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SPHEROIDIZATION OF BINARY IRON-CARBON

ALLOYS OVER A RANGE OF TEMPERATURES
* *k

K. M. Vedula and R. W. Heckel
Abstract

The spheroidization of cementite in binary iron-carbon alloys (0.24,
0.42, and 0.79 weight percent carbon) was investigated over a range of
temperatures (594, 649, and 704°C) for times up to about 106 seconds.
Quantitativé metallography techniques were used to obtain the following
microstructural data on the cementite particles: shape, size distribution,
mean size, number of particles per unit volume, and growth {and shrinkage)
rates of various sizes in the size distribution. The variations of these
microstructural parameters were analyzed in terms of existing models for the
spheroidization process.

The Lifshitz-Wagner analysis is shown to have limited applicability to
the spheroidization of cementite in binary steels, since the required steady-
state size distribution is not attained in times less than about 106 seconds.
An analysis similar to that of Lifshitz and Wagner, but requiring no speci-~
fication of the shape of the size distribution, is shown to aprly and indi-
cates that the observed spheroidization was diffusion-controlled. The effec-
tive diffusion coefficient was between the values for the diffusion of car-
bon and iron in ferrite and approximated the coupled diffusion coefficients

developed by Oriani and Li, Blakely, and Feingold.
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T.  THTRODUCTION

The spheroidization of cermentite in the iron-carbon system has heen con-
sidered nreviously in several theoretical and experimental investigations.
The Lifshitz-Vapner (1-4) theorv nredicts that, when the steadv-state size
distribution of cementite narticles is attained, tlie kinetics mav be de-

scribed bv Eauation 1 or 2:

(i) for c¢iffusion-controlled erowth:

S g T DoV (£ -te)

= 1

o R )
(11) for interface-controlled growtgt ,
-2 =2 T 7 Lo

L2 RT
where:

R is the mean rarticle radius at any tine 't,
/ /
ﬁ, is the mean particle radius at any time, tO’ when steady-state

prowth begins,

O\

is the surface free energy of the interface (assured isotropic),

is the diffusion coefficient,

o
°

is the equilibrium solubility under conditions where all parti-
cles have a radius of curvature of infinity,

is the molar volume of cementite hased on the forrula Fc3C.

is the gas constant,

is the absolute temperature,

is thie reaction constant, and

x:r'-170§<

Bannvh, Modin and Modin (5} were among the first to obtain aquantitative

expecrimental data for the snheroidization of cementite in steel. They de-

iIs the stoichiometric factor (wveipght fraction of solute in particles).
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terrined the mean particle size as a function of snheroidizing time for a
cutectold steel of commercial purity. ié was found to he pronrortional to t
at 700°C, in apreement with the Lifshitz-Wagner (1-4) theorv for diffusion-
controlled growth. At lower temperatures apreement was poor.

lieckel (6) has nresented mathematical modelr, adapted fyom the Lif-
shitz-l'agner theory, for five rate-controllipp mechaniama, Thear modeln
have the advantages of being able to treat any Input abee dintribut jon and,

therefore, require no assunrtion of a steadv-atate istéfbution, Two of

these madels arc given hy Lauations 3 and &:

(1) for diffus.on-"ontrollcd provih (mintmur v4te)

clx.- mﬁ{(.,{x Acﬂ) {AC\J)] 3}

l;\

(i11) for interface-controlled prowth, liwt;vd by the reaction of the
deposition (prowing) interfaces (reaction rate pronortional to
the solute thernodynamic activity gradient across the interface):

c_l_;é . __.[ ZAC )+(-126th(5-))]

Jlgf\

where:

X{ 1is the radius of the particle whose growth rate is being calculated,
Xj is the radius of any of the jth neighbors surrounding the ith,
D 1s the diffusion coefficient,

s: is the density of the second phase,

r{T is the number of second-phase particles per unit volume,

K, is the reaction rate constant, and

[;Céj is the difference betveen the solubilities of the solute in the

natrix adjacent to the ith and jth particles. [;Qi‘ may be




calculated from Eauation 5:

Lo § Ven 2T Ve
A(‘-J = ¢, (CX? é.,—r-ir - erp ?‘_T-? (5)

Heckel and DeGreporio (7) used these models for their study of a bi-
nary Fe - 0.75C steel:spheroidized at 704°C for various times. The diffu-
sion-controlled model (Fquation 3 using the diffusion coefficient for car-

7 cm2/sec]), gave spheroidization rates

bon in ferrite [ D, = 6.75 x 10~
that differed from their experimental da.a by one to two orders of magni-
tude. Since the rates predicted by the interface-controlled growth model
rerresented by Equation 4 (with \<‘ = 2 X 10-S em/sec) nrovided the hest

fit to their data, they concluded that the nrocess was controlled bv the de-
nosition of solute at growing interfaces (the rate being pronortional to

the thermodynamic activitv pradient across the interface).

