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ABSTRACT 

A mathematical model that describes the change in shape of T. T. T. curves 

for ternary-eutectoid steels with various types and contents of alloying 

elements has been developed by O. Oairiki. This model predicts also the 

parti tioning coefficient of the ternary substi tutional element between 

cementite and,ferrite that occurs during austenite-pearlite reaction. 

The present research concerns experimental aspects and provides us wi th 

data that will be used to discuss the validity of the theoretical model and 

give some suggestions for future improvements. Three different alloying 

elements were chosen: chromium, for its well known retardi~g effect on 

austeni te decexnposi tion and its tendency. to partition; nickel, for its 

austenite stabilization tendency without any known partitioning, andMn in 

combination with Cr in a quarternary eutectoid alloy. 

Time-Transformation-Temperature curves for four different chromium 

eutectoid alloys, one nickel eutectoid alloy and one chromium-manganese 

quarternary eutectoid alloy were determined using a dilatometry technique. 

Transmission electronmicrospy was used for microstructure observation and 

Gharacterization. Evidence of chromium partitioning between cementite and 

ferrite was found at high temperatures using analytical electron microscopy 

facilities • 
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I. INTRODUCTION 

A new project related to the theoretical and experimental 

aspects of phase-transformations involved in Time

Transformation-Temperature diagrams for ~utectoid steels has 

been initiated by Professor D. de Fontaine. A mathematical 

model that describes the change in shape of T.T.T. curves for 

.ternary-eutectoid steels with various types and contents of 

alloying elements has been developed in a master's thesis by O. 

Dairiki [1 J. For a given alloying element and a given 

composition, the model predits both the T.T.T. curve and the 

tendency of the ternary element to redistribute batween the 

ferri te and the carbide phase. This redistribution, also called 

parti tioning, is predicted at each temperature where isothermal 

transformation start and finish times are determined. 

The present research concerns experimental tests and 

provides us wi th data used to discuss the validi ty of the 

theoretical model and to give some suggestions to improve it. 

Three different alloying elements were chosen: chromium, for 

its well known retarding effect on austenite decomposition and 

its tendency to parti tion; nickel, for its austeni te 

stabilization tendency without any known partitioning, and Mn in 

combination with Cr in a quarternary eutectoid alloy. In the 

range of compositions studied, these elements are soluble in 

cementi te and ferri te, and thermodynamic data on ternary systems 

that include these elements is available. Such data enabled a 

comparison between theoretical predictions and experimental 

data to be made. 
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Time-Transformation-Temperature curves for four different 

chromium eutectoid alloys, one nickel eutectoid alloy and one 

chromium-manganese quarternary eutectoid alloy were determined 

using a dilatometry technique. Partitioning at high 

temperatures was studied on partially transformed specimens. 

Thin foils were prepared for transmission electron microscopy 

observation and characterization. Quantitative analysis of 

cementi te plates and ferri te matrix was pursued using analytical 

electron microscopy facilities. 

. ... 
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II. EXPERIMENTAL ASPECT 

1. Review 

Austeni te decomposi tion has been studied for a long time 

by metallurgists. In fundamental studies, one considers 

mainly isothermal transformations. More particularly, in 

the case of ternary eutectoid steels, partitioning of the 

alloying element is a major aspect of pearlite formation. 

J. W. Cahn and W. C. Hagel [2] in their extensi ve study of 

pearlite formation insist that thermodynamic laws govern 

the transformation and show that formation of pearli te 

requires parti tioning at high temperatures because the free 

energy of the system has to decrease when it transforms. 

These authors also predict a decrease of partitioning with 

temperature and determine a tempera'ture T~ below which 

parti tioning need not occur [2]. Moreover, in the range of 

temperatures between Te, the eutectoid temperature and T~t 

diffusion of alloying element that is substitutional is 

rate-controlling and accounts for hardenability. A lower 

limit on interlamellar spacing when partitioning does not 

occur and a change of slope of spacing versus temperature 

when partitioning ceases are also derived. 

