar, and the grain growth behaviour was determined for each preheated condition.
Reprecipitation occurred in the pre-quenched samples at 903-1000°C which resulted in
smaller grain sizes at intermediate reheat temperatures. Grain growth and precipitate
evolution were accurately predicted by the models provided no additional precipitates
formed during reheat.

The measured recrystallization kinetics were fitted to the Avrami equation and a
generalized equation for the recrystallization rate in the absence of strain-induced
precipitation was determined for 154INb and 1541 VTi. Classical nucleation theory was
extended tor complex carbonitrides and the onset of strain-induced precipitation was

calculated to explain the observed recrystallization behaviour.
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Chapter 1. Introduction



1.1 Microalloyed Forging Steels and Thermomechanical Processing

Medium carbon steels have been widely used as structural components where high
strength, hardness and good toughness are required. Traditionally, the required properties
were abtained by quenching and tempering treatment. The drawbacks of this process
have been well recognized, such as high energy consumption, severe distortion, cracking,
stress concentration, and insufficient hardenability during quenching operations.

Since the 1970s. a new class of steels has been developed for more effective
processing. A small amount of microaltloy elements (V. Ti or Nb) is added to the steel to
improve strength and toughness. These medium-carbon microalloyed steels (also called
"microalloyed forging steels”) provide the same strength level by thermomechanical
processing (TMP), thus the need for heat treatment is eliminated. Compared with the
traditional heat treated steels, microalloyed forging steels exhibit not only simplified
operation procedures, but also increased microstructural uniformity. better machinability,
less stress concentration and improved dimensional stability. The toughness level,
however. is lower.

Unlike heat treated steels where high strength and toughness are obtained by heat
treatment, the mechanical properties of the microalloyed forging steels are highly
dependent on their compositions and the TMP. The microstructure of microalloyed
forging steels usually consists of pearlite and ferrite. The required strength level is mainly
provided by grain refinement and precipitation strengthening from microalloy elements.
Undissolved and precipitated microalloy carbonitrides prevent grain coarsening during
heating and TMP, resulting in improved strength and toughness. Precipitation of

microalloy carbonitrides in austenite and ferrite produces significant precipitation
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strengthening, although this is accompanied by a decrease in toughness.

[n order to improve mechanical properties of microalloyed forging steels. a high
degree of microstructure refinement. proper amount of precipitates. and well-balanced.
favorably distributed territe and pearlite phases are necessary. Consequently, control of
microstructure through an optimization of chemistry and manufacturing process is
important for the best use of TMP and the improvement of mechanical properties.
Traditionaily, this is achieved by laboratory-scale experiments and production-scale trials
before muss production. Nowadays. the increase in cost, and the time needed for

optimization become a serious problem.

1.2 Objective of Study

Modeling of microstructural evolution during TMP has been considered as a powertul
tool for ctficient development of high quality steels since the 1980s. which was tirst
demonstrated by Sellars and Whiteman (1979). Their study showed that the evolution of
microstructure during hot rolling of C-Man steels could be predicted as a function of
rolling schedule (temperature. reduction. speed, pass time) and initial microstructure.
Relations describing static recrystallization and grain growth were derived from
laboratorv observations. Predictions made from the relations gave reasonable agreement
with the microstructures observed in hot-rolled products.

The concept of microstructural evolution has been extended by the tollowing studies
to describe all the metallurgical transformations during TMP. including grain growth
(Sellars. 1979; Hodgson and Gibbs. 1992; Anderson and Grong, 1993: Manohar er al..

1996); recovery and recrystallization (Roberts er al.. 1986; Sunuma and Yada. 1988:



Humphreys, 1992; Yoshie et al. 1992; Kuziak, 1994 and 1996); precipitate dissolution
and coarsening (Agren. 1982; Saito er al., 1988); strain-induced precipitation (Dutta and
Sellars. 1987; Liu and Jonas, 1988; Milutzer er al., 1992); austenitization and austenite
decomposition (Akbay er al., 1994; Garcia de Andres et al., 1998: Puskar er af. 1999);
and integrated modeling of various TMP processes (Devadas ez al.. 1991; Ashby, 1992;
Anelli, 1992; Kwon, 1992; Pietrzyk er al., 1994; Majta er al., 1996: Saito, 1997). Both
empirical equations and mathematical models have been established for precise process
control.

Most of the studies have been focused on microstructural evolution of C-Mn steels
and low-carbon microalloyed steels during hot rolling. Much less attention has been paid
to hot torging processes, especially for microalloved forging steels. In the limited
literature (Gegel er al.. 1988; Howsen and Delgado, [989: Duggirala, 1990; Delgada er
al., 1994: Pietrzyk et al., 1994a.b; Kusiak er al.. 1994 and 1996; Almaguer et al.. 1999:
Wang et ual., 1999). most of the work focused on finite element analysis of non-uniform
temperature and strain distributions in the forged parts, rather than on metallurgical
characteristics of the forged materials and the processes.

Microstructural evolution during rapid induction heating is an area in need of study.
Compared with traditional furnace heating, induction heating has much faster heating rate
and short holding time. A typical induction heating cycle takes only a few minutes or
shorter (Simpson, 1960). Under such rapid heating, it is expected that both grain growth
behaviour and precipitate evolution will be different to the well-studied furnace
reheating.

One example is the interesting phenomenon observed by Welland Forge. During



forging operations, most of the hot-rolled steel billets are forged atter induction heating.
Occasionally, however, the billets are heated but not forged because the forging operation
is interrupted or the billets are overheated. These untorged billets are cooled down to
room temperature either by air cooling or by water quench. and then recharged later for a
second induction heating cvcle. It has been found that the tinal grain sizes of hot-forged
products varied with the preheat cycle. Compared with the hot-rolled billets, the final
microstructures of preheated + air-cooled billets are coarsened and non-uniform. while
those of preheated + wuter-quenched billets are refined.

To understand these phenomena. the microstructural evolution during induction
heating and forging nceds to be determined. Furthermore, empirical relations or physical
models need to be derived for precise process control. In view of this. a research
consortium of nine steel and automotive manufacturers was formed in 1997 to investigate
the physical metallurgy of microalloyed forging steels. The main objective of this project
is to develop alloys and processes to achieve improved toughness and machinability. This
thesis work is an important part of the project.

This thesis has tocused on modeling microstructural evolution of microalloyed
torging steels during TMP. Grain growth and precipitate evolution during induction
heating. and recrystallization and strain-induced precipitation after hot deformation, have
been investigated by experiments. Physical models and empirical equations were derived
to simulate metallurgical processes, and the predictions of the models were verified by

experimental observations.



Chapter 2. Literature Review



A typical TMP schedule includes three stages: heating, forming and cooling. The
controlling factors at each stage and the related mechanisms are summarized in Table 2.1.
The microstructural evolution mechanisms considered in this thesis are: carbonitride
dissolution, carbonitride coarsening and austenite grain growth during induction heating,
austenite recrystallization and strain-induced precipitation after hot deformation. The

literature on these mechanisms is briefly reviewed in the following sections.

Table 2.1 Typical mechanisms of microstructural evolution and controlling factors during TMP

TMP process Controlling factor Microstructural evolution mechanisms
heating temperature, time | austenizatien. grain growth, carbonitride

Heating and heating rate dissolution and coarsening

Forming tin recrystalliz- recrystallization, gramn growth,

ation zone) deformation temperature, | carbonitride precipitation

Forming (in non-recry- reduction. time interval deftormed microstructure.

stallization zone) carbonitride precipitation
start- and finish-cooling austenite decomposition

Cooling temperature, cooling rate

2.1 Stability of Carbonitride Precipitates

The solubility product has been widely used to define the equilibrium solubility of
carbonitride precipitates. The difference between actual solute concentration and
equilibrium solubility can be used to determine the chemical driving force for precipitate

dissolution and precipitation.

(A) Solubility product of simple compounds

The solubility product for simple compounds like A,By can be derived from the

Gibbs free energy AG" of the following reaction (Martin and Doherty. 1976):



A, B, =n[A]+m[B] [2.1]
where [A] and {B}] is the solute concentration (in mole traction) of atoms A and B
respectively. n and m are the atomic fraction of A and B respectively in the compound.

After equilibrium at temperature T, we have:

AG" = AH® ~TAS" =—RTIn K =—RT In [0 x log 228 [2.2)

dyn,

where AH” und AS” are the enthalpy and entropy of the reaction. respectively. K is the
equilibrium constant. uax, ag and a0pmm are the activities of A, B and A,By, in the solution,
respectively. R is gas constant. Base 10 logarithm is usually used for the solubility
product expressions.

When pure AnBy, is set as the standard state. the activity of the compound (asngm) i$
equal to unity. For a dilute solution, it is a fair approximation to set aa=[A] and ag=(B],
where the units can be in either wt% or at%. Hence, Equation 2.2 can be written as:

AS[I AH"

log[A]"(B]" = -
o8l Al Bl = o S T RTm 10

=p-3 3
p T [2.3]

where p und q are constants.

The above derivation is suitable for microalloyed steels since the microalloy content
in these steels is very low, usually less than 0.1wt% and the solution is dilute. Table 2.2
gives a summary of solubility product equations tor microalloy carbonitrides.

The complete dissolution temperature (T,) of the precipitates can be determined by
rearranging Equation 2.3:

_ q
p—logfA]"[B]"

[2.4]

o



Table 2.2 Solubility products for precipitate phases in microalloyed steels (Strid and Easterling,

1985; Yong et al., 1989)

No  Compound Expression ) q

I -0.63 2500
2+ 437 Y290
3 NhC K=[Nb]|[C] 3.70 9100
4 3.04 7290
5 33 79(4)
6 NbC™* K=[Nb[[C]"™ 3.18 7700
7 311 7520
8= NbN K={Nb]|[N] $.04 10230
9 3.70 LOR(K)
10 K={Nb|[C+N]| 1.54 5860
Il NBC.N) K=[Nb[[C+"7,;N] 2.26 6770
12 K=[NbJ{C]" [N 446 9800
13*  TiC K={Til[C] 275 7500
14 20 20790
I5 TN K=|Ti|[N} 6.75 19740
16* 0.322 3000
17 382 15020
18*  VC K=[VIC] 6.72 9500
19 227 7070
204 VN K={V]IN] 346 8330
21 3.46+0.12{Mn} 8330
2 1.033 6770
23 0.725 6180
24 AN K={Al]{N1 1.95 7400
25 1.8 7750
26 148 7500

* These equations are used for the calculations in this study.

With the solubility product and ideal stoichiometry, the equilibrium solute
concentration and the volume fraction of the undissolved precipitates can be calculated.

Some of the related data are listed in Table 2.3.



Table 2.3 Lattice constant, density, mole volume and stoichiometry of microalloy carbonitrides

(Yong et al., 1989)

Compound Lattice Lattice constant Density Mole volume stoichiometry
(A) (g/em’) (cm’/mol) (weight ratio)
vC fee 4.19 5.68 1.1 4.24
VN fee 4.09 6.30 10.3 364
TiC fee 4.33 491 12.2 399
TiN fee 4.24 5.39 1.5 342
NbC fee $.47 7.30 13.5 7.74
NbN fee +.39 339 12.7 6.63

{B) Effect of surface cucvature on solubility

The above derivation does not take the effect of surface curvature into account. To
reflect this effect, a simple way is to combine a solubility product equation with the
Gibbs-Thompson equatton (Trivedi. 1986). For a spherical particle ot a simple compound

like A,B,,. we have
AG" = AH' —TaS’ 2V - _RTIn(ABI") 2
=AH' - - =— 2.5]
3

where ¥, is the interfucial energy between precipitate and matrix. V,, is the molar volume

of the precipitate and r is the precipitate radius. Similar to the above derivations, we have

L AH RAAY vV
log[A]" [B[m =__l_ £§.____”-+_Y‘__"l. = p_ﬂ_ + {x m [2.6]
inl0f R RT  RTr T ) RTrinl0

where the last term at the right-hund side gives the Gibbs-Thompson effect. It can be
found that small precipitates have higher solubility than larger ones. The variation of
solubility of precipitates of different sizes provides the driving torce for precipitate

coarsening.



(C) Solubility of complex compounds

Some basic assumptions are necessary to calculate solubility of complex compounds:
(1) perfect stoichiometry, i.e., the atomic fraction of microalloy elements in the precipit-
ate is equal to that of C and N; (2) microalloy carbides and nitrides are completely
soluble: (3) the muiti-component carbonitride may be considered us a combination of
binary carbides and nitrides. The remaining problem is to express the free energy of the
complex compound as a function of those of the binary compounds.

For Nb(C,N)-type precipitates, it has been assumed by Hudd ez «f. (1971) that the free
energy of the carbonitride varies linearly from pure NbC to pure NbN. The entropy of
mixing is taken into account but the enthalpy of mixing is neglected. Then

mMK=ylnKyc+(l-y)InKyy +viny+(l-y)Inil-y) [2.7]

where vy is the atomic fraction of carbon in the precipitate and Kxne and Kypy are the
solubility products of NbC and NbN respectively. A group of two equations can be

derived as follows:

M
vK e =[Nb]{C, = y(Nb, =[Nb] =~} [2.8a]
¥ly
M,
(1-y)Kun =[ND{N, —(I-y)}Nb, ~[Nb]) } [2.8b]

Yl
where C,. Ny and Nby, are the wt% of C, N and Nb in the steel respectively and Mc, My
and My, are the atomic weights of carbon. nitrogen and niobium respectively. There are
two unknowns, [Nb] and vy, in the two equations. Their values can be found by numerical
methods. Then all other values of interest (volume fraction of precipitate, carbon and
nitrogen concentrations in solution) can be obtained. A computer program has been

written to carry out this calculation. and is given in Appendix A.
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The methods for determining the solubility of more complex carbonitrides have been
given by Speer et al. (1987), Rios (1991) and other researchers (Zou and Kirkaldy, 1991;
Adrian, 1992; Prikryl er al., 1996). A brief summary of the first two methods and the

calculation programs are aiso given in Appendix A.

2.2 Precipitate Growth, Dissolution and Coarsening Kinetics

{A) Precipitate Growth and Dissolution

The concentration fields for growth and dissolution of an isolated precipitate in an
infinite matrix are shown in Figure 2.1, In any transformations involving long-range
diffusion. the following equation (Auron er al.. 1971)

D, VX = X [2.9]
at

must be satisfied. Where Dy, is the diffusion coefticient of the solute element. X is the
solute concentration and t is time.

For Equation 2.9. we have the following boundary conditions:

Xr=r.t) =X, (01 Lea) [2.10a]

and
Xirht=0)=X_(r2r) [2.10b]

or
X(ir=ee,l)=X_(0<t <) [2.10c¢]

where r=r, at the precipitate/matrix interface, X, is the concentration in the matrix at the
interface and X.. is the concentration at a point far from the precipitate. The flux balance

must also be satistied:



Il

s IkJ=h/H ? a k=h/H
|
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Xu
) 4 X ) 4 Xu
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0 r 0 r Iy
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Figure 2.1 Schematic concentration fields for precipitate growth {a) and dissolution (b). ks is a

constant (Aaron ef al., 1971).

dr dX
(X, -X)—=D_—|.. 2.11
P ')dt oo It 2.1

where X, the composition of the precipitate, is assumed constant and independent of r
and t.

Exact solutions of Equation 2.9 are often difficult if not impossible to obtain. Several
approximations have been proposed to simplify the calculation. Aaron et al. (1970)
summarized the studies on this topic and classified the previous work into three groups:
(1) Invariant-field approximation, which simplifies the field equation by setting 9X/9t=0
and r; is constant. Therefore, the diffusion rate is not a function of time; (2) Invariant-size
approximation, which assumes dr/dt=0. Thus, the effect of a moving interface on the
diffusion field is neglected; and (3) Linearized-gradient approximation, which assumes
that the concentration gradient immediately surrounding the precipitate is linear to r. The

solutions from these approximations are given in Table 2.4.



Table 2.4 Growth and dissolution kinetics of spherical precipitates

Precipitate growth (R =%;/DEE: Precipitate dissolution
b ) y . . k‘
A" exptA )exp(—A7) —Mfheric(h)] = ——~ _
Exact solution 4 No exact solution.
.A.|=2A.
Invariant-field A, =J’_T =5 =2k Dt
approximation
-2 1-p*
[n(y+2PY\E+U= p’uctan ” P
|- p- LSS p
Invariant-size e J;
approximation METT T .T;E'k‘ where
r a’t >k
y=— ., t=— 0" =k D,.p7=—
fo 6 i
o Fik,) = ‘] 4k, _I=fik,)
Linearized- ¥ L+dk, Fik,) Sufficiently complex to negate its
gradient usefulness.
approximation | j, = v-k_
n

Aaron et al. (1970 and 1971) suggested that for most alloys of k.<0.1 (k. is defined in
Figure 2.1) the invariant-size approximation gives close results tor both precipitate
growth und dissolution. However, because of the complex form of the invariant-size
approximation. it cannot be solved anaiytically and hence numerical methods have to be
applied. For microalloyed steels, where k, is very low, the simplest form given by the
invariant-field approximation provides sufficient accuracy. Therefore. it has been

extensively applied for precipitate growth and dissolution. For precipitate growth:

i =1, +2k Dt [2.12]
and for precipitate dissolution:
r*=r, -2k Dt [2.13

where 1y is the initial precipitate radius.
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(B) Precipitate coarsening

The model for ditfusion-controlled precipitate coarsening Kinetics was derived rigor-
ously by Greenwood, Lifshitz and Slyozov. and Wagner (Martin and Doherty, 1976).
Briefly. for a precipitate of size r in a group of precipitates of meun size T. its size
evolution can be given by:

& 2D yV.X_ I |
———al m = 2.14
gt RTr {1" r) [2.14]

where X.. is the solute concentration for precipitates of infinitely lurge size. It is found
that the precipitates of radii larger than the mean value grow, while those of r<7 shrink.
Eventually the small precipitates dissolve and the mean precipitate size increases. With
some assumptions. this equation can be integrated to give the well-known Lifshitz-
Slyozov-Wagner (LSW) equation:

v - 8D,y V. X _

& —r.f =_.___H'Yt#t [2.15]
9 RT

The dittusion coetficient in the above equations is a function of temperature. which

can be described as:

Q

D =D" exp(-
1] m p( RT

[2.16]

where D!, is a constant and Qg the activation energy for diffusion. Some of the
diffusivity data for microalloy elements are listed in Table 2.5.

For muiti-component diffusion, it is necessary to determine the rate-controlling
element. Compared with microalloy elements, the interstitials (C and N) have much faster

diffusivities in austenite. Of the three microalloy elements, the diffusion coefficient



Table 2.5 Diffusion coefficients of microalloy elements in austenite (Ashby and Easterling, 1982)

Solute pg(mmlls) Qg (kI/mol) Solute pf,é(mmz/s) Qu (kJ/mol)
C 67 157 Nb 492 285

N 91 169 v 365 70

Ti 15 250

decreases in the order of V, Nb and Ti. Theretore, the one with the slowest diffusivity is

considered as the rate-controlling element.

