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Abstract Theeffectof an sddstson of (L3T W% W on the overall trans formatson rabe of dhe susteniie-
pealite reaction in a eutectoid sieel is exsmined. Pearlite growth rales and mierlamerliar spacing are
mensared as & funciion of Eansfiormation lemperaluies. Tnpesion raves the Al temperature, for mnst
transformation temperstsres, decreases the averll resction rate, the growih rake and the interlamellar
spacing. Partitioning studies carmied oul using analyixcsl electron microscope showed thal, ungesien
partitioned preferentislly o comentite al lemperatures down o 662°C,
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INTRODUCTION

For many years the effect of alloy additions on the
hardenability of steel has been one of metallurgical
interests, This has led 1o investigations on the effect
of alloy additions on the kinetics of the austenite-
pearite reaction, Although there have been a number
of studies, very few measurements have been made
an well defimed alloys of high punity. Thers is virtually
o informationon the paritoning of lloying elements
between the ferrite and cementite componems of the
pearlite at the austenite-pearite inerface,

Cahnand Hagel [ 1] have stated thatthe pantitioning
of substitutional elements is a themmodynamic
necessity at higher reaction temperatures i the
transformation is to proceed. At lower temperatures,
there iz sufficient free encrgy to drive the reaction
without the necessity for partitioning, The rate
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controfling prvcess forpeartine growth will be different
at the temperstures where panitioning involves the
diffusion of substitutional elements, to that at lower
temperatures were only carbon panitons.

PEARLITE GROWTH KINETICS IN Fe-C

Thee growth rate of pearlite in plain-carbon eutectoid
steel hns been the subject of many theoretical stedies.
Most of these theories assume that carbon diffusion
i the rate controlling process. Diffusion paths which
have been considened were mainly through the purent
austenite {Volume diffusion) and in rl'hekhdvanﬁng
nustenite-pearlite interface (boundary diffusion).
Considering pearlite growth, Zener [2] has as-
sumeéd that the carbon diffusion in austenite from the
tip of the ferrite lnmella to the tip of the cementite
lnmella is the rate controlling process. The
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concentration difference AC, which will cause a
diffusion current of carbon, 15 equal to the difference
in carbon concentration at the yio interface, C,.
and at the y/cementite inerface, C . Zener has also
assumed that the effective diffusion distance, L. is
related to the interlamllar spacing and is comparable
to the thickness of cementite plate,

L~§=5_, (1)

From the above arguments, the pearlite growth
rabe will be a maximum when the interfamellar spacing
i equal 1o twice the critical spacing S, This critical
spacing was calculated by Zener by equating the
available free energy necessary for an increment of
pearlite Volume to the corresponding increase in
imterfacial energy;

2TeGu
Se=oaHAT W
whiere:
Ty = Emtectoid temperature,
Oy = Surface energy per unit area between fermite
and cementite
p = Density of pearfite.
AH = Heat of wransfommation per umil mass,
AT =T - T = Under cooling

Accordingly, the interflamicllar spacing is inversely
propomiona o the amount of undercooling so that a
logarithmic plot of the interlamellar spacing Vs, the
amount of undercooling, should give a straight line
with a slope of-1,

Hillent [3] showed that the pearlite growth rate

maybe presenied as follows;
Dy 5! F'C‘r.l'ti &
I'|||'I|l|—.-._!9'--_._.___|-— 3
2 5L (‘:.,-c.,lu': S!I (3)

Where D, is Volume diffusion coefficient of
carbon in ausienite at the interface, Cy . C. are the
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concentration of carbon in ferrle and cementite,
respectively: "a” is a geometric parameter which has
a Value of 0.72 for Fe-C pearlite of eutectoid Com-
position; and 5 & 5_ are the thickness of ferrite and
cementite lamella, respectively. For Volume Diffu-
sion Control, 5/5, is equal to two or three according
to the maximum growth rate and maximum entropy
rate criteria respectively,