It has been proposed that the appropriate diffusion coefficient for
spheroidization is not that of the solute in the matrix, but is a zoupled
diffusion coefficient. Oriani (8-9) has considered this problem from a vol-
ume transfer standpoint where the driving forces and resistive drapgs of both

components in the binary system are coupled. le formulated the following

expression for the effective diffusion coefficient for the spheroidization

process:

~0 Ve De D
() - 2 C'Dh Fe

2 2 (6)
VC Dgc + ch(‘ D;Q"f Vp,Dc'V;, “FcDC

where:

th,nc are the concentrarions in ferrite of iron and carbon, respectively,
\k% is the atomic volume of iron in ferrite,

VE is the difference between the volume of one molecule of Fe3C and
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the volume of three atoms of iron in ferrite, and
D&,Bc_ are the diffusion coefficients of iron and carbon in ferrite, re-

spectively.

Li, Elakelv, and Feingold (10) have developed a counled diffusion a-
nalysis which considers composition constraints as well as volume constraints.
Their expression for the effective diffusion coefficient for spheroidiza-

tion of cementite in ferrite matrix is:

LBF- nnb DCVFE _r_\s

Comnarison of the values provided by T'auations 6 and 7 for counlecd diffusion

10 B 10

0 - ¢ -
at 700°C shows that t) = 6.4 x 10 cm2/sec and () =9.2x 10 cm2/sec,

both of which are intermediate between the diffusion cocfficients of carbon

14 cm2/sec (12).

and iron in ferrite (8.7 x W e (11) and 6.3 x 10~
respectively.

Airev, Hughes, and Mehl (13) investigated 0.15C steels with various
alloving clements. Their data were plotted in acccrdance with the Lifshitz-
Vapner (1-4) analysis assuming diffusion control, and reasonable agreement
was found. Their calculated & values, using‘DFeF and Fquation 1, reached
unlikely high values at low srheroidization temperatures, and abnormally
low values for some alloy steels.,

The above mentioned studies provide a variety of experimental data, ana-
lytical models, and conclusions to the mechanism of spheroidization in steels.
Many factors may have contributed to the inconsistencv in conclusions, Ex-
rerimentally, the purity of steels used has not alwavs been high and data

have not always been obtained over large ranges of temperature, carbon con-

centration and time., In the treatment of their data, investigators have



generally applied only a single method of data analysis. The oresent study
was designed to overcome these drawbacks. Fxtensive data were obtained for
relatively large ranges of temperature, carbon concentration and time.
Pure iron-carbon steels were used and the data were analyzed in terms of
Lifshitz-Yagner theory (1-4), the adaption of the Lifshitz-Wagner theory
used previously by Heckel and DeGregorio (6,7), and a newly-developed method.
Values'of diffusion coefficients ohtained from the analyses of Oriani (8,9)
and L1, Blakely, and Feingold (10) have been used in the mathematical models
for diffusion-controlled spheroidization along with diffusion coefficients
for iron and carbon in ferrite. The results of all of these analyses have
been compared to the experimental data in order to develop an understanding
of the spheroidization mechanism and to resolve some of the controversyv that

currently exists in the literature.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A, Materials
The steels used in the present investigation were obtained in the form
of 1/2 inch diameter, vacuum-melted, chill-cast, laboratory ingots. Composi-
tions of the three steels used are given in Table I. Consistency in the

spheroidization data indicated that the impurity levels were low enough to

consider these steels as binury Fe-C alloys.

B. Heat Treatment

The ingots wcre cut into sliczs (about 1/8 inch thick) and mounted on

steel wires in preparation for austenitizing, quenching, and spheroidizing.

Table II lists the heat treatments given.