(C) Precipitate evolution during continuous heating

Precipitate evolution during continuous heating has been studied for the heat-affected
zone during welding (lon et al., 1984 Loberg et al.. 1984: Strid and Easterling, 19835:
Akselsen er al.. 1986: Suzuki et al.. 1987: Wang et al.. 1989: Anderson and Grong, 1995:;
Grong, 1997). A main subject of these studies was to extend the precipitate coarsening/
dissolution equations so that they are applicable tor continuous heating. For precipitate

coarsening, lon er al. (1934) gave:

1,

3 i ¢l Qd
_¢ =c, [—exp-=L)dt 2.1
r'-r, c,jTe‘(p( RT) (2.17}

h

where c, is a constant. For precipitate dissolution. Anderson and Grong (1993) suggested:
£

=g — 2k D, dt [2.18]
Wt

Obviously. these are modified equations of precipitate coarsening and dissolution during

isothermal holding.



The volume fraction of precipitates changes with precipitate dissolution. [t cannot be
calculated from solubility product data since equilibrium may not be reached within such

a rapid cycle like welding. Ashby and Easterling (1982) gave the following equation:

QL 1 2
(-] [2.19]

t
f, =l —exp{——expl-

t
where T  and t" are the temperature and time at which the volume fraction of precipitates
is known. These values are difficult to obtain, which limits the application of the

equation. Agren (1990) gave a relative relationship to estimate the change of volume

fraction:

]

A\

3
f r)
—_—= — 2.20
o [ru) [2.20]

where [ is the initial volume fraction of precipitates. From this equation, it is found that

with the increase of temperature, both the volume fraction and the mean diameter of the

precipitates decrease.

2.3 Grain Growth

Grain growth during slow turnace reheat has been extensively studied (Gladman and
Pickering. 1967; Hannerz and Kazinczy, 1970 Gladman and Dulieu. 1974: Kurtz. 1980:
Cuddy and Raley, 1983; Kaspar and Mahmoud, 1991: Pickering, 1994: Manohar et al..
1996; Militzer et al. 1996: Gladman, [997). Two methods have been most widely used
for the modeling of grain growth: empirical equations based on a power law and physical

models based on Zener pinning.



{A) Empirical Equations for Grain Growth

Empirical equations have been widely used to describe grain growth behavior during
isothermal heating. The power law relationship was first given by Beck er al. (1948a,b)
for normal grain growth during isothermal annealing:

D" -D; =kt [2.21]
where Dy and D are the initial and final grain diameters, t is annealing time and n and k;
are constants. [t has been found by Sellars and Whiteman (1979) that the k; value can be

expressed by an Arrhenius-type equation, thus Equation 2.21 can be written as
n n Q';:
D" -D =k, exp(-—=)t [2.22)
il RT

where k; is a constant and Qg the uctivation energy for grain growth. Some empirical

equations for grain growth of plain carbon and microalloyed steels are given in Table 2.6.

Table 2.6 Summary of empirical equations describing austenite grain grawth (Sellars and White-

man 1979; Hodgsen et al., 1992, Manohar et al. 1996)

Steel Austenite condition Equation

n=10, k;=3.87x 10" . Q=400kI/mol (T>1273K)
C-Mn

statically recrystallized n=10. ky=3.02x107 | Q=9 14kJ/mol (T<1273K)
low C-Mn statically recrystallized n=2, k=4.27x10"%. Q=278 .4kcal/mol
0.22C-0.9Mn statically recrystallized n=2. k=1 44x10", Q=166.6keal/mol
C-Mn and statically or metadyna- )
C-Ma-V mically recrystatlized n=T. ko=145% 107", Qu=400k)/mol

statically or metadyna-
C-Mn-Ti mically recrystallized n=10. k;=2.6x10™ . Q=437kJ/mol

staticatly or metadyna-
C-Mn-Nb mically recrystallized n=4.5. ks=4.1x 10", Qq=435kJ/mol




(B) Physical Modeling of Grain Growth

The driving pressure (Py) for motion of a spherically curved element of grain

boundary is given by (Anderson and Grong, 1995)

_ Z‘th

B, n

[2.23]

where ¥, is the grain boundary energy and A the radius of surface curvature. Since A can
not be easily determined, it is usually replaced by a measurable size such as mean grain
diameter D. Typically A=3D is used for calculation (Patterson and Liu. 1992 Anderson
and Grong, 1995). In practice, the numerical constant in Equation .23 can vary by at
least a tactor of 3. Consequently, in the general cases the driving force pressure is given
by: Py=KuYe/r.

The etfect of precipitate pinning on grain growth was first proposed by Zener

(Manohar et al.. 1998). The Zener pinning pressure (P,) is given by

- [2.24]

[t has been assumed that all the precipitates are of the same size. Again, considering the
uncertainty of the numerical constant, Equation 2.24 changes into P,=k,ysfy/r. The
critical (or limiting) grain radius (R.} is obtained when P,=Py, which gives the well-

known Zener equation:

N

R, =sz- [2.25]

where kz is a constant (k=ky/ky). Although Zener pinning has been recognized for more
than fifty vears, some arguments still remain on the kz value (Manohar er al.. 1998). [n

the original Zener model kz was set to 4/3. Hellman and Hillert (1975) proposed two



values: 4/9 for normal grain growth and 2/3 for abnormal grain growth. Manohar et al.
(1998) summarized the experimental data from different alioy systems and found that the
kz value falls close to 0.17 for £, < 0.05. Gladman er ¢f. (1997} considered the kz value as
a function of grain size distribution. In this case, kz = W/6(3/2-2/Z,} where Z, is the ratio
of diameters of the growing and pinning grains. Based on this approach. the kz tfrom
Hillert corresponds to Z, = 3 for normal grain growth. while that from Manohar to Z, =
L.7. With different assumptions, the R, values may vary by one order ot magnitude.

Severul assumptions have been incorporated in the Zener equation. including uniform
precipitate size, randomly distributed incoherent precipitates, spherical grains and preci-
pitates. Most of the assumptions have been modified by the following researchers for
more realistic situations. which has been reviewed by Nes er af. (1983) and Manohar et
al. (1998). However. little attention has been paid to the effect of precipitate size
distributions on the Zener pinning. Fullman introduced a “dirt tactor [" to describe the
total pinning pressure trom a distribution of precipitates (Manohar, 1998):

3y, 10
P =—— 2.26
== [2.26]

where [ = Zf,(r)/r and f,(r) is the volume traction of monosized spherical precipitates of
radius r. This equation has been rarely used since f(r) is not readily determined.
Therefore. the effect of precipitate size distributions on Zener pinning still remains
unknown. Under this situation, the mean precipitate size is usually used to estimate the
precipitate pinning pressure.

The effect of solute drag on grain growth can be described by the simplified approach
given by Hu and Rath (1969, 1970). The grain boundary migration rate (v) is related to

the effective driving pressure (APg) and the exponent (n) through the following equation:



v=dR/dt=M, -AP}" (2.27]

where M,y is grain boundary mobility. My, = Mgexp (-Qu/RT). The grain boundary
migration rate (v) becomes proportional to the effective driving force (AP,) when n = 2.
This corresponds to the limiting case where the grain boundary wili break away trom the
surrounding impurity atmosphere. In most cases, however, the observed exponent, n, will
be larger than the theoretical value because of the solute drag.

In alloys containing precipitates. APg is defined as the difference between P, and P,.
By substituting the expressions of Pg and P, into Equation 2.27 we have {Anderson and

Grong. 1993)

u-l
f
=M, (K, 7,0)" '[%‘T} [2.28]

Then we have the following equation for grain growth with solute drag and precipitate
pinning:

dD Q.. £, ..
=M’ exp(——&- LT 229
exp( T)(D - r) [2.29]

where M =2M .h(k.;(..h)"". M’ and k, are considered as hysical constants which reflect
bRyl p

grain boundary mobility and pinning efficiency of the precipitates. respectively. Equation

2.29 can be integrated to give the mean grain size as a function of time:

D ' Q‘"'
J([/D—l/D )™ =M, [erot—gd (2301

where D, is critical grain diameter (D =2R,).
The right-hand side of Equation 2.30 represents the etfect of thermal cycle with

respect to grain growth. which can be determined by numerical methods when the T-t



cycle is known. The effect of precipitates on grain growth is reflected by De.

2.4 Recrystallization

(A)Y Avrami Kinetics

A theoretical treatment of recrystallization kinetics during hot deformation is very
difficult. Most of the existing models have been established on the phase transformation
theories proposed by Johnson and Mehl (1938), and Avrami (1939 and 1940). For
recrystallization, it is assumed that: (1) the recrystallized grain size (R,) is proportional to
time (t) after tncubation (T):

R=G (t-1) [2.31)
where G is growth rate. It is assumed that G does not change with time: and (2) the

nucleation rate in the non-recrystallized areas decreuses exponentiafly with time. Then

the volume fraction of recrystallization (f;) may be expressed as (Avrami equation}:
£, =l-exp(-Bt**) [2.32}

where B and k. are constants. [n practice. a normalized form of the Avrami equation has

been widely used:

f, = —exp{ln(l —X)(tL)“ | [2.33]

where X can be used as 0.5 for half recrystallization time (tys). or 0.03 for recrystailiza-
tion-start time (ty0s) or 0.95 for recrystallization-finish time (tgys).

Extensive work has been done to determine the relationship between ty and TMP
parameters (Sellars. 1979 and 1986; Hansen et al. 1980; Yamamoto ¢t al.. 1984: Andrade

er al., 1983; Akben und Jonas, 1984: Kwon and DeArdo, 1986; Choquet ef al., 1987.



Campbell er al., [988: Kwon ez al., 1990; Penalba and Carsi, 1995; Medina et al., 1991-
1999; Carsi et al., 1996; Cruz-Rivera et «l.. 1996; Kuziak and Cheng, 1996; Cabrera er
al., 1997, Lee, 1999). It is tound that the empirical equation proposed by Sellars and
Whiteman (1979} has been widely adopted by the following researchers for this
relationship:

Q.
RT

t, =k, (e—g,)" &9 d] exp [2.34]

where € is true strain.€ strain rate and T the absolute temperature. Qy is the activation

energy for static recrystallization. dy is the initial grain size. ky, p', g'. r' are constants.
Table 2.7 gives some of the empirical equations for static recrystallization kinetics of

C-Mn steels. [t is found that k, is 2 in most cases, and the form of Equation 2.34 has been

adopted by other researchers with minor modifications.

Table 2.7 Static recrystallization kinetics for plain carbon steels.

. . - [ - aly _~dpy ) 3
(1) Sellars and Whiteman (1979): t, = 1—explIn 05 x(——)"} .ty s = 2.3x 1077 e Dy exp(

1.5

_[ d s 22 b
! 8124 15 =22x10778, " E"s'“exp(moom

{2) Senuma znd Yada (1986): I =i-exp{In.5x(
Lus RT

).

3.
S, =;)—4{0.49 fexpte)+0.155 exp(—e} +0.1433exp(=3e}}
g,

(3) Kwon et al.(1990): , =1—exp{la 0.5x([L)1| X
0.5

285000
RT

tys =3.32x1077 D P~ M2 exp(—

)

1 ol edp 330000
{4) Roberts er al. (1983): t :l-exp{lnﬂjx(L)'}. tys =30 HemDg expt

Lys

}

24
(5) Hodgsan and Gibbs (1990} £, =[—exp(in USX(L}"SI . lys =0.53x10~ 7798 exp( 240000

tos RT

)




(B) Recrvstallization Kinetics of Microalloved Steels

For microalloyed steels, recrystallization is retarded by solute drag and precipitate
pinning. It has been tound that the sigmoidal Avrami equation is valid until strain-
induced precipitation occurs (Medina er af.. 1991-1999). The effect of solute drag on
recrystallization is reflected by the decreased Avrami constant and increased activation
energy. Some of the empirical equations for microalloyed steels are given in Table 2.8.

Recrystallization kinetics changes not only with the type ot microalloy elements, but
also with their concentration in solution. Considering this, Medina and Fabregue (1991)
suggested that this eftect be reflected by the change of recrystallization activation energy:

(M +(SiD**”"

Cl.lb‘l

Q, =83600+978000 +1729[Mo "™ +0.05[Ti}**"

+260[Nb]"** (2.35]
where the alloy contents are in wt%x10". The effect of vanadium is not included in this
equation. because its etfect is small. Similar results have been given by Choquet et al.
(1987).

Another method to model recrystallization kinetics of microalloyed steels is to
compare their recrystallization-start times with that of plain carbon steels (Sellars et al..

1986). The recrystallization-start time of C-Mn steels (t5;+") was used as standard. The

solute drag effect of microalloy elements is assumed to be exponentially proportional

to the alloy content in solution. Then

(XIE,
RT

- TN
Tons =Ulgos €XP{

} [2.36]

where F, the solute drag per wt% of sclute [X]. It is a function of temperature and can be

modeled as:



Table 2.8 Static recrystallization kinetics for microalloyed steels.

Nb steel

t 3
)7}

(1) Sellars and Whiteman (1979): £, =1-exp{in 0.93x(

Lous

. 300000 275000
tyes =0.75x107 Die ™ ex xpl( 185)[Nb
04 h p( BT )exp| RT [Nbl}

(2) Kwon etal.(1990): | =l—cxp(ln().95x(;)ll:
Lous

N 300000 275000
togs =6.75x107De ™ exp( T yexpl( = I85)[Nb]}

(3) Lee (1999): £, =l —cxp(In0.95x(——) :
Lhos
227x10° L (Nb), 1.534x10° 2.063x10°
tyus = 5™ expf(==————I85)[Nb| ] exp| - 2 ( R H

P 4

1534x107  2.063x10° )[NbC]}
T r r

<exp((

(4) Medina ez al (1994): SRCT(K)=1326.5-178.3In(l+€) : t, =l—exp|ln(),5:~f«—t~)"‘ R

Lhs

40000 262000

-‘-37:35‘-"‘}3(_*[?'['_) < lys =3943x 107D, expr } twhen TSSRCT):;

1500000

Q. =9315x10"" e 'dy” exp( ) (when T<SRCT)

V steel

130()0)
T

(1) Kuziak et al(1996): f, =1-exp{In0.5x(—)""} . 1,5 =9.3x10 £ ™D3 expr
lni

(2) Medina et al.(1994): SRCT(K)=1310-373.6In(1 +g) . f, =I—exp{ln0.5x(;)k‘ ).
llli

17000 1980400

k, =4»33€KP(——R_-[,—-». tys =3.103x107 e 208D, exp

} (when T>SRCT:

700000

Q. =3.052x107 e Y’ exp( } (when T<SRCT)

" static recrystallization critical temperature.



Table 2.8 Static recrystallization kinetics for microalloyed steels (continued).

Ti steel

t

Medina et al.(1994): SRCT(K}=1263-220.7In(1+€), £, =l—exp{In0.5x( AR

lns

2 — ge
K, =4.81exp(-'—‘[’f—T‘19). tys =3.702x107 2 54D expCE00) (when T>SRCT):

RT

300000

Q,=3.145x1075¢ " D§” exp( } (when T<SRCT)

Ti-V steel
2830000

Roberts er al.(1983): f, =l—expnnu.5x(tL}3|. tys =5x107 (£~0.058) " S D3 exp(
ns

)

HSLA steel

Choquetetal.(1987: 1 = l—exp[ln().a'x(—[—)l}. tys =vgpePE
05

0.8 (.878 Qn:x
D, 2xp{———)
T SPRT

%—' = 39660-6025.8C|°* + 755[C["** + 2.848 < 107 [Mn |* + 4423 Mo |"*

+{466.45+5.57x 1P (Te =Ty HNb [ ;

P=D, "% [=3.89+F,(Nb)} : vg =g (C.Mn.Mo, Nb)

E =p"—q'%T [2.37]
where p" and q" are constants. Equation 2.36 can then be rewritten as:

C-Mp

Loas = Loos eXP{[X]([,)r—'—q. ) (2.38]

where p; and q; are constants. Both the effects of temperature and microalloy elements
are included in this equation. and its simple form makes it easy to be extended for more
complex situations.

The recrystallization behavior becomes very complex if strain-induced precipitation
is taken into account. It is found that recrystallization activation energy remains nearly

constant until strain-induced precipitation occurs, but rapidly increases when temperature



is lower (Medina er al.. 1994). The increased activation energy is attributed to strain-
induced precipitation. Medina er al. (1994-1999) have modeled the value of Q for
different microalloyed steels when temperatures are below the SRCT.

Equation 2.38 has been extended to incorporate the effect of precipitate pinning on
recrystallization kinetics (Kwon et af., 1992 and Lee, 1999). It was turther assumed that
precipitate pinning on recrystallization-start time might be expressed as an exponential

function. Then we have:

. , [ F
CM expl [Xl(%—q1 expt=C2) [2.39]

where f,;, is the volume fraction of precipitates. Fj is pinning force per volume. With this

t

=t

008

assumption, the kinetics of recrystallization with strain-induced precipitation has been

modeled.

2.5 Strain-induced Precipitation

Dutta and Sellars (1987) first proposed an empirical equation for the kinetics of
strain-induced Nb(C.N) precipitation. [t was found that precipitation-start time could be
described as a function of deformation temperature. strain and strain rate, and Nb
concentration. Liu and Jonas (1988) derived a similar equation for Ti(C.N) precipitation.
More generic models have been given by Saito er «l. (1988). Militzer er ul. (1992).
Okaguchi and Hashimoto (1992). and Park and Jonas (1992) to predict precipitation-start
time. All these studies are based on the classic nucieation theory estublished by Aaronson

and Lee (1979).



(A) Chemical Driving Force

The decreased solubility during cooling provides the chemical driving force for

precipitation, which can be described as a function of supersaturation (eg. TiC):

Xc X‘.
AG chem = (l - 3
vln x Ti XC

) [2.40]

where X¢ and X" are the equilibrium concentrations of element i at the lower tempera-
ture and the solution temperature, respectively. V,, is the molar volume of the precipitate.
For multi-component carbonitrides like Ti(C.N). the chemical driving force is given by

(Liu and Jonas, 1988)

X¢ X: X,
AG .. =- RT {In—- — {2.41]
2‘jrn Xll'"x C ‘¢ \

The Vy, value of Ti(C.N) can be calculated by:

v o=t [2.42]

where Ny is Avogadro's constant. &, is the lattice parameter of Ti(C.N). which varies with
the composition of the nucleus. To reflect this variation. it is assumed that the lattice
parameter of the carbonitride is proportional to the mole fraction of binary compounds
according to law of mixtures: that is:

a, =yape H({l=X)apy [2.43]
where aric and amy are the lattice parameters of TiC and TiN. respectively. Their values

are given in Table 2.3.



(B} Critical Free Enerev for Nucleation

The free energy change accompanying the formation of a nucleus (AG,) on a dislo-
cation can be written as (Dutta and Sellars, 1987):

AG, =VAG, . +AG, +S&y [2.44]
where AG, is the elastic energy change by formation of nucleus. V und S are the voiume
and surtuce area of the nucleus. § is a modifier of intertacial energy with a value between
0 and 1. associated with the presence of dislocations.