FEARLITE GROWTH KINETICS IN Fe-C-X

Generally, addition of alloying elements (X) has
been found to decrease the growth rate of pearite
during the ausienite decomposition, Referring 1o
Parcel and Mehl [4] the growih mie of pearite is
decroased by molybdenum and by nickel at all
transformation emperatures for a number of Fe-C-
Mo and Fe-C-Ni alloys. Brooks and Stanshury [5]
showed that the growth rate of pearlite in a high purity
0.3 Wi Mo eutectoid steel was reduced by a factor
of ten at all transform ation tem peratures, as companed
to that of a high-Purity plain carbon eutectobd steel,

Brown and Ridley [6] have investigated the effect
of nickel on growth rate and imedamellar spacing.
The reduction of growth rate was proportional o the
concentration of nickel and it was zeen that
interlamellar spacing was increased. Similarly,
manganese and chromium decrease the growth rate
of pearlite [£,7]. Cobalt tends o be anomalous as it
accelerates the rate of growth and decreases the
intedamellar spacing [9],

Theoerical investigation of the effect of alloying
elements on the growth kinetics where mostly imited
to low temperature cases where carbon was the only
diffusing species and the alloying element was
considered 1o influence the boundary conditions for
the diffusion process. At higher temperatures, the
alloying element was considered 10 be the rate
controlling mechanism. For the case in which the
alloying element partitions only partially at the
interface, theoretical reatment seems 10 be more
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difficult. Ridley et.al. [10, 11] investigated the effect
of alloy addition on pearlite growth rate for addition
of Mn, Cr, Mo, Ni and have pointed out that when
cutectoid steels containing alloy additions are
transformed o lemperatures above T, paritioning of
the alloying elements bepween the ferrite and cementite
phinse occurs al the austeniie-pearlite ransfommation
fromt, The rate of pearlite growth at these iemperstures
will depend on the low mobility of the alloying
element.

Carbon is the only species being redistributed so
that alloy additions influence the growth rste through
their effect on the carbon concentration gradient at
the interface, which is proportional o the driving
force for growth, and carbon diffusivity.

The redistribution of carbon can sccur by Yolume
diffusion through the austenite-pearite boundary.
ForFe-C. mangancse, ind chromium eutectond steels
the kinetic data are not inconsistent with volume
diffusion & carbon being the mie controlling process
for growth, 1t was proposed by kirkaldy [12], Hillen
[13]. Cahn, Hagel [1] and Sundquist [14] that inter-
face diffusion of carbonis mie controlling. However,
since the measured growth rates ane consistenly greater
than those calculated for Volume diffusion controd, it
is reasonahble to pssume that the interfacind diffusion
of carbon may be simultanecusly involved,

Zhou, etal. [15], showed the role of interfacial
steps in the growth mechanizsm of pearlite, Hackney
[16] studied the morphological instabilities and
branching process at the initaten of euectoid
tempernture. Enomoto etal, [ 1 7] studing pastitioning
and growth Kinetics of procutectoid fernite, showed
that only partitioned ferrite formed i f local equilibrium
with respect (o both carbon and alloying elements
wias pchieved at the interface, Mg or Ni panitioning
did ot take place at medium and low lemperanines,
indicating the limited role of inlerface  groin boand ary
diffusion in sustmning local equilibrium during the
growth of ferrite allotriomorphs.
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EXFERIMENT AND RESULTS

Material

A eutectoid steel with the following compostion in
wi' was produced ina vaccum melting fucnace from
high purity materials;

C=0381;W=037;P 8 <0.008

The alloy was supplied for investigation in the form
of hot rolled 12 mm dia. bars. Short lengths (75mm)
of the bars were homogenized for 3 days at 1200°C
under vaccum, and then fumace cooled,

Isothermal Tranzformation

Slices about 2mm thick, were cut from the
homogenized bar and then austenitized in a Nitrogen
armosphens at 1000°C for 30 minutes, The specimens
were mpidly transferred o a lead bath held on
temperitures in the ange of 600-700°C for exact
times and then quenched in the cold water,

The temperature of the lead bath was controlled
by an alumel-chrome] thermocouple, which was
placed at the same depth as the specimen, In this way
it was found thar the iemperature variation was about
+2°C. The lead bath was kept covered with granulated
charcoal 10 reduce oxidation.