C. Ouantitative Metallography
Photomicrogranrhs were taken at 1000X and enlarged to about 3000X to

facilitate accurate particle measurements, Figure 1 illustrates the tyre

of structure observed for the Fe - 0.79C steel sphercidized at 704°C for
various times. Cementite particle size distributions for each svecimen were
obtained by using the Deloff (14) analysis for ellipsoids of revolution of
constant shape. The major and minor axes, for the best fittinp ellipse, for
each narticle observed on the rhotomicrogranh, were measured and grouped inte
size classes. Dctween 500 and 1500 particles were neasured in the determina-
tion of each size distribution. This random plane size distribution of par-

ticles was converted to a volume size distribution using Equation 8:

.S
N T }_ n; A0 (®)
=y
where:
NS are the nunber of particles in the jth size class per unit volume,
k 1s the number of size classes,
k(q) is the shape factor, a function of q'-‘-BJ /AJ ,
f\'f3' are the major and minor axes of the ellipsoid of revolution,
resnectively,
A 1s the size class increment,
N are the number of particles in the ith size class per unit area, and
/3(5,{) are the Saltykov coefficients (14).
The volume fraction of cementite.V& » and the total cementite:ferrite sur-

face area per unit volume, 51—, mav be obtained from the size distribution

data using Equations 9 through 12:

k
, 2
V+ (oblate) =)Z‘ N; - 1% (A;) (8;) (9)
Vy (prolute) = ‘i‘ Ni- 7 (A;) (8 (1n)
JZ




S (oblote) = ZN ["(A‘) “(B“fh el (1)
St (prolate) = ZNJ["“J"q- 18ME8'e] a»

where: . [(Aj) "(33) l’l
(4;)
The annropriate value of ¢ and the varticle shape (oblate or pro-

late) were determined by comparing VT and ST values obtained from Faua-
tions 9 through 12 to values obcained by size and shape insensitive tech-
nicues. Point counting and lever rule calculations were used to obtain Vr

The Swith and Guttman technique (15) was used to obtain 51 3

Sy =2 N (13)

where NL is the number of intercepts of cementitc:ferrite interface per
unit length of test line. An oblate shape with the q values given in Table 111
sras found to give tre best agreement between VT and S-,- values obtained from
Eouations 9 through 12 and values obtained bv the size and shanc insensitive
technicues nentioned above. Table 11T shows the mean value of q to he
0.73 with no systematic variation with temnerature, time and/or composition.
Typical variations in cementite size distributions (obtained from the Dekoff
analysis (Fquation 8 and q values in Table I1I) as a function of snheroid-
izing time are shown in Figure 2 for the Fe - 0.79C steel spheroidized at
704°C,

The mean particle size for each size class, RJ , the mean overall nar-

ticle size for each specimen, R , and the total number of particles per

unit volume, NT , for each specimen were calculated using Equations 14

through 16:
R;= Z_@.ibi.‘?a (oblate) (14)
k
_ T NR
R i (15)
LN
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Ny= ) N; (26)
3=l
Figure 3 shows the variation of f41- with srheroidizing time for all speci-
mens. Figure 4 gives the variation of (ia —iz) as a function of

( t-t °) where Q. and to are the mean radius and spheroidizing

time for the specimen sphercidized for the shortest time at each temperature.
111. DISCUSSION

A. Analysis of size distribution chanpes with tine

Steadv-state kinetics is olserved, accordine to the Lifshitz-Yagner (1-4)
theory, after a steady-state size distribution of cementite particles is at-
tained. Vauations 1 and 2 describe the steady-statc erowth for diffusion-
controlled and interface-controlled mechanisms. respectively. Vagner (1)
Las piven the shane of the steady-state size distribution curve to be ex-
rected for diffusion-controlled prowth (Ficure 5 - dashed curve).

In the present investigation, experimental size distributior curves of
the tyre shiovn in Figure 2 were normalized for comnarison to this steadv-
state size distribution by dividing each distribution into 12 equal incre-
ments on a scale ofi%/ﬁ.ranging from 0 to 3.0. Fistograms thus obtained
were approximated by continuous curves. Figure 5 shows the normalized ex-
perinental size distribution curves for the Fe - N,79C steel srheroidized
at 704°C, comnared to the predicted steadv-state distritution. Although
the experimental size distributions anrroached the steady-state size distri-
butions with increasing snheroidizing time, steadv-state was not attained
in the range of time covered by the nresent investigation.