For dislecation nucleation. the AG. for a nucleus of radius r can be described by

(Okaguchi and Hashimoto, 1992):

1 o) 2
AG, =_ub r n.._r_},lb r
o

[2.45]

where u and b are the shear modulus and Burgers vector, respectively. for austenite. ry is
the radius of the dislocation core. Therefore, the free energy change for a spherical

nucleus cuan be given by:

2

—ublr(iln—r+§)+4nriy, [2.46]
2m r, 5

- d

chem

AG, = 3 'AG
3
It has been tound that the shear modulus p of austenite is a function of temperature.
which can be written as (Militzer er al.. 1992):
pu=0.35[12.6-0.007(T-1013)] x10'"Pa [2.47]

Figure 2.2 shows the free energy change with precipitate radius of Nb(C.N) in
[54iNb. [t is found that both the critical energy and the critical nucleus radius are

significantly reduced by dislccation nucleation.
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Figure 2.2 Free energy change with precipitate radius (1541Nb). The related constants were

selected as b=2.5x10-9m and rg=2x10-1%m.

(C) Nucleation Rate

The nucleation rate per unit volume ( N ) is given by (Dutta and Sellars, 1987):

' , AG.
N =ZF Nexp(———) 2.48
B Nexp T {2.48]

B
where Z is the Zeldovich non-equilibrium factor. § is the rate at which atoms are added
to the critical nucleus. N is the number of nucleation sites per unit volume. AG, is the

critical free energy tor nucleation. kg is Boltzmann's constant.
For dislocation nucleation. the density of nucleation sites can be estimated from

{Militzer et af., 1992):

==L [2.49]

where py is the dislocation density and ay lattice parameter of the austenite. The



dislocation density can be estimated by the following equation (Hansen er af., 1980;

Dutta er al. 1992):

D =(2)’ 2.50]
by

where ¢ is deformation stress which can be measured by experiment. It has found that the

product of Z and B can be approximated as (Liu and Jonas, 1988):

B =—= [2.51}

Considering that the segregation of microalloy elements along dislocation lines only
accounts for a small amount of the bulk content. the pipe diffusion only has some effect
on the nucleation rate at the very beginning. The following nucleation rate is stiil
controlled by bulk diftusion. The bulk diffusivity is thus used for nucleation kinetics.
Also considering that diffustvity is a tunction of temperature, the nucleation rate can be

expressed as :

: pdD‘r:)x AG, Q, -
N= 2Xp(———=) exp(——= 2.52
AU T 252

{D) Precipitation-Start Time

For a small amount of precipitation, it is assumed that the nucleation rate is constant.
Thus. the Johnson-Mehl equation is used to describe precipitation kinetics (Okaguchi and

Hashimoto, 1992):
dm : 2 "
3 =[—exp{——-3£jN(2k‘Dm)‘ (t-1)dr) [2.53]
(4]

By setting the amount of 5% precipitation as precipitation-start time ( t{, ), its value can
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be determined.

2.6 Summary

The mechanisms of microstructural evolution during TMP of microalloyed steels
have been briefly reviewed, and different models have been described for each of the
metallurgical processes. To develop a methodology for modeling microstructural
evolution during the complex forging process, the following approaches have been
selected: Grain growth is described as curvature-driven, diffusion-controlled, and limited
by the Zener pinning mechanism; The stability of carbonitride precipitates is determined
by their solubility products; The dissolution. growth and coarsening ot carbonitrides are
considered as diffusion-controlled processes; The nucleation of precipitates is modeled
by classic nucleation theory: Recrystallization kinetics is modeled by fitting to the

Avrami equation.



Chapter 3. Experimental
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3.1 Experimental Materials

Four medium-carbon steels have been used for the experiments: 1541Nb, [541VTi,
1541Al and 1141Nb. The compositions are given in Table 3.1. These steels are based on
0.41C-1.5Mn (wt%), with the addition of different microalloy elements. 1541VTi and

1 141NDb are resulphurized for improved machinability.

Table 3.1 Chemical Compositions of the Experimental Steels (wt%)

Name C Mn Si P S Al N Microalloy Elements
1541Al 0.40 148 026  0.018 0.026 0023 0.006 -

154 INb 04t 1.67 0.24 0.022 0013 0.002  0.0053 Nb:0.036

1541VTi 040 149 .36 0.016 0.042 0004  0.009 V:.11, Ti:0.014
114INb 039 151 0.19 0.012 0.12 0.001 0.0054  Nb:0.046

The steels were received as hot-rolled commercial bars. The bar size was 5Imm
diameter (2 in.) for all the steels except 114INb, whose diameter was 102mm (4 in.).
Cylindrical samples were machined with their axis parallel to the rolling direction of the
bar. All sumples were taken from equivalent positions around the axis ot the bar, as shown

in Figure 3.1, to minimize the effect of segregation.

sample

P R N e e bttt L Ll ]

Figure 3.1 Schematic shows the sample location from the steel bar.



3.2 Experimental Procedures

Three experimental investigations were carried out to study microstructural evolution
during TMP: (1) Grain growth and precipitate evolution during induction heating; (2) the
effects of initial microstructure on grain growth during induction reheat; and

(3) Recrystallization following hot deformation.

(A) Grain growth and precipitate evolution during induction heating

Three steels were studied in this experiment: [54INb, 1541 VTi and [541Al. Cylindri-
cal samples (6 mm diameter x 10 mm length) were used for this study.

An industrial induction heating cycle from TRW was used for this experiment, as is
shown in Figure 3.2. Each steel bar was induction heated at 21°C/s from room
temperature to 870°C. and then at 10°C/s to a specific temperature between 1200-1250°C.
The steel bar is held at this temperature for about 6 seconds. followed by forging
operations. The forged part is then cooled down by air-cooling. [t only takes about 75

seconds to reach the maximum reheat temperature.

T

(2]
[72)

~1225°C T

10°C/s

T

870°C 1

21°C/s

€ mmm e — e

Figure 3.2 TRW induction heating cycle.
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The simulated procedures are shown in Figure 3.2 by the dashed lines. The samples
were quenched immediately after reheat for microstructure observations. A group of
heating temperatures between 900-1250°C and holding times between 0-60 seconds were
used to determine the effect of temperature and holding time on grain growth and
precipitate evolution.

[nduction heating simulations were carried out with a quench-deformation dilatometer
made by Materials Mecasuring Corporation. Figure 3.3 shows a schematic of the dilato-
meter. This instrument provides a programmed temperature, time and strain control, and a
high vacuum environment (10 torr). Therefore, it can be used to perform various
thermomechanical simulations. Cylindrical samples are held between two quartz platens
and are heated by an induction coil. The temperature is monitored by PPt -10%Rh
thermocouples welded to the sample surface. The accuracy of the temperature control is
+3°C. Two quartz rods. one extending to each platen, are connected to a sensitive linear
variable differential transtormer (LVDT). As the sample expands or contracts upon
heating, cooling or phase transtormation, the relative displacement of the quartz rods

produces a voltage by the LVDT which is proportional to the dilation.

Induction coii
SRERSEESES

SiC
platen

N
Quartzrods SiC
to LVDT ‘platen

BE&QE

Sample Quench coll

Figure 3.3 Schematic of quench-deformation dilatometer.
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(B) Effect of Initial Microstructure on Grain Growth During [nduction Reheat

A heating cycle from Welland Forge was used for this test. as is shown in Figure 3.4.
Compared with the heating cycle from TRW, the Welland Forge cycle has siower heating
rate and longer holding time. [t takes about 225 seconds to reach the maximum reheat
temperature. 114INb was used for this experiment. The samples are cylindrical with 6

mm diameter and 10 mm length.

T

14s

L)

~1225°C 7

870°C ~

12.5°C/s

Figure 3.4 Welland Forge induction heating cycle.

Four different initial microstructures were produced by preheat treatments based on
the Wellund Forge heating cycle. The preheat treatments are shown in Figure 3.5. The
1250AC samples were heated to 1250°C, and held for {4 seconds. Then these samples
were cooled at 1.7°C/s to 750°C. followed by cooling at 0.5°C/s to room temperature.
{250Q had the same heating and holding schedules as [250AC except that the samples
were quenched immediately after L4s holding at [250°C. 900AC simulated a normalizing

treatment. with a heating temperature of 900°C.



.
14s
1250°C +
25%Cls | . 1TCIs
s00°C T N\ 0.5°C/s
870°C T <
'l
2.5°C/s N
750°C T |

- AR 1250Q 900AC 1250AC
& t

Figure 3.5 Preheat treatments to produce four different initial microstructures. AR—as hot-rolled
condition; 1250AC—AR +1250°C preheat + air-cool (0.5°C/s); 1250Q—AR+1250°C preheat + water-

quench (130°C/s); 900AC—AR + 900°C preheat + air-cooi (0.5°C/s).

Samples representing euch of the preheated treatments were reheated following the
Welland Forge cycle to a specific temperature between 900 and 1250°C. held for 14

seconds and quenched to study the austenite grain sizes and precipitate evolution.

{C) Recrystallization Following Hot Detormation

Two steels have been used: [54INb and 1541 VTi. The samples were cylindrical with
8.6 mm diameter and [ 1.6 mm length.

Recrystallization behavior was studied by the double-hit recrystallization test. The test
procedure is illustrated in Figure 3.6. A sample was heated at ~1°C/s from 900°C to a
specified temperature. held for 180 seconds. then air-cooled at ~1°C/s to a specified

deformation temperature. The sample was held at this temperature for ~1 minute to get
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uniform temperature distribution. Double compressions were performed on this sample,
with an interruption between the two deformations. Load-deflection values were recorded
during the two deformations and converted to stress-strain curves. Different interruption

times were used for different samples to obtain different softening tractions.

air cooling
180s
l £=0.25 €=0.25
£=20s" ¢=20s"

1°C/s | 1,-850-1050°C \l\l T \I\F

tH°|q=0.5"3008 é

Temperature

Quench

Time

Figure 3.6 Test procedures for double-hit (2) and single-hit (1) experiments.

Some samples were quenched immediately after the first deformation and hold to
determine recrystallization fraction by metallography. A strain of 0.25 and a strain rate of
20s™ were applied in all the tests. Different heating temperatures were selected for
different steels to obtuin the same initial austenite grain size. These were [200°C for
[54INb and 1260°C for 1541VTi, respectively.

Double-hit recrystallization tests were carried out on a cam plastometer at CANMET.

Figure 3.7 shows the schematic of the cam plastometer. It is a compression machine used
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in studying the hot working behavior of metals. The sample is deformed between two flat
dies. The lower die is caused to move upwards and deform the sample by the cam follow-
er riding up the cam lobe. The cam is driven by a motor that maintains a constant speed. A
flywheel is used at high speed to store energy for deformation so that speed is not lost
during deformation. The sample is heated by an induction coil and cooled by air-cooling.
The sample can be picked out for quenching when necessary. The temperature is

controlled by a thermocouple welded inside the sample.
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Figure 3.7 Schematic of cam plastometer
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Several methods are available for measuring softening fractions from stress-strain
curves, such as back extrapolation method, 0.2% offset method, and mean flow stress
method (Fernandez er al.. 1999). Here the softening fraction was calculated by a method
using the areas under stress-strain curves (Baragar, 1999). This method is illustrated in
Figure 3.8. The two solid curves oa and bc are the true stress and true strain curves
determined from experiments. Lines oe' and be are the linear extensions from elastic
deformation. Quadrangles oe'c’b and becd are congruent each other.

[f no softening occurred during the interruption time, the second flow curve would be
the linear extension of the first flow curve (line ac). [f complete recrystallization occurred,
the second flow curve would be the same as the first one. Considering the elastic energy
(the area of Aabe), the total energy release for a complete recrystallization can be
expressed by the area 8. For partial recrystallization. the released energy S>' isonly a

fraction of the energy for a complete recrystallization. This traction is considered as

Stress

Strain

Figure 3.8 Typical stress-strain curves from a double-hit test illustrating the method to determine

softening fraction.
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softening traction (f;). Therefore, it can be given as:

. : [3.1]

The area Sgpgc and Sype can be determined directly from the stress-strain figures. The areas
S| and S, can be calculated from the recorded stress-strain data by numerical integration.
The f; values can thus be obtained. Compared with the methods using stresses. this area

method hus sound physical meaning and better accuracy.

3.3 Microstructure Characterization

The prepared sumples were sectioned longitudinally for microstructural observations.
One half of the sample was used for austenite grain size measurement. the other half for
precipitate observations.

The samples tor austenite grain sizes were etched in a solution of saturated picric acid
+ wetting agent to reveal the prior austenite grain boundaries (Schacht and Richter, 1998).
[t has been tfound that this is a ditficult method, especially for medium carbon steels. The
following procedures were followed to ensure good etching effect (Figure 3.9):

(1) The samples are tempered at 5310°C for 2 hours (o promote segregation along prior
austenite grain boundaries. (2) The best chemical composition of the etchant seems to be
50 ml saturated picric water solution + 3 drops of wetting agent. (3) Make sure the picric
acid water solution is saturated. A simple way is to add a little picric acid powder in the
solution to make it remain saturated at elevated temperature. (4) A piece of cotton is put in
the solution to avoid black stain forming at the sample surtace. (5) Keep the solution

temperature at 70-80°C. (6) Dip the sample in the solution for 0.3-2 minutes. Rub the
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fweezers

_— picric acid +

sample I :\R\ :¢ wetting agent
SCRIOET. TRy

heating pad
e

Figure 3.9 Schematic shows the etching apparatus for prior austenite grain boundaries.

sample with the cotton during etching to remove the surface layer. (7) Tuke the sample
out of the solution and rinse with water. (8) Rub the sampie slightly on a polishing disc
with 0.5y alumina to remove the surface layer and the microstructure in the grains.
(9) Clean the sample with water and remove the water with a heat gun or dryer. (10) For
goad etching, the surface of the sample should look like silver matte. but still give the
contour of an image. (11) Polishing and etching can be repeated to get better effect.

Grain sizes were measured by the linear intercept method according to ASTM E112.
A small ruler (or a straight line with a2 known length) in the eyepiece is overlapped on the
microstructure under a microscope. By selecting proper magnification, the number of
intercept points between the ruler and the grain boundaries can be readily counted. The
intercept distance and the mean grain diameter can thus be determined by referring to the
ASTM standard. In order to achieve high accuracy, 150-800 grains were measured for
each sample to determine a mean grain diameter, and the observation areas and the angle
of the ruler were randomly selected for each count.

For double-hit recrystallization tests. non-uniform deformation can be observed at the



41

two ends of the sample. These areas were avoided for the microstructure observations.
The recrystallization traction was measured by standard point count method (ASTM
E362). A small grid in the eyepiece was overlapped on the microstructure under a
microscope. The cross points located in the recrystallized areas (or the non-recrystallized
areas if recrystallization is more than 50%) were counted. The volume fraction of the
recrystallized areas was then obtained by dividing by the total cross points on the grnid.
More than 20 areas were randomly selected and measured for each sample to get a
average recrystallization fraction.

The sumples for precipitate observations were polished and etched with 2% Nital.
Carbon film was couated directly on the etched samples with a JOEL J-400 carbon
evaporator. A schematic is given in Figure 3.10. The thickness of the coating was

controlled by the colour. A piece of white paper, with a piece of glass on it. was put into

carbon rod

chamber

sample paper, glass and oil

Figure 3.10 Schematic of carbon evaporator.

the chamber close to the samples. A drop of vacuum oil was put on the glass. The carbon

deposited on the glass during coating except where it is covered by the oil. The coating



thickness can be estimated by the contrast between the oiled and surrounded areas. The
deposition was stopped when the surrounded area becomes dark brown. The coated
saumple surface looks dark blue.

Carbon replicas were extracted from the samples by chemical etching. For quenched
samples, the carbon film can be easily extracted by 10% Nital. The procedures include
(Figure 3.11} (1) The carbon film at the centre of the sample was cut into many small
pieces, about 2x2 mm square. (2) 10% Nital solution was dropped on the sample surface
until some of the carbon films start bubbling. (3) The sample was then turned over (face
down) with an angle of ~45° and slowly dipped into distilled water. The bubbled carbon
replicas were peeled oft the sample surtace by the surface tension of the water. (4) The
floating carbon replicas were collected on copper grids with small tweezers, and cleaned
with distilled water several times by passing through water containers. (5) [f the replica
rolls up and cannot be flattened. it can be put into methanol (or alcohol) first and then
back into water. The difference of surtace tension between methanol and water will make

the replica flat.

|
o ®

(a) (b) (c) (d)

Figure 3.11 Schematic illustrates the basic procedures for preparing carbon replicas. (a) section
carbon film; (b) drop 10% Nital on film until bubbling; (¢) dip sample into water; (d) collect replicas

with copper grid.
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For the as-rolled und slowly cooled samples where microstructures were mainly
pearlite, the replicas had to be extracted by electro-polishing. The electrolyte was 7%
perchloric acid in 2-butoxyethanol (Feng et af. 1989), and the electro-polishing conditions
were 19V, 0.1-0.2A. 2-5 minutes. The sectioned carbon film was dipped into the
electrolyte and etched under current until some carbon replicas peeled otf. For better
effect, the electrolyte was kept in the freezer (about -20°C) before using and was changed
when it became warm during etching.

The replicas were observed in a Philips CM20 electron microscope at 200 kV. Photo-
graphs were taken under different magnifications, depending on the sizes of the
precipitates. The sample holder was tilted so that maximum precipitates were observed
(some of them could not be observed because of their orientations). Precipitate diameters
were measured directly on the microgruphs (negatives). 200-800 precipitates were
measured for each sample to determine a precipitate size distribution.

The composition of precipitates was determined by EDS analysis. In this technique,
the electron beam was focused on a precipitate. The X-ray signals from the precipitates
were collected by a Si-Li detector and processed by Voyager sottware. The types of
elements (except C. N or lighter) and their amounts in the precipitate were analysed. and
the composition of the precipitate was determined. More than 235 precipitates were

analysed tor each type of precipitate for an average composition.



Chapter 4. Grain Growth & Precipitate

Evolution During Induction

Reheat



4.1 Microstructures of As-Rolled Bar

The microstructures of the hot-rolled steel bars are shown in Figure 4.1. They were all
composed of primary ferrite and pearlite. Intragranular ferrite was observed in some
pearlite colonies. 1341 VTi had higher volume fraction ot ferrite. Some elongated MnS
inclusions were observed in all the steels, but more in 1541 VTi because of its high sulfur
content.

The precipitates in the as-rolled burs are shown in Figures 4.2. They were found both
in primary ferrite and pearlite. The precipitates were not uniformly distributed in the
microstructures. Some areas had more precipitates than other areas. and a higher density
of precipitates was found in ferrite than pearlite. Very low density of precipitates was
observed in 1541 Al (Figure 4.2d).

[n [34INb and {14INb, most precipitates were globular. In 15341 VTi, most small
precipitates (<50nm) were globular. although some rod-like precipitates were also
observed. while most large precipitates were cuboidal (Figure 4.2¢). Most precipitates
were cuboidal in 1541Al (Figure 4.2d).