The wansformed specimens were mounied into
plastic blocks, surface ground to remove any
decarburization, then ground on emery papers of
increasing fineness and polished on 6um and 1pm
diamond impregrnoted cloths.

The etchant used was a 2% nital solution. The
T.T.T diagram forthat start and the end of the peardite
transformation is presented in Figure |, The
cormesponding diagram for a plain carbon cutecioid
steel is also included.

It can be seen that the tungsten addition displaces
the T. T. T. curve towards the right, i.e.. the
transformation ratio will be retarded,
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Figure L. T. T. T, dingram of 0.37% W eutectoid steel

Growth Hate Measurements

Growth rates were obtained for the carly stages of
transformation from measurements of the radius of
the largest non-impinged pearlite spheres or
hemispheres using an optical microscope with a
micrometer evepiece. Ploming the maximum rmdius
a5 a function of time gives an approximately straight
line, the slope of which gives the growth rate at cach
b preratung,

To obtain accurme results, many specimens wene
investigated, I is difficult w apply the above-
mentioned method for the systems where the produect
phiases grow in o form other than nodular, e.g.. slabs
at a grain boundary. In the previous work, it was
pointed out [6, 14, 18] that, the growth rale in the
eary stages of the reaction was constant with tme m
the same temperature, and it was insensitive o varia-
tiomn in austenite gran size. The plot of the maximum
nodule radivs vs. transformation tme ends w give
reasonably straight lines (Figures 2, 3, 4, 3, 6). The
relationship between the peadite growth rate, ¥, and
the transformation temperatore for0.37% W alloy s
presented in Figure 7, with the comesponding
relationship for a 0% W emtectoid st2el. Itis seen that
tungsten addition retands the pearfite growth mte for
all prunsformation emperstunes.

Interlamellar - Spacing Measurement
Several methods have been proposed for measuring
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Figure 4. Pearlile growth reie a1 640°C.

the true interlamellar spacing [19, 20, 21]. A modi-
fied method which was originaly used by Brown &
Ridely [22] was employed; A& reference circle of
known diameter was seribed onthe fluorescent screen
of the wransmission electron microscope, Carbon
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Figure 7. Pearlife growth rate versus transformation fem-
pérabure,

replicas from partially transformed specimens were
prepared and scanned in the microscope and the
number of lamellars which was intersected at right
angles by the diameter of the reference circle was
counted.
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Figure 9. Scanning election micmgraph of peariite lamellee
Transformed ai 680°C.

The magnification of the microscope was cali-
brated under identical conditions by using o reference
replica from a diffraction grating of known spacing,
and the interdamellar spacing was calculated (Figure
LY

In the present study, the scanning electron micro-
scope has been used for measuring the interlamellar
spacing as well as replica methods (Figure oy,

The reciprocal of the interd amellar spacing v, the
transformation temperature is plotted in Figure 10. A
regsonably linear relationship is obtained. The
corresponding relationship for 0% W eutectoid steel
is also included in Figure 10,

From Figure 10 it is apparent thai the tungsten
addition tends 10 increase intedamelliar spacing.
particularly at low temperatures,
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Figure 10, Reciprocal of mterlamellar spacing ws tramsfor-
miation lemperature.

Quantitative Analysis

According io the so-called ~Simple Ratio™ wchnigue,
which was developed by Lonmer et. al. [23], if a
gpecimen is sufficiently thin for conventional
transmission eleciron microscopy to be camied oul ol
100 KV, then the primary X-rays produced by the
incident clectron beam have a low probability of
either being absorbed orexciting fluorscent mdiation
[24]. If the characieristic X-ray intensities from the
spectmen are measured simultaneonsly, their rtio is
independent of the specimen thickness, and achange
in this ratio represents changes in the weight fraction
ratio of the two annlysed elements,

When the average composition of the specimen,
which is thin and yet large enough to be representative
of the bulk, the composition can be related 1w the
measured composition by the simple expression:

I /lz= KCy /Gy (4]

where:
I, . I; = observed X-ray intensities; Cl , C2 are the
pnknown weight fractions, and K is a constant,
Once the constant measurement is observed, it
can be used o convent X-ray intensities inlo weight
fraction ratios. It has been assumed that the thick-
ness of the specimen does not affect the intensity ratio
I, / 1y up o a cenain limit,
The partitioning coefficient of the alloying ele-
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ment (X)) between cementite and fermte can be de-
fined as [25];

(% Cha) com
(Cx /O )ee

Koom (X) = (5)
Where C, and Cpg, are the weight fractions of the
alloying element and iron, respectively, in the
idemified phases,
A combination of Equations 4 and 5 will yield;

Keem () = 5 LlFe Joem ()
i/ Ifeda

Therefore, the panitioning coefficient can be simply
cilculated from the recorded X-ray intensities. 1 the
atoms of the alloying element remain in situ during
the austenite-pearlite transformation, this ratio will
be about 1.1; thig is because of the difference in lron
coptent within two phases [26], Ifthe alloying elemem
segregaics to the cementite phase, the ratio will be =
1.1 depending on the extent of segregation,

The thin foilz from parmially transformed and
completely ransformed specimens were prepansd,
andl the Ferrite and cementite lamellae were anal ysed
“in sim”. Fipores 11 and 12 show the trace of the
electron probe beams on the adjscent ferrite and

cementite lamellae from the investigated steel.
The dimeier of the beam is usually smaller than

Figure 11, Transmission electon micrograph showing the
trace of eleciron probe on cementile and Ternie lamellas.
transformod a1 65T
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Figure 12, Transmmsion election micrograph shawing suis-
lunite-pearlite inferface partialy transformed ot 690°C for
130 sec,

the dismeter of the contamination spot [26] and may
bhe half its value [27]. The reason for this contaming-
tion spot is not definitely known, bat it is usLally
believed that it consists of carbon, sulphur and other
orgunic materials from the vapours of the diffusion-
pump odls, which are always present in any conting-
ously=-pumed system.

DMSCUSSIOMN

From Figure | it is apparent that tung<ten additions
tend 0 move the T.T.T curve wwand the right, i.e..
hoth the stant and the end forwand the transfomation
are retarded,

The relationship between the peardite growth e
and transformation emperature is shown in Figure 7
for 0.37% W and the comesponding curve for the
plain curbon sieel is also sdded. Tungsten additions
cause a reduction in the growth rute of pearline.

Ridley [10] has pointed out that the imporant
growth parameters ane the interfoce of growith velocity
W, and the mterlmmellar spacing, 8. Large number of
measurements of one or more than one of these
parameters have been made on sieels of commer-
clal purity, but only on a few occasions have

unificd measurements  of both parameters been
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made on pure Fe-C alloy or well defined lemary
illlorys.

Tungsten additions raise the eutectold tempera-
ture {Ael) of the Fe-C System. A similar effect has
been observed [19] on the addition of molyhdenum,
chromium, and silicon, Tungsten, molybdenum, chro-
mium and, to a lesser extent, manganese, are corbide
formers while silicon and nickel tend 1o segregate
prefercnually o the ferrite,

The rate-controlling process of pearlite growth
will clearly be different ar emperatures where
substitutional alloy elements have to diffuse from
that at lower temperatures where only carbon
panitions. The overall reaction rate determines
hardenability and it is controlled primarily by growih
rute, Hence, it is apparent that alloy additions may
affect hardenability st lower temperatures through
their influence on the growth rate of unpartitoned
peardite.

To examing the mte - controlling process for
pearlite growth at these lower temperature, it is
necessary o have, (a) growth rates and intedamellar
spacing. (b) data from which no - partition phase
boundaries can be caleulated, and (¢} information on
the effect of alloy additions on both volume and
boundary diffusivity of carbon, There is no temary
system for which all of the required measurements
have been made (paniculary in the case of wungsten
addditiors).

Figures 2, 3, 4, § and 6 show the growth rates o
temperatures 600, 620, 640, 660, 630°C, respectively.