Ardell and Nicholson (16) investicated spheroidization of Kl in the

¥i-Al svster and found that the steadv-state size distribution was attained

L
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at very short times. They obtained good agreement with the Lifshitz-V'apner
theory for diffusion-controlled kinetics. Anparently, the Fe-C syster ap-

rroaches steady-state spheroidizatfon much more slowly,

L. Analysis of R vs. t data

The variation of mear radius, ii , with srheroidizing time , t , Was
studied using Fauations 1 and 2 in order to cvaluate their applicabilitv to
size distributions which only approached the steady-state. i;pnd 'to 9
values at the initial stagres of observed spheroidization, were substituted
in Touations 1 and 2 for the values at the onset of steady state, .R.{ and 't:,
Fieure 4 shows the experimentally observed hehavior of (i 3_§3) vs. (‘t‘tg)
for all compositions and temperatures studied. The slopes of the lines are
piven in Table IV. The slones generallv increase with increasing temnerature
and appear to approach 1.00G. Application of Equations 1 and 2 to steady-
state size distributions (using §:, and t: ) should provide a slope of
1.60 for diffusion control and 1.50 for interface-reaction control. The
data of the present investigation supgest a diffusion-controlled mechanism,
vith the deviations of slopes below 1.00 being due to rnon-steadv-state con-
ditions and the arbitrary selection of values for io and tq.

The data points in Figure 4 were used to obtain values corresnonding
to D in Tquation 1, by forcing a slope of 1.00 on them and measuring the
intercepts. Values of d =700 ergs/cmz, V"\= 24.3 cm3 per mole,
R =8.32x 107 erps per mole - K°, 2 = 0.067 and (4 values at dif-
ferent temperatures from the literature (17) were used for the calculation
of [) from the intercept value. Table V lists the calculated values of
‘) . The slope of log D s Xﬁr was not constant and may be attributed

to the non-steady-state kinetics. This will be discussed in further detail

later.

-10-
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C. Analysis of size distribution to pet dl(/&t .

This method of analysis was basically similar to that used hv lleckel
and DeGreporio (7). Fxnerimental size distribution curves were compared as
a function of spheroidizing time to obtain values ofuaﬂut, the growth (or
shrinkage) rate of a given size in the distribution. These experimental
values ofé:{/t.'t. were compared to calculated values obhtained from Cauations
3 and 4. The present study differed from the former (7 in that a) a
series of U (Touation 3) and K, (Fauation 4) values were used in order
to find the value that best fit the data for each of the two models, and
b) the difference in time over which the experimental dx;ldt values were
determined was subdivided into about 100 time increments for the evaluation
of di;/dtl valaes from lLauations 3 and 4. This second change from the
former method of analvsis provided a more continuous variation in the size
distribution over the time range between two exnerimentallv-determined dis-
tritutions. Comparison of experimental and calculated values of dl{ /4t
showed that the size for zero growth rate was alwavs larger for the experi-
rnental rates than for the rates calculated for either diffusion-controlled
or interface-controlled grovth (as also shown bv the rrevious study (7) ).
Tyrical results for the Fe - N.79C steel at 704°C in the present investi-
ration are shoun in Figure 6. The lateral displacement between the exneri-
mental and calculated growth curves is probablv due to errors involved in
obtaining the experimental growth curves (7) and, thus, comparison to cal-
culated curves should be made after shiftinp the exrerimental curves in order
to obtain aligmment of the sizes for zero growth rate., Comparison of the
curves shown in Fipure 6 gives a value of h(\ (for interface-controlled
rrowth) hetwcen 10-4 and 10"5 cn/sec or a value of L (for diffusion-con-

trolled growth) of about 10_7 anlsec. Selection of the anprrorriate rate

-11-




controlling mechanism by noting whether either K. or D was constant with
tire at the snheroidizing temmerature was difficult due to inaccuracy in
shiftine and comnmarison. Tt should bhe noted thouph that the values of D
vere senerally lower than those for diffusion of carbon in ferrite (11)

and the values of '<‘at 704°C are in the ran.,. determined nreviouslv (7).