EDS analyses showed that the precipitates in 154INb were Nb-rich, thus these
precipitates were considered to be Nb(C.N). Two types of precipitates were observed in
154LVTi: V-rich and Ti-rich. Most small precipitates were V-rich. while most large
cuboids were Ti-rich. They were considered to be V-rich and Ti-rich carbonitrides,
respectively. The precipitates in 1541 Al were Al-rich. Since Al does not form carbides.
these precipitates were taken to be AIN. Some large globular MnS inclusions were also
observed in the steels. Table 4.1 gives a summary of the precipitate type, shape and

distribution in the four steels.
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Figure 4.1 The microstructures (pearlite + ferrite) of the as-rolled bar. (a) 1541Nb. (b) 1541VTi
(c) 1541Al
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Figure 4.2 Precipitate distributions in as-talled bar. (a and b) 1541Nb. (c) 1541VTi. (d) 1541Al.
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Table 4.1 Precipitates in as-rolled steel bars

Steel Type Shape Density Distribution

1541Nb Nb(C.N) slobular high ferrite and pearlite
(TiLVYC.N) Ti-rich cuboidal low

1541VTi territe and pearlite
(TL,VUC.N) V-rich slobular high

154 1Al AIN cuboidal low territe and pearlite

[141Nb Nb(C.N) slobular high territe and pearlite

4.2 Grain Growth During Induction Reheat

Typical austenite grain structures after induction heating at different temperatures are
shown in Figures 4.3(a. b). Figure 4.4 gives the effects of heating temperature and
holding time on the meun austenite grain diumeter. 154INb and 1541Al had small grain
sizes when the temperature was less than 1000°C. but the grain size increased quickly
when the temperature was higher. Grain size also increased with increasing holding time,
especially at higher temperatures. Although [341VTi had similar grain sizes to the other
steels at lower temperatures (T<1000°C), its grain size was much smaller at higher
temperature. The heating temperature and holding time had less effect on the grain sizes
of 1541 VTi.

Normal grain growth was observed in all the steels at 900°C. Abnormal grain growth
was found at higher temperatures. In the fatter case. some grains were much larger than
the neighboring grains. Therefore, mixed grain sizes were observed in the microstructure.
For [541VTi. abnormal grain growth was tound at 1000°C or higher. For 154 INb and
154 AL abnormal grain growth occurred in the temperature ranges 1050-1200°C and

950-1150°C, respectively.
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Figure 4.4 Austenite grain diameter as a function of heating temperature and holding time.



4.3 Precipitate Evolution during Induction Reheat

Typical precipitate distributions in reheated samples are shown in Figure 4.5. Both
small and large precipitates were observed at each heating temperature. but the density of
precipitates decreased significantly at high temperature. indicating the volume fraction of
precipitates decreased with increasing temperature. Precipitates were observed in
1541VTi and 154 1Nb even at the highest heating temperature (1250°C), showing that the
temperatures tfor complete dissolution of the precipitates are higher than 1250°C.

Most of the undissolved precipitates in 1341Nb were globular, but those in 1541VTi
were predominantly cuboidal after heating at high temperature (T>1100°C).

The precipitate size distributions in the as-rolled condition and after heating at
different temperatures are shown in Figure 4.6 for [34INb. The distributions are right
skewed, similar to a log-normal distribution. There is little variation in the mean
precipitate diameter or the overall size distribution with increasing temperature.

For 1541VTi. bimodal distributions were observed for the hot-rolled condition and
after heating at low temperatures, with one peak at ~15nm (diameter) and the other at
35nm. With increasing heating temperature. the peak of smaller sizes decreased and
eventually disappeared at 1100°C. This indicates that a large amount of small precipitates
dissolved during induction heating. The position of the larger-diameter peak only slightly
changed with temperature. Since most of the small precipitates in [541VTi were V-rich
carbonitrides, they dissolved quickly when the temperature is close to 1000°C. Most of
the large precipitates were Ti-rich carbonitrides, which were stable because of the low

solubility of Ti carbonitrides.
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Figure 4.5 Typical precipitate distributions after 6s held at different temperatures. (a} 1541VTi,

(d) 1541Nb, 1250°C.
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(c) 1541Nb, 1000°C
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The Ti/V ratio of the undissolved precipitates in 1541 VTi increased with increasing
temperature. This means that more V than Ti has dissolved into the matrix due to the high
solubility of V(C,N). It is also expected that the C/N ratio of the carbonitrides decreased
with increasing temperature. This tendency is predicted by solubility calculations, but

could not be verified by the EDS used because of the capacity of the detector.

4.4 Discussion of Grain Growth and Precipitate Evolution During Induction Reheat

The urain growth behaviour of the steels studied can be divided into three stages:
(1) Small and uniform grain sizes at low temperature. (2) Mixed grain sizes at
intermediate temperature. At this stage. most of the grains remain small. while a small
number of grains become unusually large compared with their neighbours. (3) Large but
uniform grain sizes at high temperatre. The grain growth mechanism changes from
normal to abnormal grain growth first. and then changes back to normal grain growth at
higher temperature. The temperature ranges for each stage are different for the steels
studied. as is shown in Figure 4.4.

Compared with the well-studied grain growth during slow furnace reheat. the grain
growth behaviour of microalloyed steels during induction reheat gives a similar pattern.
The grain sizes after induction reheat are smaller because of the shorter heating cycle.

The precipitate evolution during induction heating is reflected by several aspects:
(1) Density. A high density of precipitates was observed in the as-rolled bars and after
reheat at low temperatures. [t decreases with increasing reheat temperature. (2) Size
distribution. Both small and large precipitates were observed at all temperatures, but the

amount of small precipitates at low reheat temperatures is much higher than at high



temperatures. (3) Composition. A composition change was observed for the (Ti,V)(C.N)
precipitates in 1341 VTi. It was found that the T/V ratio increases with increasing reheat
temperature, because Ti carbonitrides are more stable at high temperature (lower
solubility). It is also expected that the N/C ratio increases with increasing temperature.
(4) Shape. The change of shape was not obvious lor each kind of precipitates during
induction reheat.

The grain growth behaviour of microalloyed steels is closely related to the precipitate
evolution during reheat. A high density of small precipitates was observed in the first
stage. Under these conditions. the precipitate pinning is high enough to prevent all the
grains from growing larger. At higher temperatures. the small precipitates gradually
dissolve into and precipitate density decreases. Since the precipitates were not uniformly
distributed, grain growth becomes fuster in those areus where there is a low density of
precipitates. These grains become much larger than the others and ubnormal grain growth
is observed. With increase of temperature, most of the precipitates dissolve. The grains
grow larger with little pinning torce. Therefore, normal grain growth is observed again at
high temperatures.

Compared with conventional furnace reheat. the difference in precipitate evolution
during induction reheat is mainly retlected by its size change. The mean precipitate
diameter in 154 INb was nearly unchanged during induction heating. and that in 1541 VTi
initially increased and then remained nearly unchanged with increasing temperature
{Figure 4.6). It is well known, however. that mean precipitate sizes increase with
temperature during conventional furnace reheat. This indicates that the precipitate

evolution during induction reheat cannot be explained solely by particle coarsening.



which is the case for conventional furnace reheat.

It is interesting that the precipitate evolution during induction reheat is also different
from a ditfusion-controlled precipitate dissolution process. According to the precipitate
dissolution model given by Agren (1990, Equation 2.20.), the mean precipitate sizes
should decrease with increasing reheat temperature.

Clearly, the precipitate evolution of microalloyed steels during induction heating
cannot be explained with the existing models. New medels need to be established to

understand the physical processes during induction reheat.

4.5 Modeling Precipitate Dissolution-Coarsening during Induction Heating

{A) Dissolution and coursenine of a distribution of precipitite sizes

Two types of phase transtormations may happen tor precipitates during induction
heating: precipitate dissolution and couarsening. The relationship between precipitate
dissolution and coarsening is illustrated in Figure 4.7, which shows the variations in the
precipitate size and volume fraction as a function of holding time at a fixed temperature.
[nitially. precipitate dissolution dominates. with continuous decrease in both precipitate
size and volume fraction. When the equilibrium volume fraction of precipitates is
reached. precipitate coarsening becomes the controlling process. For conventional
furnace reheat, the dissolution time is a small fraction of the total holding time. and it can
be neglected. For induction reheat, however, the precipitate dissolution time has to be
taken into account because of the rapid heating rate and short holding time.

For diffusion-controlled precipitate dissolution. Agren (1990) gave the following

equation (Equation 2.20):
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Figure 4.7 Schematic of the variation in precipitate size and volume fraction during dissolution and

coarsening. (Up-quench is assumed followed by isothermal holding.)

. :
—.t‘—=[i] [4.1]
Eeo Iy
This equation shows that the mean precipitate size decreases with increasing reheat
temperature, which is not in agreement with the experimental observation in this study.
The problem comes from the assumption behind Equation 4.1. i.e.. ull the precipitates are
of the same size. It is well known that in almost all the materials precipitate sizes fall in a
certain range. Considering this. a basic point is set for the modeling: a group of
precipitates of different sizes. [t will be seen that a series of modifications has been made
based on this point.
For the dissolution of a distribution of precipitate sizes. it s assumed that each

precipitate dissolves independently during induction heating. This means that no soft



impingement of diffusion fields occurs between neighboring precipitates. This is
reasonable for microalloyed steels because of the low volume fraction of precipitates.
The dissolution rate is given by Equation 2.13:

r, -r- =2k D_t [4.2]
where D,, values are given in Table 2.5 for microalloy elements. k. is calculated from
solubility product data (Table 2.2).

[n order to determine the volume fraction of precipitates during induction heating,
Equation 4.1 needs to be modified for a distribution of precipitate sizes. The volume
change for each precipitate has been considered individually; therefore. the change of
volume fraction can be expressed as:

¢ zr(i)"

o [4.3]

[t should be noted that the values of m and m' do not have to be the sume because some
precipitates dissolve completely.

Equation 4.2 implies that complete dissolution occurs at t= r; /2k D . This is not
always true since dissolution will stop when equilibrium is reached. If fyr is the
equilibrium volume fraction at temperature T, the dissolution time () from Equations 4.1
und 4.2 is:

1t

l—(f\;'r /fvl))- 4
= —"‘ZK'D—M—‘“ o (4.4]

L

The precipitate coarsening is assumed to occur when the holding time is longer than

the dissolution time. For a distribution of precipitates. the widely-used LSW equation
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(Equation 2.15) is no longer suitable since it can only be used for the change of mean
precipitate size, while the present model considers a group of precipitates individually. A

more fundamental equation given by Greenwood (1956) has been used (Equation 2.14):
—= (=) [4.5]

where ¥=0.5J-mol” according to Liu and Jonas (1988). Vy, is calculuted by the methods

given in §2.3.

(B) Precipitate dissolution and coarsening during continuous heating

The ubove derivation assumes isothermal heating. For continuous heating, the
induction heating cycle is divided into small time intervals of 0.01 second. Isothermal
condition is assumed for each interval. and the evolution of precipitate sizes is calculated
from Equations 4.1-4.5 by step-by-step numerical calculations. The procedure is
illustrated in Figure 4.8, and the computer program is given in Appendix B.

Precipitate coarsening is taken into account if complete dissolution occurs during
holding. The helding time is also divided into small intervals. The size change of each
precipitate is calculated in each interval. and the change of precipitate size distribution
during coarsening is determined by numerical methods.

The measured precipitate sizes in the as-rolled condition are input as initial precipitate
sizes. The size of cach precipitate is tracked during each time interval. The dissolved
microalloy content from all the precipitates is monitored so that the equilibrium solubility
is not exceeded. With this method, the precipitate evolution at any stage of an induction

heating cycle can be computed.
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Figure 4.8 Schematic of calculation procedures. It is assumed that microstructural evolution occurs

only during isothermal holding.

The starting temperature is not chosen as room temperature. since the solubility
products in ferrite are not known for microalloy carbonitrides. The solubility product
equations are no longer valid if extended to such low temperatures. Thus. the starting
temperatures are selected as the temperatures where maximum volume fraction of
precipitates is obtained (720°C for 1341Nb and 700°C for 1541 VTi).

A group of empirical equations huve been given for each type ot carbides or nitrides
(Table 2.2). The calculated solubility varies in a certain range for cach type of binary
carbides or nitrides. especially for TiN. It is difficult to determine which one is more
accurate or more suitable for the materials used in this study. For the present modeling.
the solubility product equations have been selected as the ones which give the
intermediate values in each group except for TiN. It seems that most of the empirical

equations overestimate the stability of TiN for microalloyed forging steels which have



much higher carbon and nitrogen conteats. Therefore, the empirical equation which gives
the maximum solubility has been used for TiN in this study. The following empirical

equations have been used in this study:

For NbC: Ig[Nb][C] = 4.37-9290/T [4.6a]
For NbN: Ig[Nb][N] = 4.04-10230/T [4.6b]
For TiC: lg[Ti][C] = 2.75-7500/T [4.6¢]
For TiN: Ig(Ti][N] = 0.322-8000/T [4.6d]
For VC: 1g{V][C] = 6.72-9500/T [4.6e]
For VN: 1g{V][N] =3.46-8330/T [4.6f]

(C) Prectipitate evolution during induction heating

The precipitate sizes in the as-rolled samples are used as the initial condition. The
modeled precipitate size distributions are superimposed on the measured histograms in
Figure 4.6 (a,b). The agreement is excellent for 154 INb and reasonable for [541VTi.

The predicted variation in mean precipitate diameter and volume fraction with reheat
temperature is shown in Figure 4.9 for [54[Nb. The volume fraction of precipitates
decreases significantly with increasing temperature. The mean precipitate diameter does
not change much with temperature (slight decrease at lower temperature because of
precipitate dissolution. and then slight increase at high temperature due to precipitate
coarsening). This result is in agreement with the experimental observations, which could
not be explained by the previous models.

The effect of temperature on the dissolution time (i.e.. the time to reach equilibrium)

is shown in Figure 4.10 for 154INb. The dissolution time decreases quickly with
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increasing temperature, and is less than a few seconds when T21050°C. This means that

the equilibrium solubility can be reached during rapid induction heating.

T T T T T T T

0.04} .

i calculated ’
0.03} i
0.02} .

0.01

¥
1

50
40

ol N

L measured

10

Mean Diameter (nm) Volume Fraction (%)

900 1000 1100 1200 1300
Temperature (°C)

Figure 4.9 Effect of heating temperature on volume fraction and mean precipitate diameter for 6s

hold (1541Nb).
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Figure 4.10 Effect of temperature on precipitate dissolution (1541Nb).



Figure 4.11 shows the computed variation in precipitate diameters for 154 INb under
continuous heating at 10°C/s. The dissolution rate increases with increasing temperature.
Small precipitates dissolve at lower temperatures, while large precipitates become

smaller with increasing temperature.
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Figure 4.11 Variation of precipitate diameter with temperature during continuous heating (154 1Nb).

The calculations become much more complex when applying this model to 1541 VTi.
because two types of precipitates (V-rich and Ti-rich) are present in the steel. Two
assumptions have been examined:

(1) Assuming the precipitates in the as-rolled conditions are of the saume composition
that is given by the equilibrium solubility. and precipitate dissolution is controlled by the
volume diffusion of Ti for all the precipitates.

(2) Assuming two types of precipitates are present in the as-rolled samples (both V-
rich and Ti-rich); and dissolution of V-rich precipitates is controlled by diffusion of V
and Ti-rich precipitates by Ti. respectively.

It is found that the calculation following the first assumption is very complex because



the equilibrium solubility of V and Ti of the precipitates are difficult to calculate. The
computed results overestimate the stability of the small precipitates. [n other words, the
precipitates of smaller sizes remain undissolved until the temperature reaches [200°C,
while experiments show that these precipitates disappear when temperature reaches
1100°C.

For the second assumption, the difficulty comes from separating the V-rich and Ti-
rich precipitates in the as-rolled condition. I[n this study, the precipitates are separated
according to the observed precipitate size distributions. The bimodal distribution ts
sectioned at the cross point (d=27nm) of the two distributions. Those with smaller sizes
are considered to be V-rich. and the remainder Ti-rich precipitates. The computed
evolution ot precipitate sizes following this assumption are shown in Figure 4.6b. This
model successfully predicted the disappearance of the lett distribution. and size change of

the larger-diameter distribution with temperature.

4.6 A Modified Zener Equation for a Distribution of Precipitate Sizes

Considering the evolution of a distribution of precipitate sizes. rather than a uniform
size, not only changes the precipitate dissolution and coarsening behavior, but also
changes the pinning force on grain boundary migration (Figure 4.12). Thus the Zener
equation needs to be modified to incorporate this factor. The following section gives a
modified Zener equation to reflect the effect of a precipitate size distrtbution on

precipitaie pinning.
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Figure 4.12 Schematic of Zener pinning from a group of precipitates of different sizes.

(A) Derivation of the Expression

(1) The pinning force from a single precipitate at a grain boundary: Following Zener's

derivation (Smith, 1948). the maximum pinning force for a precipitate of radius r is:
F,(r) =mry,, [4.7]

(2) Surtace density of precipitates (N,) on the grain boundary: The relationship
between surface density. volume fraction and precipitate radius is given by (Ashby and
Ebeling. 1966):

3t,
N = (4.8]
2t +67)
where T and ¢ are the mean and standard deviation of the precipitite size distribution.
respectively.
(3) Total pinning pressure from a distribution of precipitate sizes: The distribution of

precipitate sizes can be divided into small groups (Figure 4.13). Considering a small

group ot mean radius r and frequency p(r), the surface density for this group is:

N (1) =p(DN, [4.9]
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Figure 4.13 Schematic showing a small section in a distribution of precipitate sizes.

All the precipitates are considered to be the same size in each small group. The total
pinning pressure from the group of size r is then:

3r{gb f\'plr)

P(r)=F,(r)-N (r)= o))

[4.10]

Similarly we can get the pinning pressure from other small groups of different sizes. The

total pinning pressure from all the precipitates is then:

3Y"hf\-
P, = ———— ) p(r) 4.11
_ zﬁ_m_)z p [d.11]

[f all the precipitates are of the same size, ie.. 6=0. then Equation 4.1 reduces to
Equation 2.32.

(4) Definition of equivalent precipitate size. A term "equivalent precipitate size ()"
is defined as:

=L 7% [4.12]

l'uq er(r)

The physical meaning of r., is that if all the precipitates are of this size. the total pinning
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pressure is equal to that from all the precipitates in the distribution at the same volume
fraction level. Note that the related parameters, T, &, and p(r), can be determined by

experiment. With this definition, Equation 4.11 can be simplified as:

P = Sf\:ng

I'4

[4.13]

3
2r,

(3) Calculation of critical grain size. The driving pressure (P,) for grain growth is

given by Zener (Smith, 1948):

P, =—F [4.14]
where R is grain radius. Grain growth stops when the Zener pinning pressure is equal to
the driving pressure. Therefore the critical grain size (R,) is:

B GR
* 3t’v2rp(r) 3t,

[4.15]

Considering the uncertainty of the coefficient (4/3). the more generalized form of

Equation 4.15 is:
R.=k,— [4.16]

This is the modified Zener equation for a distribution of precipitate sizes. It can be
found that with the detinition of equivalent precipitate sizes. the simple form of the Zener
equation remains unchanged. but its application has been extended. Again. if all the
precipitates are of the same size (ry, = r). Equation 4.16 reduces to the original Zener

equation.
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{B) Evaluating the Modified Zener Equation

Figure 4.14 gives a simple example of the effect of precipitate size distribution on
Zener pinning. [t is assumed that the precipitate size distribution of the right group is
evenly 0.5r, r and 1.3r. The two groups have the same mean precipitate sizes, but the

group of the uniform size gives larger pinning force.