Figure 10 ehows the relation between 1z and T for
the 0.37% W and plain - carbon steels, The mngsten
addition tends to decrease the interlamellar spacing
high temperatures, Reasonably linear relationships
were obtained. The slope of the line for the W zieel,
wis only slightly different from that for the plain
cirbon steel,

Several methods have been suggested for
measuring interlamellar spacings; considering the
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differmit positions of the peadite colonies in the space
[due to growth in different direction)), the surface of
the specimen will be cut by the lumellse u different
angles, varying from 0 0 90 degrees, The smallest
observed spacing is presumably equal o the true
gpuicing as this is the spacing lamellae oriented nommal
i the surface of the specimen (Figures 9, 8, 11

However, Pellisieret, al,, (28] have demonstried
that the interlamellar spacing of pearfite formed
isothermally is not exactly constant but mther consists
of a statistical distribution of spacing about a “mean”™
value. By taking many optcal micrographs of
transformed specimens, they found that this "mean”
value was approximately equal to 168 times that the
smallest observed apparent spacing, They suggesied
that this mean value could be used to specify
interlamellar spacing.

To include measurements of spacing for the unre-
solved peardite by the optical microscope, o method
called the "limitmethod" was employed, The method
consists essentially of using a microscope ohjective
which resolves only a fraction of the peadite. The
fraction of the area not resolvable by the objective
lens, is measured and the mean intedamellar spacing
is calculated from a knowledge for the numerical
aperture of the objective lens and the wave length of
the light used.

Cahn and Hagel [ 18] have found that the growth
rate of pearfite can vary with transformation time and
theyexpected, therefore, that the interlamellar spacing
would also vary with time.

However, Brown and Ridlay [6) have pointed out
that the methods used previously to determing the
interlamellar spacing are both tedious and
guestionable. Recent developmenis in measunng true
imeriamellar spacing [ 19, 20, 21] may be considered
for acurate measuring of spacing, but the presem
method seem reasonably nccorate,

The Zener Equation 2 for the relationship between
S and T can be written as follows:
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Azsuming 8§ = hSc, where b is a constant;
118 =-AT + AT (7
Where A =paH [ 2hTya

Thus, the change of the slope of the straight line for
the alloy steels in comparison 1o that for plain carbon
steel can be explained by the complex effect of the
alloying element on the parameter A,

Equation 7 suggests that the intercept on the
temperature axis for the relation between 1S and T
will yield the eutectoid temperature Tg of the steel.

Figure 10 gives 729°C as the temperature of
intercept for 0.37% W steel. There is a good agree-
ment between the measured eulectond emperaiune
and the one predicted [29].

Cahn and Hagel [ 1] have calculated & minimum
possible spacing below which partitioning does not

occur, Sp. as:

-20Wm
(T, - TIAS,
where o is the interfacial energy between cementite
and ferrite, W, i the molar volume., T° is the no-
partition temperamure and 5, is the entropy change.
They proposed that a slope of 1/8 V& T should show
a distinct change of slope in the vicinity of T
Equation 8 suggests that the points below the no-
partition temperaure must extrapolae w T . which
was considered as the tempersture above which
equilibrinm partitioning oCcurs.

In the present work, there was no evidence for the
existence of no-paritioning temperature in the graph
of reciprocal spacing versus reaction temperature,
Likewise, in previous studics of the pearlite reaction
in eutectoid steels containing nickel, manganese or
chromium no change of slope was ohserved in the
interdamellar spacing (6, 10].

Tashiro et al., [30] have devided the cifect of

5= ®)
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alloying elements on the lamellar spacing into thres
proups; namowing, widening not affecting.

Partitioning of Tungsten
During the present study, it was possible to carmy out
aninvestigation of the partitioning of tungsten between
ferrite and cementite (Figure 11), It seems that
partitioning of lungsten occurs at iempertures well
below the ewmectoid tempersture; segregation of
mungsten to the Carbide was observed at iemperatures
of 630°C, 690°C, and T4"C. Tungsten seems o acl
like chromium, a strong carbide former element (31,
There is a small gap between the charactenistic
X-ray lines of W and 5i (Figures 14, 13}, Therefore,
the results are best regarded as qualitative (i.e. It is
difficult vo measure K., (W), becauss any possible
segregation of silicon should be taken into sccoum ).
However, silionn will parition to the ferrie [ 10]
whereas tunpsten goes o the carbide: therefore, the
result is likely o be satisfactory, Below 66E*C,
partitioning was not measured because the
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Flgure 14, X-ray Spocira analysis of Carbide lamellae
formed &l 620°C.