D. Analysis of NT vs.T data
Fmuations 3 and 4 may be used to calculate tlhie variation ir the total
mmber of narticles nrer unit volume, 541-, as a function of time for com-

narison to the exnerimental data shown in Fipurc 3. This calculation was

bt Gmeq Guey ey O ENE B

accorplished by:
1) dividing an cxperimental size distribution into akout 20 size
classes,
ii) assuming a value of I) (for Fauation 3) or k(| (for Louation 4), “
iii) calculating the change in size of the prarticles in each size class,
AX{ , for time increments, At , which were small compared to
the time between experimental data points (about 100 increments
were used),
iv) continuing step (iii), noting the times at which disarpearance of
the class containing the smallest particles occurred.
In thosec instances where this procedure reduced the numher of size classes
to 5, the size distribution was then reformulated into about 20 classes
and the calculation was continued. The above seauence of sters provided
the data necessary to calculate the chanpe in size distribution and, thus,
the change ir NT with time for any value of D or \<|.
Comnariscn of calculated values of er to the experimental values for

the three steels spheroidized at three temperatures showed that the diffu-

-12~
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sion-controlled prowth model (Equation 3) aprproximated the experimental data
as a function of time with only about an order of magnitude (or less) vari-
atfon in D . The interface-controlled greth model (Fquation 4) generally
reauired a two to three order of magnitude variation in ﬁf. to fit the ex-
rerimentel NT vs. t data. The results of these calculations for the Fe -
€.79C steel spheroidized at 704°C are shown in Fipure 7. The size distri-
bution at 2 x 103 sec (specimen 1A) was used to calculate the decrease in hFr
vith time from both Equation 3 and Fauation 4 with various values of D and
‘<| , respectively. Tt can be seen in Figure 7 that the shape of the dif-
fusion-controlled growth curve with a value of D - 10-7 cmzlsec most closely
aprroximates the experimental er values as a function of time. In addition,
calcutations of NT vs.t based on Eauation 3, but starting wirh later ex-
nerimental distributions (snecimens 3A, S5A, and 6A), also indicate a good
arprroximation of the exverimental values with 10-8(5(10-7 cmzlsec. Thesc
values are in agreement with those obtained fron the él;/Jt analysis dis-
cussed previously and show much less scatter thar the D values from the
d'&;/dt analvsis. Fipure 7 also shows that the curves of NT vs. C
calculated from Faquation 4 do not conform to the shape of the experimental
curves and the point-to-noint fit to the data mav be achieved only after
several orders of magnitude variation of kf| in Feuation 4. A summary of
the "best fit" values of D and 5(‘ at 704°C for borh the Fe - 0.79C steel
(Figure 7) and the Fe - 0.42C steel are presented in Table VI. The values
of U for these steels have aprroximatelv the same magnitude and shov much
less variation with time than the values of K. . The NT vs. T analysis
clearly defines the process to he diffusion-contreolled. A summary of the
“best fit" values of U using the NT vs. L data starting with the short-

ést time size distribution for the three steels spheroidized at three tem-




reratures is epiven in Table VII.

The chanres in size distribution that can he calculated from this DJT
vs. T analvsis pive another justification for the amplicabilitv of this
tvre of analysis to spheroidization data. Figure £ shows the normalized
size distribution curves that were calculated using the diffusfon-controlled
~routh model (Fquation 3) for the Fe - 0.79C steel at 704°C using O = 10-7
cm:/soc and the size distribution at T = 2 x 103 sec (srecimen 1A in
Ficure 7). Tt can bhe seen that the calculated distritutions arrroach the

steadv-state distribution and closely approximate the normalized exrerimen-

tal distributions shown in Fipure 5.

I'. Temperature Denendence

The values of O obtained kv the various methods of analvsis used
in the rresent investigation are summarized as a function of temrerature
in Figurc 9. Values of the diffusion coefficient of carton in ferrite.
T)c (11), the diffusion coefficient of iron in ferrite, i)pe (12), the coupled
(volurme) diffusion coefficient of Oriani, Do (8,9), and the coupled (com-
rosition and volume) diffusion coefficient of Li, Rlakely, and Feingold,
DL‘F (10) are shown for comparison.