Figure 4.14 Schematic illustration of the effect of precipitate size distribution on pinning force.

(Volume fraction of precipitates is the same for both.}

In practice, the most common case likely to be encountered is that of & lognormal
distribution of precipitute sizes (Herdan, 1960: Exner, 1972), which is given by (Liu et

al., 1993):

| (Inr—u,)°
(r)= expl— -
o= e T 3,

I [4.17]

where i, and §, are the mean value and standard deviation of In(r). respectively. They
can be expressed as:
T =exp(i, +0.58,%) [4.18a]

o’ =exp(2, + 8, exp(8, ) —1] [4.18b]
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Substituting Equations 4.17 and 4.18 into Equations 4.12 and 4.13, the equivalent
precipitate size and total pinning pressure can be calculated.

With the above equations, the effect of precipitate size distribution on the equivalent
precipitate size (therefore on the total pinning pressure) is determined, as is shown in
Figure 4.15. It is assumed that all the distributions are of the same mean size (7=40nm)

but different standard deviations.
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Figure 4.15 Effect of precipitate size distribution on equivalent precipitate size. The mean

precipitate size is assumed to be 40nm for all the distributions.

It is found that the equivalent precipitate size increases with increasing standard
deviation, although the mean precipitate size remains constant. The minimum equivalent
precipitate size is obtained when the standard deviation is zero, i.e.. all the precipitates
are of the same size. Increased equivalent precipitate size means decreased pinning
pressure according to Equation 4.14. Therefore, total pinning pressure is maximized

when all the precipitates are of the same size, and it decreases with increasing variance of



71

precipitate sizes. This result implies that using the mean precipitate size in the Zener
equation overestimates the pinning force trom a distribution of precipitate sizes. The

error may be as much as a fact of 2, depending on the precipitate size distribution.

4.7 Modeling Grain Growth during Induction Heating
The model of grain growth with precipitate pinning given by Andersen and Grong

(1995, Ey.2.30) is used to predict grain growth during induction heating

D t
: dD Q..

=M, |exp( ——=)dt 4.19
[;“(l/D-l/Dc)"" My Jesot = 1191

It has been assumed in this model that solute drag from microalloy elements is
negligibly small. The etfect of microalloy element is only retlected by precipitate
pinning. Therefore, the grain growth data from C-Mn steels can be used for gruin growth
modeling. This makes Equation 4.19 suitable for different kinds ot microalloyed steels.
The data given by Grong (1997) are used for the calculations. where Q. = 224 000]-

!
n=2.

mol™: My =2.14x10"um?*s”

The D, value is calculated from the modified Zener equation (Equation 4.12 and
4.15). From the precipitate dissolution-coarsening model. the precipitate size distribution
and volume fraction can be calculated. and the r and . values are determined. The
obtained t, does not have to be equal to the equilibrium value since equilibrium may not
always be reached during induction heating process. Then the critical grain diameter can
be calculated with the modified Zener equation (Equation 4.16). The right-hand side of

Equation 4.19 is calculated with the heating and holding parameters. Equation 4.9 can

then be solved for D by numerical methods. The detailed calculation procedures are given



in Appendix C.

This model has been applied for the grain growth of 1541Nb and 1541 VTi following
the TRW heating cycle. The kz value given by Hellman and Hillert ( [975) has been used
for calculation (kz = 4/9). The calculated mean grain diameter as a function of reheat
temperature and holding time are compared with the measured values in Figure 4.16. The
modeled results agreed well with experimental observations.

It has been found that the predicted grain sizes would be much smaller than
observations if the value suggested by Manohar et al. (1998) were used (kz = 0.17). The
reason may come trom the grain size variation during induction reheat. From Gladman's
approuch. kz = 0.17 corresponds to Z, = L.7. This value is smaller than the observed Z,
values during induction reheat. The actual values can be up to 3 tfor normal grain growth
or higher for abnormal grain growth. This is close to the Hillert's model for the upper
limit of normal grain growth (kz = 4/9). Therefore. the prediction with Hillert's value
gives better agreement.

Note that no scaling parameters have been introduced into the above models. The
only data input for the modeling is the measured precipitate size distributions in the hot-
rolled conditions. Even this requirement can be further simplificd once the type of
precipitate size distribution is known. For example, if the initial precipitate sizes follow a
lognormal distribution. then the only initial input data are the mean and standard

deviation of the precipitate sizes.
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Figure 4.16 Variation in grain diameter with temperature and holding time (TRW heating cycle).

Data points are measured values and the lines are calculated from the grain growth model.



Chapter 5. Effect of Initial Microstructure
On Grain Growth During

Induction Reheat
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5.1 Microstructures of As-Rolled Bar and After Preheat Treatment

The microstructure of 114INb in the as-rolled condition is shown in Figure 5.1a. [t
was composed of primary ferrite and pearlite. The pearlite colonies were large due to its
large bar size (4 in. diameter) which results in slow cooling rate after hot-rolling.
Intragranular ferrite was observed in some pearlite colonies. The elongated MnS
inclusions were quite obvious in this steel because of its high sulfur content.

The microstructure in the 1250AC sample was a complex mixture of primary ferrite,
Widmanstatten ferrite. bainite and pearlite, and the prior austenite grain size was very
large (Figure 5.1b). The 1250Q samples had a complete martensite microstructure with a
large prior austenite grain size (Figure 5.lc). The microstructure after 900AC was

composed of refined and uniform primary ferrite + pearlite (Figure 3.1d).

5.2 Grain Growth During Induction Reheat

Typical austenite grain structures after reheat at ditferent temperatures are shown in
Figure 5.2 (a-d) for the 4 initial conditions, and the variation in the mean grain diameters
is shown in Figure 3.3. The grain sizes were small and uniform when the reheat
temperature was less than 1000°C, and the ditference was small between the four initial
microstructures. Abnormal grain growth was observed in the intermediate temperature
range (1000-1200°C). especially for the 1250Q preheated samples. Griin sizes were large
for reheat temperature higher than 1200°C. Compared with the hot-rolled condition,
1250Q produced the smallest grain size in the intermediate temperature range (1100°C).

while 1250AC had distinctly larger grain sizes at high temperature (>1200°C).



rolled: peariite + ferrite; (b) 1250AC: pearlite + ferrite + Widmanstatten ferrite + bainite; (¢) 1250Q:

martensite; (d) 900AC: pearlite + ferrite (refined).
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Figure 5.3 Variation in mean grain diameter with reheat temperature for four different initial

microstructures.

5.3 Precipitate Evolution

Typical precipitate distributions ot ! [41Nb in the as-rolled bar are shown in Figure
5.4(a.b). Similar to the precipitates of [534INb, it contained a high density of small
precipitates. both in primary ferrite and pearlite. Most precipitates were globular. The
precipitates were not uniformly distributed in the microstructures. EDS analysis indicated
that these precipitates were Nb-rich. They were thus taken to be Nb(C.N). Some large
globular MnS precipitates were also found in the microstructure.

The density of precipitates decreased with increasing preheat temperature, indicating

that some of the precipitates (espectally smail ones) had dissolved. After 1250°C preheat.
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only some large precipitates remained undissolved (Figure 5.4c).

Figure 3.5 (u-c) shows the precipitate evolution during preheat and reheat. The as-
rolled sumple had bimodal precipitute size distributions. With the increase of reheat
temperature, the smaller precipitates shrank and finally disappeared when the temperature
was higher than 1100°C, and bimodal distributions changed into unimodal. More large
precipitates (d>200nm) were observed when the reheat temperature was >1200°C,
indicating that precipitate coarsening occurred when the temperature was high enough.

Unimodal precipitate distribution was found after 1250Q preheat, while bimodal
distribution was observed atter 1250AC. The change of precipitate distribution indicated
that precipitation occurred during the slow cooling process of the preheat treatment.
which produced a farge amount of small precipitates.

The precipitate evolution of 1250AC samples during reheat was very similar to that
of the us-rolled samples. The small-diameter peak disappeared with increasing reheat
temperature, and the precipitate distributions changed from bimoedal to unimodal. The
only difference was the larger precipitate sizes in [250AC samples.

The evolution of precipitate size distribution in 1250Q samples was unique compared
with the others. The distribution at the initial condition was unimodal (rather than
bimodal) with a peak at around 100nm (diameter). A large amount of small precipitates
was found when reheated to 900°C and 1000°C (Figure 5.6). and the distributions
changed to bimodal (Figure 5.5¢). This shows that precipitation occurred in the super-
saturated austenite during reheat. At higher reheat temperatures. the small diameter peak
gradually decreases and disappeared. and the distribution changed back to unimodal. This

shows that the precipitated small precipitates redissolved at higher temperatures.
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Figure 5.6 Large amount of reprecipitated precipitates after 1250Q+1000°C reheat.

5.4 Discussion

Figure 5.7 illustrates the precipitate evolution during the preheat and reheat cycles.
Preheat treatments not only change the optical microstructures, but also the precipitate
distributions. 1250Q changes precipitate size distribution from bimodal into unimedal
and produces supersaturated austenite. The supersaturated austenite provides a chemical
driving force for precipitation and favorable nucleation sites, therefore, reprecipitation
occurs in a certain temperature range (900-1000°C) during induction reheat, which
produces a large amount of small precipitates. The precipitate distribution changes from
unimodal into bimodal. The high density of precipitates provide high pinning force on
grain boundary migration, resulting in smaller grain sizes at the intermediate temperature
range.

The supersaturation decreases with the process of precipitation and the increase of

temperature. Finally, supersaturation does not exist and precipitate dissolution becomes
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Figure 5.7 Schematic of precipitate evolution from different initial microstructures. (a) from as rofled

condition, {b) from 1250Q.

the dominant mechanism during turther induction reheat. The reprecipitated precipitates
redissolve quickly because of their small size. Therefore. the precipitate distribution
changes from bimodul into unimodal. and grain size increases quickly because of
decreased precipitate pinning.

1250AC does not change the pattern of precipitate size distribution. but produces
some coarsened precipitates, resulting in larger austenite size during reheat. especially at
high temperatures. The precipitates in 900AC samples have not been measured because
no significant change is expected from the as-rolled condition.

The precipitate dissolution-coarsening model given in §4.5 was also applied to the
precipitate evolution of 114INb during induction reheat following u Welland Forge
heating cvcle. The precipitates measured in the as-rolled or preheated samples were used

as initial conditions. The calculated precipitate size evolutions during induction reheat
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were compared with the experimental measurements, as shown in Figure 5.5 (a-c). For
AR and [250AC samples, the calculations give good agreement with the observations.
although both the materials and the heating cycle were different.

The model does not take reprecipitation into account during induction reheat,
therefore. it does not predict the appearance of the reprecipitated carbonitrides in the
{250Q samples at intermediate temperatures. But it does predict the precipitate size
distribution at temperatures higher than 1200°C when the reprecipitated precipitates
redissolve.

The grain growth model given in §4.6 and §4.7 was also applied to the grain growth
of L14INDb following the Welland Forge cycle. The calculated mean grain diameters as a
function of reheat temperature and holding time are compared with the measured values
in Figure 5.8. The modeled results give good with experimental observations tor the as-
rolled and slowly cooled samples. [t proves that 1250AC, which has larger precipitate
sizes. would give coarsened grain sizes during reheat. Again, the reprecipitation was not
included in this model. [t does not predict the smaller grain sizes in the intermediate
temperature range for the 1250Q pretreatment.

This study explained the interesting phenomenon observed by Welland Forge, as was
mentioned in §1. The larger grain sizes following preheat + slow cooling treatment are
the result of coarsened precipitate sizes during preheat cycle, while the smaller grain sizes
following preheat + water quench treatment are caused by the reprecipitation from
supersaturated austenite. Therefore, the unused billets after induction heating should be

quenched to avoid coarsened grain sizes.
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Chapter 6. Recrystallization After

Hot Deformation
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6.1 Stress-strain curves during deformation

The true stress-true strain curves during deformation after various holding times at
different temperatures are shown in Figures 6.1 and 6.2. Deformation stresses increased
monotonically with deformation strain, showing that dynamic recrystallization did not
occur during deformation. Generally, deformation stress decreased with increasing
temperature and holding time. This pattern was followed until strain-induced
precipitation occurred. Strain-induced precipitates caused significant precipitation
strengthening, resulting in higher deformation stresses. This can be observed from the
stress-strain curves of 134INb at 950°C (Figure 6.1c) and 1541 VTi at 850°C (Figure

6.2c).

6.2 Recrystallization fraction and softening fraction

Figure 6.3 shows the softening fractions (closed symbols) and recrystallization
tractions (open symbols) for various holding times and temperatures. The solid lines are
fitted curves based on the softening data at each of the deformation temperatures.

Rearranging the Avrami equation (Equation 2.32), we have

log In( )=logB+k, logt (6.1]

I-f

T

A linear curve can be obtained by plowting login[L/(1-£)] vs. logt. and the Avrami
constant can be determined from the slope.

Typical S-type softening was observed at 950-900°C in 1541 VTi. and 1050-1000°C
in 154 INb. The observed recrystallization fractions agree reasonably well with softening

fractions at these temperatures, and the softening kinetics could be well described by the
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Figure 6.2 True stress-true strain curves for different temperatures and holding times (1541VTi).
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Avrami equation. A difference between the softening fraction and the recrystallization
fraction was observed after detormation at lower temperatures. The softening fraction
increased initially with longer holding time, but a decrease of softening fraction has been
found after holding for a period. Typical S-type sottening was no longer followed in this
case, and could not be fitted to the Avrami equation. The discontinuous softening
behavior after deformation at lower temperatures wis associated with strain-induced
precipitation.

It was also found that sottening fractions could not be extended to zero (typically
larger thun 0.1). These phenomena indicated that some of the softening was provided by

recovery rather than recrystallization.

6.3 Microstructural observation

The initial austenite grain sizes were 120um for 154 INb after 1200°C reheat. and
[12um for 1541 VTi atter 1260°C reheat.

The evolution of the austenite microstructure after deformation was determined from
the quenched samples. which had been held for different times after the first deformation.
Typical detormed microstructures are shown in Figures 6.4 and 6.3. In addition to
pancaked austenite grains, deformation bands were observed in some large austenite
grains. Recrystallized grains nucleated predominantly at austenite grain boundaries.
especially in [34 [Nb. The elongated MnS inclusions did not appear to have any effect on
recrystallization.

Figure 6.6 shows the measured mean grain diameter plotted against the

recrystallization fraction. Grain size initially decreased with increasing recrystallization



95

b)

(

)

a

(

d)

(

(c)

{a) 0.5s hald,

800°C

VTi after deformation at

| austenite microstructure of 1541

Ica

.

Figure 6.4. Typ

d) 9s hold.

(

(b} 1s hold, (c) 4s hold and



96

16s

850°C,

(b) 1541VT

850°C, lé6s

.
L

(a) 1541VT

ﬁ...
PIA T

v,

.

P

0.9s

1 4

C
(a) Part

950°

(d) 1541Nb

5s

(c) 1541Nb, 350°C, 0

ially recrystallized

Figure 6.5 Typical austenite microstructure after hot deformation.

ructure. (d) Recrystallized

fcrost

>

d m

ially recrystallize

ion band. (c) Part

tructure. (b) Deformat

micros

boundaries.

in

long gra

grains a



97

200 — g —T y T —

+ 1050°C
x 1000°C
1507 aa 950°C

Grain Diameter (pm)
o
o

1541Nb

0 T Y T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Recrystallization Fraction

()

2007 l
E 1507
=
g |
S 100] O\
8 AN
a .
£ '
S 50
0]
1541VTi
0 I T

0.0 0.2 0.4 0.6 0.8 1.0
Recrystallization Fraction

(b)
Figure 6.6 Variation of austenite grain sizes with recrystallization fraction. Solid and open symbals

are measured from transverse and longitudinal directions respectively. (a) 1541Nb (b) 1541VTi.



PL]

fraction. This tendency continued until recrystallization was nearly finished. Then grain
sizes slightly increased with increasing recrystallization. This was caused by the
coarsening of the recrystallized grains.

The grain size for complete recrystallization (D) was determined by extending the
measured curves to f,=1. The values obtained were ~33um for 1541VTi and ~60um for
154 1Nb. respectively. Comparing these values with the empirical equations for Ti-V and
Nb steels (Table 2.8), it was found that they were close to the predictions given by
Roberts er al. (1983) and Sellars and Whiteman (1979).

Typical precipitate distributions before and after deformation are shown in Figure 6.7.
The precipitates in 1541VTi were mainly cuboids after reheat at 1360°C. which were
shown by EDS to be Ti-rich. with a Ti/V ratio about 3.6. Large. globular precipitates
were tound in 154 INb atter 1200°C reheat.

A large amount of small (<50nm) globular precipitates was observed in those samples
where strain-induced precipitation occurred. especially 154INb. For [54[VTi. EDS
indicated that these precipitates were also mixed Ti and V., but the TV/V ratio was about
[.8, lower than that after reheat.

Precipitate size distributions for various treatments are shown in Figure 6.8. The
distributions were unimodal before strain-induced precipitation occurred. A large amount
of small precipitates tormed in [54INb during strain-induced precipitation. and the
precipitate distribution changed into bimodal. Some smaller precipitates were also
observed in 1541VTi during strain-induced precipitation. but the ettect was not as large

as in [54[Nb.
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6.4 Modeling Recrystallization Kinetics

The k. values determined from equation 6.1 were 0.86, 0.68 and 0.16 respectively for
1541VTi at 950, 900 und 850°C. and 0.91, 0.49 and 0.15 tor [54INb at 1050, 1000 and
950°C. It is seen that the Avrami constant decreases with decreasing temperature. This
has been attributed to the segregation of microalloyed elements, which increases with
decreasing temperature (Kwon and DeArdo, 1986; Medina ez al., 1994). The fitted curves
following this method have been given in Figure 6.3.

The limitation of the fitted curves is that they have been done individually at each
temperature. The only variable was time. The effects of temperature and composition
were not taken into account. [t is more desirable that a unified equation be developed
which retlects the etfects of composition, temperature and time. similar to the empirical
equations given in Table 2.8.

From the Avrami equation (Equation 2.33), the recrystallization fraction can be given

[o= 1-exp{1n(1-xxli)“ 1 [6.2]

T

The recrystallization kinetics can be determined after the determination of the two
parameters. ka and ..
The first step is to determine t,. Following the suggestion given by Sellars et al.