L.S. Darken and R. M. Fisher [4] assume that carbon 

diffusion is rate-controlling for pearlite formation over 

the whole range of temperatures. Taking the hypothesis of 

local equilibrium at the interface, they derive the 

redistribution of alloying element near the interface. 

This redistribution changes the activity of carbon in the 
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different phases and accounts mainly for the change in 

kinetics of transformation upon alloying wi th ternary 

elements. This derivation goes along with the assumption 

that only the change of free energy associated with the 

change of carbon chemical potential should be taken into 

account as a dri ving force for the transformation. In this 

article, an extensive description of microstructure 

features is given. Different types of defects that can be 

found and that affect transformation are described: 

stacking faults or even holes in cementite plates, 

dislocations in ferrite. Moreover, it is shown that 

cementi te is a highly anisotropic phase: it grows along its 

(001) orientation. 

Hillert [3] states that these microscopic features do 

not affect the kinetics of transformation to a great extent, 

and he believes that thermodynamic concepts are mostly 

relevant to explain how transformation proceeds. He also 

shows that nuclei have to be duplex, which was not believed 

until this article [3]. 

Experimentally, there has been a great amount of work 

done too. Picklesimer et ale [9] in 1960 used an x-ray 

diffractometer to analyze cementite plates that they 

scraped from an etched surface. These authors were able to 

determine partitioning of manganese down to 640
0 

C. 

Recently, with the improvement of analytical transmission 

electron microscopy, there has been a renewed interest in 

partitioning studies. Chance and Ridley [5] present a 
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study of a 1 .4~ Cr, 0.81~C alloy. A T.T.T curve was given 

along wi th a parti tioning versus temperature curve. Using 

carbide replicas, obtained by a two stage technique, they 

were able to detect partitioning in pearlite down to 550°C. 

Salman, Lorimer and Ridley [6] performed the.same type of 

study on a quarternary eutectoid alloy, containing 1 % Mn and 

1% Cr. Data for partitioning coefficients of both 

elements, showing a decrease when temperature decreases and 

a greater partitioning coefficient at all temperatures for 

chromium, stronger carbide former, is given. They also 

studied the time-dependence of parti tioning showing an 

increase towards the equilibrium value. Ridley [11] 

recently did the same type of study with a Cr-Mo steel, 

showing greater partitioning of Mol~bdenum towards 

cementite. 

Another technique was used recently to determine 

partitioning. An atom probe study using field ion 

microscopy was carried out by Williams et ale [10] to obtain 

composition profiles along the cementite-ferrite 

interface. These profiles indicated preferential 

partitioning of chromium and manganese towards cementite 

and of silicon towards ferrite. Most recently, Garatt-Reed 

[12] plotted a composition profile of chromium along ferrite 

and cementite plates with an incredible resolution of 8A 

using an extremely thin foil (200 K). 

All these studies show parti tioning over a wide range of 

temperatures. Partitioning occurs effectively below ~ 
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def ined by Cahn and Hagel [2] as the temperature below which 

partitioning mayor may not occur. Moreover, the 

importance of the redistributions of carbon and alloying 

element due to local equilibrium condition at the interface 

and their relati ve effect on the reaction have been pointed 

out by Sharma et ale [7] and Hillert [8]. We will describe 

in more details (Section IV.1 ) how these physical phenomena 

were included in the theoretical model. 

2~ Experiments 

Six different alloys of nearly eutectoid compositions 

were prepared at the Lawrence Berkeley Laboratory by vacuum 

melting. These compositions, checked by spectrograph 

emission at Anamet Laboratories, are: 

Steel A: 

Steel B: 

Steel C: 

Steel 0: 

Steel E: 

Steel F: 

0.50% Cr 

1.01% Cr 

1.42% Cr 

2.35% Cr 

1.60% Ni 

1 .1% Cr 

0.81% C 

0.75% C 

0.67% C 

0.56% C 

0.80% C 

0.95% Mn 0.56% C. 