It may be seen that the coupled diffusion coefficients accuratelv pre-
dict the temperature dependence of the D values determined by the PJT
V8. 't analvsis. It is expected that the experimental D values should
be somewvhat high, since the model used (6) employs a minimum cross-section-
2] area of the diffusion paths between narticles. Therefore, calculations
using this model would result in experimental [ values that were eone-
vhat large. In addition, the experimental D values were based upon the

spheroidization of the initial size distribution. Table VI and Figure 7

show that there is a tendency for the D values to decrease slightly with

-14-
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time., T1f the effects of the cross-sectional area of the raths and the
long-time ‘) values were incorporated into Fipure 9, the agrecment between
the experimental D values and the coupled D values would be nuch better,
The non-linearity of the plots of D values determined bv the Lif-
shitz-Varner analvsis of the mean particle size shown in Fipure 9 is prob-
ably due to the non-steady-state distribution exhibited by the data. Tt
should be noted that the high-temperature data points define a slore which
aprroached that of the coupled D values and that of the N-; vs. r data.
I'ovever, the derarture from the steadv-state condition at lower temneratures
brings about considerable error in using this analvsis. It is conceivable
that this is the reason that lLanrvh, Modin and 'fodin (5) found that the
Lifshitz-Wagner analysis was not applicable to their data obtained at tem-

peratures helow 700°C.
TV,  SUMUMARY AND CONCLUSIONS

The present investigation provides spheroidizatioa data for cementite
in iron-carbon alloys over ranges of carbon content, temperature, and time.
Fecause of the purity of the binary alloys that were studied, the results
obtained could be compared to the various existing spheroidization models
for binaryv alloys. It may be concluded from this comparison that:

1. The experimentallv-determined size distributions of cementite

particles aprroach the Lifshitz-VWagner steady-state distribu-

tion, but do not reach it in times up to about 106 sec,

[}
.

The R vs. 1 analvsis of spheroidization (Lifshitz-Vagner) may
lead to errors in data analvsis if the departure from the steadv-
state size distritution is large. The departures from the steady-

state size distribution are smallest at the highest sphercidizing

~15-




temperatures and, thus, the errors in using the Lifshitz-Vagner
treatment are lowest in this range of temperature.

3. The mathematical model proposed previouslv (€) provides a means
for analyzing spheroidization data for size distributiors wvhich
are not at steadv-state.

4. Analysis of Flr vs. t data provides similar results with nuch
less data scatter than the method of analvsis of erowth (and
shrinkasc) rates of individual size classes ( dX{ /dt ) (7).

5. The analysis of hLT vs. U data in terms of previously-develored
nodels (6) indicates that the spheroidization of binary iror-
carbon alloys is controlled by lonn-range Jdiffusiorn. The anpro-
rriate diffusion coefficient lies br ween the extremes cf the
diffusion coefficients of iron and carbon in ferrite. A coupled
diffusion coefficlent, of the tvpes pronrosed hty Nriani (2,9)

and Li, DLlakely, and Teincold (10), arvears to be arplicable.
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Table T

Composition of stcels (weight percent)
used in the present investipation

¢ e B St Lo Gu Y o
Fe-0,24C 0.24 is.F. N.F. 0.00X 0,00X 0.008 0.00X 0.00x
Fe-0,42C 0.42 0.002%% (),075%% 0.00X 0.00X 0.00X 0.00x 0.00X
Fe-0,79C 0,79 0.,004%% N Fe 0.022%%0.00x 0.00X 0.00X 0,00X
*combustion

*#yet chemistry

all other elements analyzed by spectrographic analvsis
X.F. - not found by spectrographic analysis
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Table II

Summary of auastenitizing and spheroidizing heat
treatment® conditions used ir the present investigation

oy g emgy  bmey ey ey G

Austenitizing treatment+ Range of sphercidizing times
Temperature Time (sec) at different temperatures
(*c) {min) 704°C 649°C 594°C
T Fe - 0.24C 855 8
. 2x10° 7x10° 2x10*
Fe - 0,42C 815 8 to . to o to .
? 1 x 10 3x 10 1x10
i Fe - 0.79C 755 8
r * All heat treatments carried out in salt baths

+ Austenitizing followed by water quench

ey




Fo

Fe

Fe
Te

Te

Fe
Fe
Fe

n.24C
n.4a2C
0 71°C

N, 24c
n.42c
n,79¢c

Tahle TIT

Values of the axial ratio of ohlate efl1linacids of
revolution, , as a function of steel comnositiorn
and snheroidizing conditions

Time (sec) of spheroidizine at 704°C

]nhn x ,n“

2 x 1"3 I1x 103 20 x lgz 20 x lﬂ1 inr 3_123 20N x 101 350 x [22
» - 0,20C 0,55 0,75 0.85
n.42c N.&N 0.55 n.an a,.7n n.78
n.79C 0,65 0,75 0.75 n.75 n.75 0.05 n. en