(1986, Equation 2.36)
faos = Gian" e KK =) [6.3]

A linear curve is obtained by rearranging Equaton 6.3. The values of the constants (p»
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and ga) can be determined from the slope and intersection, as is shown in Figure 6.9. For

this fitting, the recrystallization-start time of plain carbon steel (t;*") as given by

Sellars er al. (Table 2.7) was used, and the solute concentration ([X]) was calculated from

the solubility products. The obtained empirical equations for ty g5 are:

; . Covn . 1.26%10"%
For I5341VTi: t,45 =tges exp{['['l](—T—-IZ.OGO)l [6.4a)
. .56x107
For 154INb:  t,, =t5m" exp{Nb](:’—D;[——llSO)} [6.4b]
8 T 13 T
[ 3 .
1541Nb -
—~ 67 T
3
Q
3 1541VTi -
__:é 4 4 [ ] ! -
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2 . . ) .
7.0x10™ 7.5x10" 8.oxi0™ 8.5x10" 9.0x10™
1K)

Figure 6.9 Determining the constant values in Equation 6.3.

The second step is to determine the Avrami constant ka. [t has been found that ky
varies with deformation temperature. Medina er af. (1994) suggested that this could be

estimated by an exponential equation

k, =q,exp [6.5]
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where p: and g3 are constants. Again. by using plotting Ink, vs. I/T. a linear curve can be
obtained and the values of the constants determined (Figure 6.10). The obtained empirical

equations for k are:

For 15341VTi: k, = 1.02x10° exp(_187.300)

[6.6a]

235,000 )

For I54INb: &k, =1.80x10" exp(- [6.6b]

With the constants determined above. the softening curves at ditferent temperatures
can be fitted, as is shown in Figure 6.1 1. The empirical equations predict recrystallization

kinetics well in absence of strain-induced precipitation.

- T . LY T
Q4 ‘ .“\ 1541VTi T
.
x
£ 14 -
1541Nb
'3 ¢
-2 4 . -

4

7.0x10" 7.5%x10° 8.0x10" 8.5x10" 9.0x10
1/T(K)

Figure 6.10 Determining the constant values in Equation 6.5.

6.5 Modeling Strain-Induced Precipitation
It is clear that stain-induced precipitation has a large effect on recrystallization

behaviour when it occurs. A large amount of smali precipitates increases the flow stress
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Figure 6.11 Softening fraction predicted by the unified model (lines} compared with experimental

data. (a) 1541Nb and (b) 1541VTi.

by precipitate strengthening, and inhibits recrystallization softening by precipitate
pinning. It is necessary to determine when strain-induced precipitation starts under a
certain TMP condition. Obviously, it is a function of steel composition, deformation

strain, and temperature.

For a given composition, the chemical driving force for carbide or carbonitride
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precipitation can be determined from the supersaturation ratio of the alloy elements, as
has been discussed in §2.6. In this study, this method has been further extended for
complex carbonitrides like (Ti,V)(C.N). The derived chemical driving force tor

(Ti,V)(C.N) precipitation was given by:

RT X5 X4 Xt X5
AG,.. =V{xln7“+(l-x)ln +yln §+(l-y)lnx—:} [6.7)
= 'm Ti v C N

Where X¢ and X are the equilibrium and bulk concentrations of element i in austenite,
respectively, Vi, is the molar volume of the precipitate, and x and y are the atomic
fraction of Ti and C in the precipitate (TiV|.)J(CyNy.y). The detailed derivation is given
in Appendix D.

The calculated chemical driving forces for Nb(C.N) precipitation in 1541Nb and
(TL,V)C.N) precipitation in 1341 VTi are given in Figure 6.12. [t is found that the
chemical driving force tor Nb(C.N) precipitation increases with decreasing temperature.
It is surprising, however. that the driving force for (Ti.V)(C.N) precipitation does not
increase monotonically with decreasing temperature. but displays 2 extremes. This
unexpected phenomenon has been attributed to the conventional assumption that the
nucleus has the same composition as the bulk precipitate in equilibrium with the matrix
at the holding iemperature (Liu and Jonas. 1988). To modify this situation, it is suggested
that the Ti content in the nucleus is the same as that in austenite during austenization.
After this modification, the 2 extremes disappear and the chemical driving force for

(Ti.V)(C.N) precipitation decreases monotonically with decreasing temperature.
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Figure 6.12 Chemical driving force of TiV(C.N) in 1541VTi and Nb(C,N) in 1541Nb. The solid and

broken lines for 1541VTi are before and after madification, respectively.

The precipitation-start time was calculated with the classic nucleation theory. The
basic procedure includes: (1) calculate the solute concentration at reheat and deformation
temperatures from the solubility product. which has been discussed betore: (2) calculate
the chemical driving force, elastic energy and interfacial energy: (3) calculate the critical
nucleus radius; (4) calculate nucleation rate of the precipitate: and finally (3) calculate the
time for 5% precipitation, i.e.. precipitation-start time. The method for step one was given
in §2.1. while the others were discussed in §2.5. Detailed calculation procedures are
given in Appendix E. The related constants for this model have been selected as:
b=2.5x10""m. %=0.50J/m’, ry=2x10"m and £=0.40. which are typical values from the

literature (Dutta and Sellars, 1987: Liu and Jonas, 1988; Militzer er al.. 1992). The

calculated precipitation-start time ( t§, } are shown in Figure 6.13 by the dashed lines.
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The shortest precipitation time is at about 950°C for both 1541 VTi and 154 INb, with
a typs approximately 10 seconds. At 950°C, the recrystallization rate for 1541VTi is much
faster than precipitation, and recrystallization finishes before precipitation occurs. At
900°C, precipitation occurs after recrystallization is almost complete. At 850°C,
precipitation occurs after a small amount of recrystallization occurs. It can be expected
that the effect of strain-induced precipitation on recrystallization is none at 950°C, small
at 900°C. and strong at 350°C in 1341VTi.

Similar precipitation behaviour is found for [541Nb. Strain-induced precipitation has
little, intermediate and strong effect on recrystallization at 1050. 1000 and 950°C.

respectively. These predictions give good agreement with experimental observations.



Chapter 7. Summary
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The main objective of this study was to model microstructural evolution of
microalloyed forging steels during induction heating and thermomechanical processing.

A group of microalloyed forging steels have been used for the experiments: 154 INb,
L541VTi. 154 1Al and [[141Nb. Three experiments have been performed: (1) Precipitate
dissolution and grain growth during induction heating; (2) Effect of initial micro-
structures on grain growth during induction reheat; and (3) Recrystallization and strain-
induced precipitation after hot deformation. The ettects of temperature and time on grain
growth, precipitate sizes and recrystallization kinetics have been determined.

An important contribution of this study is the treatment for a distribution of
precipitate sizes. Based on this, two physical models have been proposed: (1) A
precipitate dissolution-coarsening model: and (2) A modified Zener equation for a
distribution of precipitates.

These two models have been applied to precipitate size evolution and grain growth
during induction heating. The precipitate sizes for as-rolled and preheated conditions
have been used as the only input data. A series of precipitate size distributions and grain
sizes have been predicted from the models and compared with experimental observations.
It has been found that these models remain valid for many different microalloy eiements,
initial conditions and heating cycles.

Empirical equations have been determined for recrystallization Kinetics in the absence
of strain-induced precipitation. The effects of temperature, time and microalloy content
have been incorporated in these equations, which broadens their application scope. It 1s
also found that the starting point of strain-induced precipitation can be predicted by

classic nucleation theory.
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The following conclusions can be drawn trom this study:

(1) Grain growth of microalloyed forging steels is influenced by steel composition
and heating conditions. 1341VTi has the lowest grain growth rate during induction
heating. while 1541 Al has the highest. Grain sizes increase with increasing temperature
and holding time.

(2) Grain growth of microalloyed forging steels during induction heating can be
described as: small, uniform grain sizes at lower temperature; abnormal grain growth at
intermediate temperature, and large but normal grain sizes at higher temperature.

{3) Precipitate evolution during induction heating is different from furnace heating.
Precipitate density decreases during induction heating, and bimodal precipitate size
distribution changes into unimodal at high temperature because some of the precipitates
(especially small ones) dissolve into matrix. The precipitate size cvolution cannot be
explained by the existing theories based on mean sizes.

(4) Different initial microstructures give similar grain sizes at low reheat temperature.
but different grain sizes are found when the temperature is higher. Compared with the as-
rolled condition, the preheat + quench treatment results in smaller grain sizes at
intermediate temperature because reprecipitation occurs in the supersaturated austenite in
this temperature range. The preheat + slow cooling treatment gives larger grain sizes at
high reheut temperature due to precipitate coarsening during the preheat cycle.

(5) The recrystallization kinetics of microalloyed forging steels can be described by
the Avrami equation before strain-induced precipitation occurs. The precipitation-start
time can be predicted by classic nucleation theory.

(6) Precipitate evolution during induction heating can be well described by the



precipitate dissolution-coarsening model proposed in this study. This model is based on
diffusion theory but modified to incorporate the effect of precipitate size distribution and
equilibrium solubility. This model shows that precipitate dissolution is the controlling
mechanism during rapid induction heating.

(7) The Zener equation has been modified for a distribution of precipitate sizes. It ts
found that using the mean precipitate size usually overestimates the actual pinning
pressure trom a group of precipitates of ditferent sizes. The difference may be up to a
factor ot 2, depending on precipitate size distributions.

(8) A grain growth model has been developed based on the modificd Zener equation.
Starting from the initiul precipitate size distribution in the bar stock. this model predicts
the meun grain diameter at all stage of the heating cycle, and gives a good agreement

with measured values.

The following topics needs turther investigation in future studies:

(1) Application of the derived models in other continuous heating cycles: The models
established in this study are not limited to induction heating, although they were derived
initially tor induction heating process. Actually, they may be suitable for other kind of
continuous heating cvcles of microalloyed steels, such as continuous annealing or
welding. because of the similar physical mechanisms.

(2) The effects of temperature and strain distributions on microstructural evolution: A
typical forging operation involves non-uniform temperature and strain distributions. Their
effects have not been considered in this study. The temperature and strain distributions

are well described by existing finite element models. It would be worthwhile to combine
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the established physical models with the finite element models to give better prediction of
microstructural evolution during forging operations.

(3) The method to determine recrystallization traction: Direct measurement of
recrystatlization fraction by metallography is difficult. Several methods are available to
measure softening Iraction trom the stress-strain curves of double-hir recrystallization
test, including back extrapolation method, 0.2% offset method, 5% offset method, and
mean flow stress method. Each method has been supported by some experimental
observations, however, they give different results when applied to one set of stress-strain
curves. It is not clear which method gives the most reliable results. A method based on
the areas under stress-strain curves has been used in this study because of its sound
physical meaning. However. the difterence between softening fraction and
recrystaliization is observed when the effect of recovery is not negligible. More work
needs to be done to determine the contributions to softening by recrystallization and by
recovery.

(4) Physical modeling of recrystallization: So ftar, most of the models on
recrystallization kinetics are still based on fitting the Avrami equation. while physical
models have been estublished for most other transtormations. More zeneric models need

to be developed.
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Appendix A. Calculation of Equilibrium Solubility of

Complex Carbontrides

A.l Nb(C.N) tvpe of carbontrides
The calculation method for solubility of Nb(C,N) type of precipitates was suggested

by Hudd et al.(1971). A group of 2 equations have been derived as follows:

M
¥K e =[ND]{C, — y(Nb, -[NbI: < [A.la]
Nb
M,
(1= )K ye =[NB]{N, = (1= y)(Nby —[Nb])—} [A.1b]

Nb
where y is the atomic traction of carbon in the carbenitride. There are 2 unknowns, [Nb]
and y, in the 2 equations. Their values can be easily solved with numerical methods. The
following computer program has been written with Maple V. The numbers at the
beginning of each line is not required by the program. but used only for easy

understanding.

1) # input Nb, C and N contents in the steel and the reheat temperature.
2) Nb0:=0.038: C0:=0.41: NO:=0.0053: Temp:=900+273:
3) # input materials constants (mole weight and density)
4) MNb:=92.91: MC:=14.01: MN:=[2.01:
5) gammaFe:=8.0: gammaNbC:=7.84: gammaNbN:=8.41:
# input solubility product data
7 KNbC:=104(4.37-9290/Temp):

8) KNbN:=107(4.04-10230/Temp):



9)

10)
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# build the equation

Coeff4d:=-MN*MC:

Coelf3:=2*Nb0*MN*MC-CO*MC*MNb-NO*MN*MNb:

Coeft2:=MNb* MN*KNbN+NO*Nb0*MN*MNb-NbO*NbO*MC*MN

+MNb*MC*KNbC + CO*NbO*MC*MNb:
Coeffl:=NO*KNbC*MNb*MNb-KNbN*Nb0*MN*MNb-NbO*MNb*MC*KNbC
+C0* KNbN*MNb*MNb:

Coeff0:=-KNbC*KNbN*MNb*MNb:

Ey:=Coetf4*Nhswi*4+Coeff3*Nbswi*3+Coett2*NbswiA2+Coeff] *Nbswt
+Coeft0=0:.

# solve the equation to get the required data

sulution:=tsolve( {Eq).{ Nbswt},{Nbswt=0..NbO}};

assign{%):

x:=Nbswt*CO* MNb/(MNb* KNbC+Nbswt*(NbO-Nbswt)*MN):

Nbppt:=NbO-Nbswt:

Cppt:=x*Nbppt*MN/MNb:

Cswt:=C0-Cppr:

Nppt:=( 1-x}*(NbO-Nbswt)*MC/MNb:

Nswt:=NO-Nppt:

INBC:=Cppt*{ | +MNb/MC)*gammaFe/gammaNbC:

fNbN:=Nppt*( [ +MNb/MN)*gammuFe/gammaNbN:

f:=fNbC+INbN:

#reset the variables for next calculation.
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29)  unassign('f,'x’,Cppt’,Cswt',/Nppt', Nswt',/ INbC"'{NbN', Temp'):
30)  unassign('Coeff4','Coeff3’,'Coett2'.'Coeffl','Coeff0'):

31)  unassign('KNbC','KNbN','Nbswt','Nbppt'):

A.2 (Nb.VYC.N) type of Carbontrides

For the solubility of (Nb,VXC,N) type carbonitrides, the regular solution model
proposed by Hillert and Staffansson (1970) was used by Speer er al. (1987) to express the
free energy of the (Nb.V)(C,N) with the free energies of the binary compounds:

Gunv, e =X¥Gye + X(1= )Gy + (L= X)YGe + (1= X1 = y)G Yy
_Tlsm +E Gm [A-ZI
where x. v are the atomic fractions of Ti and C in the carbonitride. Gy, G yy . Gy and
G\, are the molar free energies of the pure binary compounds. 'S™is the ideal molar
entropy of mixing. “G" is the excess molar free energy of mixing. According to Timkin
(Speer er al.. 1987), the ideal entropy of mixing is:

tS" ==R[xInx +(I=x)In(I=x)+ylny+(I-v)In(l—y)] [A.3]

The excess molar free energy of mixing is expressed using regular solution model:
EG™ = x(1-X)yQ%,y + XU =X)L = y)Q%, + xy(l - vIQN,
. v
+(1=x)y(I=-v)Qy [Ad]
C N Nb v . - ,
where Q.. Qv - Qcy» Qcy are regular solution parameters.

A group of three equations have been derived by following these assumptions:



n xyKNbC +(l—y)ln K“"Y)KNhN JT_QCN [y(I—V)]"—‘O [A_sa]
[NbJ[C] [Nb][N]  RT )
xinXme g X DKe Doy [A.5b]
[NbB][C] (via RT
(1= - x)(1- C Ll
X(I=-y) K +(l-x)ln(l )(1-y)Kyy +QC.\ yi=0 [A.5c]
[Nb][N] [VIINI RT

The required mass balance equations are:

Nb, = (59 + (1= F)[Nb] [A5d]
l=x . -

Vo =f(—=)+(1=DIV] [A.Se]

Co =t +1-0)C] [A.56]
-y . -

N, =f(—==)+(-=H)IN] [A.5g]

where Qe is regular solution parameter. [Nb], [V], [C] and [N] are the equilibrium mole
tractions ot each species in austenite. t is the mole fraction of precipitates at equilibrium.
Nby, Vo. Cy and Ny are mole fractions of these elements in the steel.

There are seven equations from Equations A.5(a-g) and seven unknowns ([Nb]. [V],
[C]. [N]. £, x and v). It has been found that this group ot equations are very difficult to
solve, since negative values are often passed into the logarithm during numerical
calculation. The initial values have to be selected caretully to get convergence.

This problem can be solved by programming with Maple V. The complex numerical
calculations are handled by the internal mathematics [ibrary. Therefore. the calculation
procedures are significantly simplified. The initial values are generally not necessary.

The results of an example of calculation is given in Figure A.1 for [341VTi.



Y

3)

4)

6)

7

8)

10)

14)

133

# This program is based on the methodology developed by Speer et al. (1987).
# Input the desired reheat temperature.

T:=1000+273;

# the molar weight of Nb,V,Ti,C.N.Fe.

MNbB:=92.91: MV:=50.95: MTi:=47.90: MC:=12.01: MN:=14.01: MFe:=55.85:
#Regular solution parameter LCN and gas constant R.
LCN:=-4260: R:=8.314:

# the Nb,V and Ti composition(wt%) in the steel,

Ti0wt:=0.014: VOwr:=0.1 [4; COwr:=0.4: NOwt:=0.009:

# convert wt% into at%.

CO:=COwt*MFe/(100¥MC):

NO:=NOwt*MFe/( [00*MN);

VO:=VOwt*MFe/(100*MV}:

Ti0:=TiOwt*MFe/(100*MTi):

# solubility product( in wt%) of NbC, VC and TiC respectively.
KVCwt:=10%6.72-9500/T):

KTiCwt:=107(2.75-7500/T);

# solubility product(in wt% ) of NbN, VN, and TiN respectively.
KVNwt:=104(3.46-8330/T);

KTiNwt:=10%(0.322-8000/T);

# convert solubility product from wt% into at%.
KVC:=(MFe/100/"2/(MV*MC)*KVCwi:

KTiC:=(MFe/100)"2(MTi*MC)*KTiCwt:
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25)
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29)

30)
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KVN:=(MFe/100)*2/(MV*MN)*KVNwt;

KTiN:=(MFe/ [00*2/(MTi*MN)*KTiNwt;

# Nbeq, Veq, Ceq, Neq are the molar content of Nb, V., C, N in austenite respective.

f is the molar fraction of carbonitride. The stoichiometry of the carbonitride is

Nb Vi CyN 1.