Joumal of Engineering, islamic Fepublic of lran

interlamellar spacing was oo fine,

Kirkaldy [ 12] has distinguished between the effect
at the austenite stabilizers and the ferrite stabilizers,
He ohserved that the austenite stabilizers such as
manganese do not partition between cementite and
ferrite over a wide lemperture range, while fermite
stabilizers, like chromium and angsten, do partition.
The present ohservation scems o supporn the views
of kirkaldy.

As was pointed out earlier, the mte controlling
process for peardite growth will be different for a
lemperatur: range in which the alloying addition
partitioned, compared with that in which only carbon
diffused. Therefore, it scems that the retarding effect
on both the pearlite transformation rate and growth
raie is primarily brougth about the necessity for
mngsten 0 Segregate of the transformation frone.
Clearly, the rate at which the substitutional element
can partition will be less than that at which carbon
partitions, and 50 the former process will be rawe
controlling.

It has been suggested by Goates [32] that the
considerahle handenability induced by strong carhide
forrmers such as molybdenum and chromium cen be
attributed in part to a solute drag effect on pearfie
growth similar o that observed for the pro-emectoid
reaction by Kinsman and Aaronson [33]. The T. T. T.
curve for a plain carbon eutectoid steel shows asingle
C curve having a maximum reaction rate at S00°C -
GO0NC,

Pearlite forms down 1o $50°C while bainite is the
transformation product at lower temperatures. In
steels containing strong carbide forms a bay of
ausieinte stahility develops and separates two C
curves formtion. As a consequence, the nose of the
pearlite reaction tends o be displaced w0 higher
temperniures and longer times compared with the
plain carbon steel, which suggests its position may
have been influenced by the alloy elements exerting
a solute drag effect (Figure 15).
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Figure 15, Inflleence of solute drag effects on T T. T. dis-
gram for entecimid steels.

The mechanism of the solute drag effect is uncer-
tmin, but for ferrite reaction Hillen [ 34] has suggested
that molybdenum must have a strong tendency
segregute 1o the interface where it decreases the
activity of carbon in anstenite in contact with the
boundary and so reduces the ferrite growth mde, An
allemative suggestion by Sharma and Purdy [35] is
that, the clusters of strong carbide fommeers and carbon
existin austenite and exertintubiting effect on growth
because of the necessity for carbon i dissociate from
the clusiers before ferrite can grow. It has besn
pointed out [ 10] that either of these suggestions could
pccount for the inhibition of the pearlite transforma-
tbon in the aostenite bay, brought about by strong
carbide former, However unil the mechamsm of the
solute drag 18 more clearly understond, s effect
cannot be cxpressed quantitatively.

It is possible, 10 some extent, that pearlite growth
rate at lower reaction temperatures be influenced by
solute drag, althoughnoevidence for the developmem
of an incipient austenite bay could be seen at lower
primsformation temperature,
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CONCLUSION

1. Peadite growth rae inaewecioid steel is decreased
by un addition of (.37 W% of mngsten.

2, The effect of these additions on pewrhite growth

rate af temperatures around near the nose of the T.
T. T. curves is quuntitatively consistent wills its
effects on hardenability.

3, The tungsien addition increases the Ael lemper-

tures, This confinms the c-siabilizing effect of
tungsten.

4. Tungstentends to decrease the imterlamellar spac-

ing at high temperatures and a plot ol reciprocal of
pearlite interlamellar spacing VS tempemtun: gave
an approximmely straight-line relationship. This
line extrapolated w give an Ael emperature of
T729°C for the 0.37 W% mngsien.

5. Parmitioning of tungsten was scen in temperalunes

ahove HG8 C,

fi. Tungsien segregates to the carbade phase (Le. W

1% the carbide fommer).
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