Time (sec) of spheroidizing at 649°C

7x10° 2 x100 100 x 10 300 x 36}
0.60 0,60 0.70 n.75
n.€n 0,55 0,70 n.70
nn 0,75 n.95 0.55

Time (sec) of spheroidizing at 594°C

20 x 10> 100 x 10> 200 x 10" 350 x 100 500 x 100 1000 x 10’
0.80 n.60 n.65 n.ss n.60
n.an n,70 n,75 n,90 0.6N
n.on n.75 n.Rn n.€5 n.60 n.70

1.m0
1.0

N, k5

e

e
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Table IV

- =3
Slopes for rliots of log(t =R )vs. lor(t-1,)

(from Fipure 4)

Temperature (C°)

704 659 594
Fe - 0,24C 0.74 0.79 0.86
Fe - 0.42C 0.72 0.68 0.58
Fe -~ 0.79C 1.02 0.85 n.70




Table v

Values of D (cn?Isec) ohtained from R vs.t analvsis

Temperature (C°)

e e e r— & — —

i cao 50
- -Q <0
Fe - 0.24C 1.6x10%  1Rx10" 1.2x0
-8 -9 -0
Fe - 0.42C 1.8 x 10 3.3 x 10 1.5 ¥ 10

- =0 =0
Fe - Nn.70¢C 6.0x 107"  fox10? 30 xan




Table V1

Summarv of values of D (cn’sec) and K (cn/sec)
vhich provide the best fit to the Nyvs, T dara
for the Fe - 0.42C and Fe - N.7%Csteels spheroid{ized

[ — damy umyg g (.

at 704°C. Values are¢ listed according to the

- spheroidizing time of the srecimen used to ahtain
- the experimentallv-determined size distribution
. which was used as the starting noint for the calcula-

tion using Fauatior 3 and Fauation 4,

Values of ]) and ka to pet hest fit
of Nrvs.T starting with exverimental
size distribution obtained at 7n4°C

__after the follovinp times (sec):

[ A |

) 2100 20 x 107 100 x 100 200 x 100

|

Fe-0.42¢| O] 9x10® 2x10% 1 x107%] 1« 107B :
- -6 - .

Fe - n.42¢| K, |400 x 107%) 20 x 1078 3 x 107 a7 x 107F

| |
- s - -8

Fe-0.79¢| D1 10x 10 sx108 3510 1x10 !
- —-F -f -

Fe - 0.79C| K, [600 x 107" [100 x 10710 x 10 1x 107t

e rm - s e —— e —




Tahle VII

Summary of values of D which nrovide the hest fit of Fanation ? to the
NT va. T data for the three steels and three sr.eroidizing terneratures
studied. The experimentallv-determined size distrihutiorn used with
Lquatfon 1 was obhtained from srccirens spheroidized for the shortest
lenpth of time (see Tahle ITT) in order to nravide a fit over the widest

nossible time range.

o
Terperature (°C) _P__ {cm /sec)
Te - N, 240 704 1.5 » m';
Fe - 0.’0?(‘ mn4 0 v ]ﬂ—7
Fe - 0,79C rAlA 1 > 10
Fe - 0,24C 640 1.4 x 1n:§
Fe - 0.42C (L] 1.2 x Iﬂ_s
Fe - N, 70C (Y 1 x 1n
-q
Fe - N, 24C 504 1.4 x IO_Q
Fe - 0,42C 504 1.7 x ln_q
Fe - 0.70C 504 1.1 ¥ 1N

4.4
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Figure Captions

Figure 1 - Photomicrographs showing the change in size distributions of
cementite in ferrite in the Fe - 0.79C steel as a function of time of
spheroidizing at 704°C. 3 X750

(a) specimen 1A (2 x 105 sec); (b) specimen 3A (2 x 10, sec);
(c) specimen 6A (2 x 10~ sec); (d) specimen 9A (1 x 10 sec).

Fipure 2 -~ Number of particles per unit volume, Nj,in a given gize class as
a function of its mean particle size, 1{3 . for the Fe - 0.79C steel
spheroidized at 704°C.

Figure 3 - Tctal number of particles per unit volume, N'r' , as a function
of spheroiiizing time, ¥ , for the three steels and three temperatures
studied in the present investigation.

Figure 4 - Variation of the mean particle radius, R , with spheroidizing
time, T , plotted in the form of (R® o Jas a function of (t-t, )

for the three steels and three temperatures studied in the present inves-

tigation. R, and to values are taken from the shortest spheroidizing
times studied.