#EqL~Eq7 are the set of equations with 7 unknowns (Nbeq. Veq, Ceq, Neq, x,

y.{)

Eql:=y*In{x*y*KTiC/ATieq*Ceq))+(l-y)*In(x*(! y)*KTiN/(Tieq*Neq))
+LCN/R/THy*(1-y)=0;

Eq2:=x*In{x*y*KTiC/(Tieq*Ceq))+( 1-x)*In(y*(1-x}*KVC/(Veq*Ceq))
+LCN/R/TH( 1-y)A2=0;

Eq3:=x*In(x*(1-v)*KTiN/(Tieq*Neq))+(I-x}*In(( [-x)*(1-y)*KVN/(Veq*Neq))
+LCN/R/T#y*y=0:

Eq4:=Tieq=(Ti0-f*x/2)/(1-f);

Eq3:=Veq=(VO-t*(1-x)/2)/(1-t):

Eq6:=Ceq=(CO-t*y/2)/(|-f);

Eq7:=Neq=(NO-t*(1-y)/2)/(1-):

# substitute Eq4~Eq7 into Eql. Eq2 and Eq3 respectively. Three equations will be

obtained: Eq8, E¢y9 and Eql0, with 3 unknowns(f. x, y).

Eq8:=subs(Tieq=({Ti0-*x/2)/(L-), Veq=(VO-£*( L-x/2)/( 1-£),Ceq=(CO-t*y/2)/(1-f),

Neg=(NO-f*(1-y2)/(1-£).Eql):

EqY:=subs(Tieq=(Ti0-*x/2)/(1-D). Veq=( VO-£*( 1-x)/2)/(1-£).Ceq=(CO-t*y/2)/(1-).

Neg=(NO-f*(1-y»2)/(1-f) Eq2).



38)

39)

135

Eq0:=subs(Tieq=(Ti0-t*x/2)/( 1-£), Veq=( VO-£*(1-x)/2)/(1-1},Ceq=(CO-t*y/2)/(1-F),
Neg=(NO-£*(1-y)/2)/(1-)),Eq3);

# Solve Eq8~Eql0 to get the values of f. x and y. The solution ranges are
specified to ensure the correct answer. Otherwise, negtive solutions may come
out. The specified ranges are also helpful to shorten the calculating time.
solution:=fsolvet [ Eq8,Eq9,Eql0}.{f.x.y},[F=0..0.01,x=0..L,y=0)..1 } ); assign(%);

# To get the molar fractions of Nb, V, C, N in austenite.

Tieq=(Ti0-t*x/2)/(1-f): assign(%):

Veq={VO-t*( 1-x)/2)/(L-1): assign( % ):

Ceq=(CO-f*y/2)/( 1-1); assign(%):

Neg=(NO-£*(1-vi/2)/(1-1); assign(%):

# Change the molar fraction into weight percent.

Tieqwt:=Tieg* 100*MTi/MFe;

Veqwt:=Veq* 100*MV/MFe;

# Cswt, Nswt are the weight percent of C, N in solution.

Ceqwt:=Ceq* [00*MC/MFe:

Neqgwt:=Neq* {00*MN/MFe;

# Reset the variables for the next calculation.
unassign('f','x".'y’.’"Nbeq',' Veq', Tieq'.Ceq', Neq");
unassign('CO’.'NO'.'NbO',' VO, Ti0, T'/RLCN"):

unassign(' KNbC'KVC,KTiC''KNbN'KVN''KTiN');
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Figure A.1 Equilibrium sofubility of V and Ti, volume fraction of precipitates. atomic fraction of Ti
and C in precipitates, at different temperatures (1541VTi). Where V. and Ti. are dissclved V and
Ti respectively. Vo and Tio are the total V and Ti contents in the steel. x and y are the atomic

fractions of Ti and C in the carbonitride.

A3 (M,.... M, )(C.N) Tvpe of Carbontrides.

For more complex carbonitrides like (M,....Mq)(C.N), Rios (1991) turther extended
the regular solution model to calculate the solubility of multi-component carbonitride. It

has been shown that:
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X
[C]l= A.6a
5 My /Ko [4.6al
=20+ (([C)/ Ky +[INT/ Kypi)
f—y
[N]= Z A.6b
Z Mu. /K.\lNi [ ]
F=2F +£([C]/ K i +INT/ Ky)
f:C(,~E-I\I,,—[C]—[I.\I] [A.6c]
1=2([C]+[N]
yt =C, —(1-20)[C] [A.6d]
(l=y)t =N, =(1-=2)[N] [A.6e]

where { is the molar fraction of carbonitride. y is the atomic fractions of carbon in the

complex carbonitride. Kuvici and Kwi are the molar solubility products of binary carbides

and nitrides. [C] and [N] are the equilibrium molar fractions of carbon and nitrogen in

austenite. My is molar fraction of the microalloy element in the steel.

Substituting A.6(c-c) into A.6(a and b) resuits in a group of two equations with two

unknowns. [C] and [N]. Their values can be solved easily with numerical methods, then

the other unknows can be obtained.

1)

3)
4)
3)

6)

# This program is based on the methodology developed by R.P. Rios (1991).
# the molar weight of Nb. V, Ti. C, N, Fe.

MNDb:=92.91: MV:=30.95: MT1:=47.90: MC:=12.01: MN:=[4.01: MFe:=33.83:
# the Nb,V and Ti contents(wt% ) in the steel.

X0lwt:=0.18: X02wt:=0.21: X03wt:=0.0: COwt:=0.57: NOwt:=0.018:

# [nput the desired reheat temperature.



7
8)
9)
10)

L1

26)
27
28)

29)

T:=1200+273;

# solubility product( in wt%) of NbC, VC and TiC respectively.
KClwt:=1074.37-9290/T);

KC2wt:=1076.72-9500/T);

KC3wt:=107(2.75-7500/T),

# solubility product( in wt%) of NbN, VN, and TiN respectively.

KN lwt:=104(4.04-10230/T);
KN2wt:=10%(3.46-8330/T);
KN3wt:=104(0.322-8000/T);

# convert solubility product from wt% into at%.
KC L:=(MFe/ 1002 2/(MNb*MC*KC L wt:
KC2:=(MFe/ 1001 2/(MV*MC)*KC2wt:
KC3:=(MFe/100)A2/(MTi*MO)*KC3wt;
KN l:=(MFe/ 10012 2/(MNDb*MN*KN [wt:
KN2:=(MFe/100)A2/(MV*MN)*KN2wt;
KN3:=(MFe/ 100" 2/(MTi*MN)*KN3wt:
# convert wt% into at%.
CO:=COwt*MFe/(100*MC);
NO:=NOwt*MFe/( [00*MN);
X01:=X01wt*MPFe/( LOO*MNDb):
X02:=X02wt*MFe/(100*MV):

X03:=X03wt*MFe/( L00*MT1).

(38

# f is the molar fraction of carbonitride. y and fN are the atomic fractions of carbon
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and nitrogen respectively in the interstitial lattice of the complex conbonitride. Cs

and Ns are the atomic fractions of carbon and nitrogen respectively in solution in

austenite.

Eql:=f=(CO+NQ-Cs-Ns)/(1-2*(Cs+Ns});

Eq:=y=(CO-(1-2*f)*Cs)/[;

subs( f=(CO+NO-Cs-Ns)/(1-2*Cs-2*Ns),Eq2); simplify(%);

Eq3:=1-y=(NO-( l-2*[)*Ns)/f;

subs( f=(CO+NO-Cs-Ns)/( 1-2*Cs-2*Ns),Eq3); simplify(%);
Eqd:=Cs=y/(XOU(KCL#(1-2*f+£*(Cs/KC 1 +Ns/KN 1))+ X02/(KC2*(1-2*f
+#(Cs/KC2+Ns/KN2)))+X03/(KC3*( [ -2*t+£*(Cs/KC3+Ns/KN3)))):
Eq6:=subs(f=(CO+NO-Cs-Ns)/(1-2*Cs-2*¥Ns),y =-(-CO+2*CO*Ns+Cs-
2*Cs*NO)/(CO+NO-Cs-Ns}, -y = (NO-2#Cs*NQ-Ns+2*C0*Ns 1/(CO+NO-Cs-
Ns).Eq4):

Eq3:=Ns=( -y (X0 U/(KNL*( [-2*#£4+0%(Cs/KC [+Ns/KN [)))+X02/(KN2*( 1 -2*F
+H*(Cs/KC2+Ns/KN2)) )+ X03/( KN3*( 1-2*f+*(Cs/KC3+Ns/KN3 ).
Eq7:=subs(f=(CO+NQ-Cs-Ns)/( 1 -2*Cs-2*Ns),y =-(-CO+2*CO*Ns+Cs-
2#Cs*NOY/(CO+NO-Cs-Ns),(1-y) = (NO-2*Cs*NO-Ns+2*CO*Ns)/(CO+NO-Cs-
Ns).Eq3);

# Solve Eq.6 and 7 to get the Cs and Ns and other parameters.
solution2:=fsolve( { Eq6,Eq7},{Cs.Ns}.{Cs=0..1 .Ns=0..1 }); assign(%);
f=(CO+NO-Cs-Ns)/(1-2*(Cs+Ns)); assign(%):

y =-(-CO+2*CO*Ns+Cs-2*Cs*NO)/(CO+NO-Cs-Ns): assign(%):

1-y = (NO-2*Cs*NO-Ns+2*C0*Ns)/(CO+NO-Cs-Ns); assign(%):



# X1, X2, X3 is the atomic fraction of Nb,V,Ti in austenite.

X 1:=X01/(1-2*f+£*(Cs/KC [+Ns/KN1)):
X2:=X02/(1-2*t+*(Cs/KC2+Ns/KN2));
X3:=X03/(1-2*f+*(Cs/KC3+Ns/KN3));

#£1. £2, £3 is the atomic fraction of Nb,V, Ti in the substitutional lattice.
f1:=(X01-(1-2*D*X1)WE;

f2:=(X02-(1-2*0)*X2)/f;

£3:=(X03-(1-2*H*X3)/t;

# X1wt, X2wt, X3wt are the weight percent of Nb, V, Ti in austenite.
X1w=X1*100*MNb/MFe:

X2w=X2*100*MV/MFe:

X3wt=X3*100*Ti/MFe:

# Cswt, Nswt are the weight percent of C, N in solution.
Cswt:=Cs*100*MC/MFe;

Nswt:=Ns*100*VMIN/MFe:

#Reset the variables for next calculation.

unassign('f,'y".'Cs''Ns");

unassign('CO".'NO','X01","X02",'X03":;

unassign('KC 1 KNTKC2 VKN 'KC3','’KN3"):

140
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Appendix B. Calculation of Precipitate Evolution during

Induction Heating

The calculation of precipitate dissolution and coarsening is based on a numerical
method. The continuous heating cycle has been sectioned into a number of smail
intervals. [sothermal condition is assumed in each interval. The change of precipitate size
is recorded and upgraded in cach interval by the rule of additivity. The dissolution-
coarsening model has been discussed in §4.5.

Dissolution should stop when equilibrium solubility is reached. The volume fraction
change following precipitate dissolution is monitored during each step of the calculation.
so that the equilibrium solubility is not exceeded.

The precipitates measured in the as-rolled or as-preheated condition have been used
as the initial precipitate size distribution. More than 300 precipitate diameters have been
input for a calculation. The size of each precipitate is tracked at each step of the
calculation. therefore. the precipitate size distribution can be obtained. The starting
temperature is 720°C tor [34INb and 700°C for {541VTi. According to the solubility
calculations. the maximum volume fractions of precipitate are obtained at these
temperatures.

The following program has been used for [541Nb. [t is written in Turing language.
This is a small, simple and user-friendly software developed by the University of

Toronto.
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|} % Composition of the steel (1341Nb)
N const NbO:real:=0.036
3 const CO:real;=0.40

4) const NO:real:=0.005

5) % reheat temperature and temperature for starting calculation.
6) vitr Vrehear:reul % reheart rate(C/sec)
7 var Troreal:=700+273. % assume it is the room temp.

8) const TO:real:=720+273. % wemp. for starting calc.

9 var Treheat:real:=1260+273. % reheat temp.

10) % Materials constants

[1)  const MNbireal:=92.91 % atomic weight of Nb

12)  const MC:real:=14.01 % atomic weight of N

13)  const MNireal:=12.01 % atomic weight of C

[4)  const Rireal:=8.314

[5)  const gammaFe:=8.0 % density of Fe(austenite)

16)  const gammaNbC:=7.84

17)  const gammaNbN:=8.4!

18)  Variables for calculations.

19}  var Nbswt,Cswt.Nswtireal % Nb/C/N content in solution
200 wvarxreal % atomic traction of C in ppt.

21)  var Nbppt. Cppt. Nppt:real % Nb/C/N content in ppt

22)  var tNbC. ENbN:real % volume traction of NbC and NbN

23)  vurstep:real % step by step integration.
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36)
37N
38)
39)
40)
41)
42)
43)
44)
45)

46)

var fQ:real % volume fraction of NbCN at room temp.

var CNbi, CNbm :real % Nb conc. at interphase, matrix and ppt.

var CNbppt:=MNb/(MNb+MN/2+MC/2) %1/2 1s used for simplification.

var D:real % Diftusion coetficient of V in austenite.
var f:real % volume fraction of NbCN.
var k:real % supersaturation ratio

var Tireal:=TO % Tr:room temperature.

% Input experimental data. All the data are saved in ftile "TAS 154 INb.txt".

% This file should be saved in the folder where Turing is saved (C:\winoot\).

var fileName:string:="AS 154 INb.txt"
var tileNo:int % used for the opened file.
var N:int:=440
var r, r0. r_tmp:array 1..N of real % r_tmp used for save r(i) values.
vir rO_sum:real:=0
% it is assumed that /fo=(rIA3+23+. )/(rO 1A 3+10273+...)
% rO_sum ts used to save (r0123+00273+...)
open: fileNo. fileName, get
fori:l.N

%eexit when eof

get : fileNo, rO(1)

tQ(i):=c0(i)/ 10**7

r(i):=r0(1)

r0_sum:=r0_sum+r(i)**3

43
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4N end for

48)  close: fileNo

49) % Solve equation for equilibrium solubility of Nb. Bisection method is used to
calculate the results. The initial value of [Nbjsol (NbLeft and NbRight) are
assumed to start the calculation. The required range of error is Epsilon<=0.00001.

30) tunction Sol_Nb(var T:real):real

51y  var NbLeft, NbRight, Z:real %Z is required for the iteration method.

52)  var Epsilon:reai:=0.000001

33)  var Coeff0,Coetfl,Coeff2,Coeff3.Coeff4:real

54)  NbLeft:=0.0

55)  NbRight:=Nb0

56)  var KNbC,KNbN:real % solubility product of NbC/NbN

57y KNbC:=10**%(4.37-9290/T) % log[Nb][C]=4.37-9290/T

58)  KNbN:=10**(4.04-10230/T) % log[Nb|[N]=4.04-10230/T

39)  Coetfd:=-MN*MC

60)  Coetf3:=2*Nb0*MN*MC-CO*MC*MNb-NO*MN*MNb

61)  Coeff2:=MNb*MN*KNbN+NO*Nb0*MN*MNb-

NbO*Nb0*MC*MN+MNb*MC*KNbC+C0*Nb0*MC*MNDb
62)  Coeff[:=NO*KNbC*MNb*MNb-KNbN*NbO*MN*MNb-
NbO*MNb*MC*KNbC+CO*KNbN*MNb*MNb
63)  Coeff0:=-KNbC*KNbN*MNb*MNb
64) % Start Calculation

65) loop



66)

67)

68)
69)
70)
71)
72)
73)
14)
75)
76)
7
78)
79)
30)
8D
82)
33)
84)
85)
86)

87)
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Nbswt:=(NbLeft+NbRight)/2
Z:=Nbswt**4*Coeff4+Nbswt**3*Coeff3+Nbswt**2*Coef2+Nbswt*Coeff1
+Coett0
exit when ubs(NbRight-Nbswt)<=Epsilon
if Z<0 then
NbLeft:=Nbswt
else
NbRight:=Nbswt
end if
end loop
result Nbswt
end Sol_Nb
% Calculate equilibrium volume fraction
function Vol_Fract(var T:real):real
viar Nbswt:=Sol_Nb(T)
x:=Nbswt*C0* MNb/(MNb*KNbC+Nbswt*(Nb{-Nbswt)*MN)
Nbppt:=NbO-Nbswt
Cppt:=x*Nbppt*MN/MNDb
Nppt:=( 1-x)*(Nb0-Nbswt)*MC/MNb
tNbC:=Cppt*( I+MNb/MC)*gummaFe/gammaNbC
fNbN:=Nppt*( | +MNb/MN)*gummaFe/gammaNbN
result INbC+INDN

end Vol _Fract



88)
39)
90)
91)
92)
93)
94)
95)
96)
97N
98)
99)
100)
101)
102)
103)
104}
105)
106)
107}
L08)
109)

L1O)

% calculate the supersaturation ratio, k.

function SatuRatio(var T:real):real
CNbi:=Sol_Nb(T)
CNbm:=Sal_Nb(Tr)
k:=2*(CNbi-CNbm)/(CNbppt-CNbi)
result k

end SatuRatio

% calculate diffusion rate, D.
function Diffusion(var T:real): real
D:=530%exp(-344600/(R*T))

result D

end Diffusion

% Precipitate dissolution during heating (and holding).

t0:=Vol_Fract(Tr)
var time_diss, t_hold, t_held:real
var r_sum:reai
t_hold:real:=60
put "holding time=". t_hold
var count:int:=0
varkl, DI, tl:real
loop
kl:=SatuRatio(T)

D!:=Diffusion(T}
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LLL)
112)
113)
L14)
113)
L16)
LL7)
L18)
119)

120)

124)
125)
126)
127)
128)
129)
130)
131)
132)

133)

f1:=Vol_Fract(T)
r_sum:=0
if T<=870+273 then
Vreeheat:=21
elsif T<Treheat then
Vreheat:=10
else
Vreheat:=0
end if
if T<=1000 then
step:=0.1
elsif T<=1200 then
step:=0.1
else
step:=0.01
end if
T:=T+Vreheat*step
%exit when T>Treheat
if T>=Treheat then
T:=Treheat
count:=count+l

t_held:=count*step

exit when t_held>=t_hold

147



134)
135)

L136)
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end if
fori:l..N
%N value should not be changed in all the calculation. otherwise the
equation lose its meaning. [n another word, the application of equation
fv/fvo=(r/ro)*3 depends on the prerequisite, i.e.. N is constant.
r_tmp(i):=r(i)
if r(1)>0 then
time_diss:=r(i)**2/(k[*D1)
if time_diss>step then
r(1):=sqre(r(1)**2-k [ *D 1 *step)
else
r(i):=0
end if
end it
end for
fori:[.N
if e(1)>0 then
r_sume=r_sum-+r(i)**3
end if
end for
£:=f0*(r_sum/r0_sum)
if ( T>=Treheat and f<f1 ) then

put "dissolution complete. t=".t_held



153)
156)
157)
158)
159)
160)
161)
162)
163)
164)
165)
166)
167)
168)
169)
170)
171)
172)
173)
174)
173)
176)
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exit
end if
fori:1..N
if f<f1 then
Tot:=t0*( [-(rO{1y**3-r(1)**3)/r0_sum)
r(i):=r_tmp(i)
end if
end for
end loop
put "T=".T-273
% Precipitate coarsening during holding.
const int_erg:=.5/10%*7 %j/emA2
viar V_NbCN. Nb_mol:real
vir V_aust:=7. 1 %cm”3/mol
var delta_r:array L..N of real
var r_mean:real
V_NbCN:=x*[3.5+(1-x}*12.7 %cm”3/mol
Nb_mol:=Sol_Nb(Treheuat)*33.6/92.9 %mole conc.
var D_Nb:read
D_Nb:=Diffusion(Treheat) % in cm”2
var count_N:int
var surn_rireal

if T>=Treheat and t_held<t_hold then =~ % coarsening happens.