Figure 5 - Normalized size distribution curves for the experimental daca
for the Fe - 0.79C steel spheroidized at 704°C, compared with each other
and with the steady-state size distribution predicted by the Lifshitz-
Wagner theory.

Figure 6 - The experimental rates of growth of particles in a given size
class, dx;/dt , are plotted as a function of the size of particles
in the size class, X{ , for particles in specimen 1A growing to particles
in specimen 2A (Fe - 0.79C steel spheroidized at 704°C). These are com-
pared with the calculated rates based on the diffusion-controlled and
the interface-controlled growth models.

Figure 7 - The experimental variation of the total number of particles,'41-,

" as a function of spheroidizing time, t ., compared with the calculated
variations. The calculated wariations are based on the diffusion-con-
trolled and the interface-controlled growth models. Variations are cal-
culated from different starting size distributiors for the Fe - 0,.79C
steel apheroidized at 704°C.

Figure 8 - Normalized size distribution curves, calculated for the Fe - 0.79C
steel spheroidized at 704°C, using the diffusion-controlled growth model,
compared to the steady-state size distribution cvrve predicted by the
Lifshitz-Wagner theory. The value of = 10~/ em?/sec and specimen
1A as the starting size distribution were used for the calculation.

Figure 9 - Plots of diffusion coefficient, D , as a function of inverse
temperature, /‘r [)c and.bp!were obtained from literature (11,12).

0
D and [) were calculated using LEquations 6 and 7. Values obtained
from the h(1- and fé analyses are compared to these values.
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Figure 1 - Photomicrographs showing the change in size distribution of
cementite in ferrite in the Fe - 0.79C steel as a function of time of
spheroidizing at 704°C. 3 X750

(a) specimen 1A (2 x 10° sec); (b) specimen 3A (2 x 106 sec);
(c) specimen 6A (2 x 10° sec); (d) specimen 9A (1 x 10" sec).
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STEEL Fe-0.79C
TEMP. 704° C
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) o 1A 2.0x 10° sec.
OI- - —
. 107~ D 3A  2.0x10°sec. 3
! ¥ LA -
: o 6A 2.0x 10°sec. 7

’ . 9A 1.0 x 10° seec.
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i ]07 1 N 1 1 1 »
0 2 4 6x10
] PARTICLE SIZE (R;), CM.
Figure 2 - Number of particles per unit volume, N: , in a given size class as
I a function of its mean particle size, R :, for the Fe - 0.79C steel
spheroidized at 704°C, J
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Figure 3 - Total number of particles per unit volume, N as a function

]
of spheroidizing time, ¢t » for the three steels and au'ee temperatures
studied in the present investigation.
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Figure 4 - Variation of the mean particie raguu, R , vith a spheroidizing
time, ¢ , plotted in the form of ( R° =~ ) as a function of (t = 1,)
for the three steels and three temperatures studied in the present inves-

tigation. and 't. values are taken from the shortest spheroidizing
times studied.
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Figure 5 - Normalized size distribution curves for the experimental data
for the Fe - 0.79C steel spheroidized at 704°C, compared with each other

and with the steady-state size distribution predicted by the Lifshitz~
Wagner theory.
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STEEL Fe-0.79C-
TEMP 704°C
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1 2111l
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' r D: 107 cm? sec. -
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- 1 ] [ L ] } ] 1 i |
10M ' .
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Xi ’ CM.
Figure 6 - The experimental rates of growth of particles in a given size
class, dx({/dt , are plotted as a function ot the size of particles
in the size class, X , for particles in specimen 1A growing to particles
in specimen 2A (Fe - 0.79C steel spheroidized at 704°C), These are com-

pared with the calculated rates based on the diffusion-controlled and
the interface-controlled growth models.
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Figure 8 - Normalized size distribution curves, calculated for the Fe - 0,.79C
steel spheroidized at 704°C, using the diffusion-controlled growth model,
compared to the steady-state size distribution cur;e predicted by the
Lifshitz-Wagner theory. The value of D = 10-7 cm®/sec and specimen
1A as the starting size distribution were used for the calculation,
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Figure 9 - Plots of diffusion coefficient, D , as a function of inverse
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and D‘ were calculated using Equations 6 and 7. Values obtained
analyses are compared to these values.
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