178)
179)
180)
181)
182)
183)
184)
185)
186)
I187)
188)
189)
190)
191)

192)

193)
194)
195)
196)
197)
198)

199)

loop
sum_r:=0
count_N:=0
fori:l.N
if ri1)>0 then
count_N:=count_N+1
sum_ri=sum_r+c(i)
end if
end tor

r_mean:=sum_t/counti_N
t_held:=t_held-+step
exit when t_held>=t_hold
fori:l.N
if r(1)>0 then
delta_r(i):=2*int_erg*D*(V_NbCN**2)*Nb_mol/(R*Treheat*r(i))
*(1/r_mean-1/r(i))*step
r(t):=r(i)+delta_r(i)
if r(i)<0 then
r(i):=0
end if
end if
end for

end loop



end if
fori:l..N

Toput "r(".1.")="r(1}* LO**T
end for
put "f="f, " t0=", {0
% Set group number and span
var M:=30 % number of groups
var grp:array [..M of real
var grp_spancreal:=2.5 % span between groups
fori:1.M

grp(i):=0.
end for
% Determine Number of precipitates left after dissolution and coarsening
var N_eft:=0
fori:l..N

if r(1)>0 then

N_ctf:=N_eff+1

end if
end for
put "N_eff=".N_eff
% Determine mean precipitate sizes after dissolution and coarsening
var sum_r3:real:=0.

var r_avg:real



fori:1..N
if r(1)>0 then
sum_r3:=sum_r3+r(i)
end if
end for
r_avg:=sum_r3/N_ett
put "r_aveg=".r_avg*|0**7:8:2
% Determine standard deviation of precipitate sizes.
var sum_r2:real:=0.
var r_stdev:real
fori:1..N
exit when i>N_ett
if r(i)>0 then
sum_r2:=sum_r2+(r(i)-r_avg)**2
end if
end for
r_stdev:=sqrt(sum_r2/(N_eff-1))
put "r_stdev=". r_stdev*{0**7:8:1
% Calculate precipitate size distribution.
fori:l..N
forj:1.M
if r(iy>(j-1y*grp_span/10¥*7 and r(i)<=j*grp_span/10**7 then

grp(j):=grp(H+1

(A%



end if
end for
end for
var frq:array 1..M of real
var grp_size:array 1..M of real
var sum_r_frq:real:=0
var r_eq:real
put” d"." "."Frequency”
fori:1.M
frqqi):=grptiy/N_eft
grp_size(i):=(i-1/2)*grp_span
put 2*grp_size(i):3." ", frg(i)
if frq(i)>0 then
sum_r_frq:=sum_r_{rq+ grp_size(i)/10**7)*trq(i)
end if
end tor
% Calculate equivalent precipitate sizes and critical grain sizes
r_eq:=(r_avg**+r_stdev**2)sum_r_frq
put "r_eq=".r_eq*10**7:8:2
var Re. Re_old:real
Re:=4/9*r_eq/t
Re_old:=4/9*r_avg/f

put "De=", 2#Rc*10**6. " ". "Dc_old=". 2¥Rec_old*10**6



Appendix C. Calculation of Grain Growth during Induction Heating

This model was suggested by Anderson and Grong (1995). The basic assumption of
this model is grain growth of C-Mn steels with precipitate pinning. The constants for
grain growth of C-Mn steels have been used for this calculation. The critical grain size is
calculated from precipitate evolution, which has been shown in the previous section.
Numerical integration has been used for this calculation.

The following program is written in Turing language.

b var Q_app:=224000 % apparent energy for grain growth of C-Mn steel.
2) const n:=2 %Grain growth constant of C-Mn steel.

3) const R:=8.314

4) var M_starzreal:=exp(In{2.14)+10*In(10}} %the constant in Equation 2.30.
5) var T:real:=700+273. % starting temperature.

6) var Treheat:=1000+273.

N var Vreheat:real

8) var count:int:={)

9) var t_held, t_hold:real

10) t_hold:real:=60

D var step:=0.01 % time interval 0.01s

12)  var R_intreal:=0. % the right side of Equation 2.30.

13)  varg_sizemreal

4)  var D_lim:real:=[35.2 % critical grain size calculated from the previous program.

[5)  varg_diarreal:=0.



30)
31)
32)
33)
34)
35)
36)
37)

38)

var L_int:real:=0. % the left side ot Equation 2.30.

% Start calculation.
% calculate the right side of Equation 2.30.
loop
if T<=870+273 then
Vrehear:=12.5
elsif T<Treheat then
Vrehear:=2.5
else
Vreheat:=0
end if
T:=T+Vreheat*step
it T>=Treheat then
count:=count+l
t_held:=count*step
exit when t_held>=t_hold
end if
R_int:=R_int+exp(-Q_upp/R/T)*step
g_size:=M_star*R_int
end loop
% calculate the left side of Equation 2.30.
loop

g_dia:=g_dia+(step/10)

¥



exit when g_dia>=D_lim

exit when g_size<=L_int

L_int:=L _int+(step/ 10)/( l/g_dia-1/D_lim)**(n-1)
end loop

put "g_dia=".g_dia
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Appendix D. Chemical Driving Force for Precipitation of

(Ti,V)(C,N) Type Carbonitrides

It is assumed that (TiV . J(C,N,.,) precipitates are in equilibrium with the austenite.
The free energy change (AG) associated with the formation of f mole of (Ti V. (C,N\.y)
precipitates in one mole of austenite matrix is given by:

l l-y—=

el 2 CP
Gl + G

-~

AG = f(i:—a"n + ;"65 +

9 <

[E%)

+(I-f)XLGEL +X1GL + XLGL + XLGL +X1.GL)

~(X"GI +X'GT +X°G7 +XGT +X0GL) [C.1]
where G". G’. G! ure the partial free energy of element i (i = Ti. V. C. N and Fe) in
precipitates, the remaining austenite and the original matrix, respectively. X' and X! are

the mole fraction of element i in the remaining and original austenite. The equilibrium

between austenite and the precipitates gives the following equalities:

Gh =G

™.

G =G! G.=G! G%=GI [C.2]

=

where G7 indicates the partial free energy of element i in the austenite which is at
equilibrium with the precipitates. Further more, the mass balances for Ti. V, C, N and Fe
yield:

fx

X5 =—+(1-DXF, [C.3a]

U
Xy =

29 i-nxe (C.3b]



. fi s
X" =7y+u-nxg [C.3c}

XY = m;y’ (1-)XY, [C.4d]

Substituting Equations C.4 and C.3 into Equation C.2 gives:

<

— =, L. — = .
AGz—ét’x(G.}ll -GR)+—t(l-x)GY —G.{.}+éyt((}{ -G!)

L= pE@T -G+ X0 G -GL )+ X" (G -GT )

+XNGL -G+ XAGL -G+ X0L(GL -G/ [C.5]
Since the molar fractions of the nuclei are very small. it is reasonable to assume that

G! =G/ . Also considering that G,="G, + RTIna,, Equation C.5 cun be rewritten as:

af " ’
ﬁ_it In ( )+ l t(l-'()ln(—H-ltvln(‘1 )+lt'{l—,
RT 2 dT'l 2 tlz; 2 ‘1(' 2 u:-’

where "G, is the free energy of one mole of element i. af and a’ arc the activities of
the element in the austenite at equilibrium and in the original matrix. respectively.

[f we consider the austenite as a dilute solid solution. the free energy change that
accompanies the formation of a unit volume of (Ti,V.:)(C,N).y) nuclei from the austenite

can be expressed as:

AG, ., =— RT {t[nx +(l—x)inx—:+y1nxﬁ +(l-y]lnX;'} [C.T1
‘ 2V XY . X
Ti v C N

where X° and X! are the equilibrium and bulk concentrations of element i in austenite.

respectively. Vi, is molar volume of the precipitates. which can be calculated by:

v o=_2¢ [C.8]
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where Ny is Avogadro’s constant and i, is the lattice parameter of the precipitates, which
depends on the detailed composition of the nucleus. To accommodate this vanation, it is
assumed that the lattice parameter of mixed carbonitride is proportional to the mole
fraction of each binary compound according to the law of mixture; that is:

a, =Xydge F(I=xlyaye +x(1-y)agy +(I=x)l-y)ayy [C.9]
where aric, ave, atin and ayn are the lattice parameters of TiC. VC. TiN and VN,

respectivey. Their values are given in Table 2.3.
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Appendix E. Calculation of Strain-induced Precipitation

The calculation of strain-induced precipitation is based on classic nucleation theory,
which has been discussed in details in Section 6.4. The solubilities at reheat and deform-
ation temperatures are calculated first. Chemical driving force. intertacial energy, and
elastic energy when nucleating on dislocations are then calculated. Nucleation rate is then
calculated based on classic nucleation theory. The transformation fraction of precipitates
1s calculated by the Johnson-Mehl equation.

The following program is written with Maple V for precipitation of Nb(C.N) in

154 1Nb.

1) # materials constants.

) MNbB:=92.91: MC:=12.01: MN:=[4.01: MFe:=33.85:
3) #Regular solution parameter LCN and gas constant R
4) LCN:=-4260: R:=8.314:

3) Avogadro:=6.023% [0"23:

6) Latt_Aust:=2.86*10°-10): Latt_NbC:=4.47*107(-10):
7 Latt_NbN:=4.39*10~(-10): Burg_Vect:=2.5%104(-10):
8) [nt_Erg:=0.30:

9) Boltzmann:=1.38*10~(-23):

10) Sigh_Disl:=0.4:

L)  #the Nb,V and Ti composition(wt%) in the steel.

12)  NbOwt:=0.036: gammaFe:=8.0: COwt:=0.40: NOwt:=0.005:



13)
14)
5)
16)
17)

18)

32)

33)

# convert wi% 1nto at%.
CO:=COwt*MFe/(100*MC):

NO:=NOwt*MFe/( L0O0*MN):
Nb0:=NbOwt*MFe/(100*MND):
gammaNbC:=7.84: gammaNbN:=8.41:
Tr:=1200+273: Td:=1100+273:

stress:=240% 1076: # from the stress-strain curves
# the reheat temperature.

T:=Tr+273:

# solubility product( in wt%) ot NbC.
KNbCwt:=10M+4.37-9290/Tr):

# solubility product( in wt%) of NbN.
KNbNwt:=1074.04-10230/Tr):

# convert solubility product from wt% into at%.
KNbC:=(MFe/100)*2/(MNb*MC)*KNbCwt:
KNbN:=(MFe/100)*2/(MNb* MN)*KNbNwt;
Coeffd:=-MN*MC:
Coeff3:=2*Nb0*MN*MC-CO*MC*MNb-NO*MN*MNb:

Coeff2:=MNb*MN*KNbN+NO*Nb0*MN*MNb-

NbO*NbO*MC* MN+MNb*MC*KNbC+CO*Nb0*MC*MNb:

Coeff1:=NO*KNbC*MNb*MNb-KNbN*NbO*MN*MNb-

NbO*MNb*MC*KNbC+CO*KNbN*MNb*MNb:

Coeff0:=-KNbC*KNbN*MNb*MNb:

161



34)

35)
36)
N
38)
39)
40)
41)
42)
43)
44)
45)

46)

Eq:=Coeff4*Nbswt 4+Coeff3*NbswtA3+Coeff2*Nbswt 2+Coeff] *Nbswt+
Coeff0=0;

solution:=fsolve({ Eq}.{Nbswt},{Nbswt=0..Nb0 }};

assign(%);
X:=Nbswt*CO*MNb/(MNb*KNbC+Nbswt*(NbO-Nbswi}*MN);
Nbppt:=Nb0-Nbswt;

Cppt:=x*Nbppt* MN/MNb:

Cswi:=C0-Cppt:

Nppt:=(1-x)*(NbO-Nbswt)* MC/MNb:

Nswt:=NO-Nppt:

ENbC:=Cppt*( [ +MNb/MC)*gammaFe/gammaNbC:
INDbN:=Nppt*( | +MNb/MN)*gammaFe/gammuaNbN:
t:=tNbC+tNbN:

X_NbO:=Nbswt:

X_NO:=Nswt:

Xr=x:

unassign('f.’x".'xr’'Cppt’.'Cswt', Nppt'. Nswt'. INbC','f{NbN"):
unassign(‘Coettd'.'Coeft3'.'Coeft2''Coeffl'.'Coetf0"):
unassign('KNbC'KNbN', Nbswt','Nbppt"):

# Calculate again for the solubility at deformation temperature.
unassign('f’.’x".'v'".'Nbs','Ceq’, Neq'. Nbswt'.'Nswt'};
KNbCwt:=10"4.37-9290/Td);

# solubility product( in wt%) of NbN.



63)

64)

63)

66)
67)
68)
69)
70)
71)
72)
73)
74)

73)
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KNbNwt:=10/(4.04-10230/Td);

# convert solubility product from wt% into at%.

KNbC:=(MFe/ 100)*2/(MNb*MC)*KNbCwt;
KNbN:=(MFe/100)*2/(MNb*MN)*KNbNwt;

Coetfd:=-MN*MC;
Coeft3:=2*Nb0*MN*MC-CO*MC*MNb-NO*MN*MNb;
Coetf2:=MNb*MN*KNbN+NO*Nb0*MN*MNb-NbO*NbO*MC*MN+
MNb*MC*KNbC+CO*NbO*MC*MNb;
Coeltf1:=NO*KNbC*MNb*MNb-KNbN*Nb0*MN*MNb-NbO*MNb*MC*KNbC
+CO*KNbN*MNb*MNb;

Coeff0:=-KNbC*KNbN*MNb*MNb;

Eq:=Coeftd4*Nbswt 4+Coeff3*Nbswt*3+Coetf2*Nbswt 2+Coeff 1 *Nbswi+
Coeft0=0;

solution:=fsolve({ Eq},{ Nbswt},{ Nbswt=0..Nb0 });

assign(%);

x:=Nbswt*C0* MNb/(MNb* KNbC+Nbswt*(NbO-Nbswt)*MN):
Nbppt:=Nb0-Nbswt;

Cppt:=x*Nbppt*MN/MNb;

Cswt:=C0-Cppt:

Nppt:=( 1-x)*(NbO-Nbswt)*MC/MNb:

Nswt:=NO-Nppt:

ENbC:=Cppt*( |+MNb/MC)*gammaFe/gammaNbC:

fNbN:=Nppt*( | +MNb/MN)*gammaFe/gammaNbN:



76)
17)
18)
79)

80)

81)

82)

83)
84)
85)
86)
87
38)
89)
90)
9D
92)
93)
94)
95)

96)
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f:=fNbC+tNbN:

X_Nbe:=Nbswt:

X_Ne:=Nswt:;

X=X

# diffusion. Assume the diffusion the controlled by the slowest microalloying
element, i.e. Nb.

Diff_Nb:=492*[0"(-6)*exp(-285000/(R*Td));

#concentration. Asume the concentration is only dependent on the concentration
ot the lowest microalloying element. Ti in this case.
X_Nbp:=MNb/(MNb+MN):

# lattice of NbCN

Latt_NbCN:=(Latt_NbC+Latt_NbN)/2:
Atom_Vol:=(Latt_NbCN*3/8:
Mol_Vol:=Avogadro*Latt_NbCNA3/8:
Shear_Mod:=0.35*(12.6-0.007*(Td-1013))* 0" 10;

#chemical driving force
Gv:=R*Td/(2*Mol_Vol)*(In{X_Nbe/X_NbO)+In(X_Ne/X_NO)):
#elastic energy

Ge:=0.4*Shear_Mod*Burg_Vect*2*r:
#Ge:=Shear_Mod*Burg_Vect"2*r*(In(2*r/(2* [0A(-10)))/(2*P1)+1/5);
# interfacial energy

Gi:=4*Pi*r"2*Int_Erg;

#Driving torce when nucleating on dislocation or homogeneous nucleation.



113)

L14)

L135)
Li6)

LL7)

Delta_G:=4*Pi/3*r"3*Gv+4*Pi*r*2*Int_Erg-Ge:
Delta_Gh:=4#Pi/3*r*3*Gv+4*Pi*1"2*Int_Erg;
Deriv:=diff(Delta_G,r);

plot({4*Pi/3*r*3*Gv 4*Pi*r"2*Int_Erg,-Ge},r=0..10* [0A(-10));
plot({ Delta_G.Delta_Gh}.r=0..5* 10A(-10));

plot({Gv,Ge,Gil);

fsolve(Deriv=0.|r=107(-10)..10*10*(-10)});

ussign( %);

Delta_Gv:=4*Pi*r*3/3*Gv:evalf(%);
#Delta_Ge:=0.4*Shear_Mod*Burg_Vect*2*r:evalf(%):
Delta_Ge:=Shear_Mod*Burg_Vect"2*r*(In(2*r/(2* [0M- 100/ (2*Pi)+1/5);
Delta_Gi:=4*Pi*r*2*Int_Erg:evalf(%):

#dislocation density
Disl_Dens:=(stress/(Burg_Vect*Shear_Mod))*2:

#Zeldovich constant
Zeldovich:=Atom_Vol*GvA2/(8*Pi*sqri(Boltzmann*Td*
(Sigh_Disl*Int_Erg)*3));

#incubation time
Tau_Disl:=64*Boltzmann*Td*(Sigh_Disl*Int_Erg)*3*Latt_Aust*4/(Dift_Nb*
Burg_Vect*2*Atom_Vol*2*GvA4);

#critical nucleation energy
G_Star:=(Delta_Gv-Delta_Ge+Delta_Gi):evalf{%);

#nucleation rate
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[18)
119)

£20)

166

J:=Zeldovich*Disl_Dens*Diff _Nb/Latt_Aust*3*exp(-G_Star/(Boltzmann*Td));
evalf(l);

#supersaturation ratio

Alfar=sqrt(2*( X_Nb0-X_Nbe)/(X_Nbp-X_Nbe)*Diff_Nb);
#volume fraction of precipitate
X_t=l-exp(-4*Pi/3*I*Alfar3*3/5%t1(5/3));

plot(X_t,t=0..50);

# reset the variables tor next calculation
unassign('t.'x'.xr’,'Cppt’.'Cswt''Nppt',Nswt','tINbC"'INbN".'J'):
unassign('Coettd’,'Coeft3’,'Coetf2’,'Coeffl','Coett0"):
unassign('KNbC'."KNbN',' Nbswt'.'Nbppt'):

unassign('f.’x".'y"'Nbeq',' Veq'. Nbeqwt', Ceq’, Neq'.r', Tieqwt'. Neqwt'):
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