Kirkaldy's [13] predictions for eutectoid carbon 

compositions upon alloying of ternary elements are: 

Steel A: 0.70% C 

Steel B: 0.65% C 

Steel C: 

Steel 0: 

Steel E: 

0.60% C 

0.50% C 

0.70% C 

.. 
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These values are slightly smaller than these found by 

the spectros'copi c analysis. However, Bain's [ 13] 

experimental points show greater carbon contents than 

predicted by Kirkaldy [13], and this gives us some 

confidence that the compositions that we got are close to 

eutectoid values. 

These alloys, melted in 3 kg. ingots were then 
o 

homogenized in vacuo for 24 hours at 1200 C and were hot 

rolled down to 0.5 cm. jiameter rods. From these rods, we 

prepared dilatometer specimens~ These specimens are 

hollow cylinders of the following dimensions: 

- 1 cm. length 

- 0.5 cm. outside diameter 

- 0.3 cm. inside diameter. 

All the heat treatments were done using a dilatom~try 

technique. A Dilatronic III from Theta Industries was 

used. This dilatometer is composed of the following parts: 

a control console which involves a signal 

processor that includes a transducer, a cooling and 

a quench valve controller. I t also contains a 

power control that consists of a distribution 

network and a system controller. Recordings were 

usually made on a two-pen strip chart that gives the 

temperature and the dilatation simultaneously. 

- an operating system that contains an oil diffusion 

pump, pneumatic vacuum actuators, vacuum controls 

and gages, cooling and quenching gas control 
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modules and a high frequency generator. Near this 

console, a mechanical pump is set up along with 

cooling water and the quench gas bottle (helium was 

chosen for these experiments). 

- a measuring head that incorporates a gas quenching 

device. Its principle of operation can be 

descr i bed as follows: the specimen, a hollow 

cyl inder, si ts between the tips of a fixed tube and a 

sensing tube, both made of quartz. This system is 

positioned in the center of an inductive coil-

shaped furnace cooled with water. A removable 0-

ring sealed glass lid covers the chamber that is 

under high vacuum (5 microns) while in operation . 

. The signal is transferred to the transducer through 

the sensing rod. A Pt-Pt 10%· Rh thermocouple 

monitors the temperature. The quenching gas used 

is helium and it is cooled by liquid nitrogen. 

Cooling rates obtained are very good for a gas 

quench: 300°C/sec. 

Two different types of heat treatments were carried out for 

T.T.T. curve determination and for partitioning studies. 

1. T.T.T. Curves Determination 

° The specimens were austenitized at 1100 C for ten 

minutes and this time was set the same for all the alloys 

studied. Then, the samples were quenched down to the 

intermediate temperature of interest and kept at this 

intermediate value. Depending on the alloys, eight to 



9 

twel ve different temperatures were studied and for each 

temperature, at least three different measurements were 

made. The dilatometer was used under two different 

modes: "manual" mode for austenitization and quench, 

"set pOint" mode for maintaining the specimens at 

intermediate temperatures. Program mode, easier to 

use, would not gi ve as good a quench as the one required 

for isothermal transformation and, therefore we did not 

use it. 

Typical curves that we got from the recorder are 

described in the sketch of figure 1 (a). The first 

change of slope of the dilatation curve corresponds to 

the start of pearlite ~ormation. The second change of 

slope towards a uniform flat curve corresponds to the 

end of the transformation. Hence, the determination of ts 

and teo As a convention, we started to count ts and te 

from the point where the curve crosses the eutectoid 

temperature. This convention was maintained for all 

measurements. 

2. Partitioning Determination 

Partitioning studies were done on partially 

transformed specimens. The heat treatments were 

basically the same except for the last part of them. When 

pearlite forms, which we see by looking at the 

dilatation curve, we move back to the "manual" mode and 

quench to room temperature. The curves tha t we get are 

described in figure 1 (b). These partitioning studies 
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were done for two different compositions: 

1 .4% Cr at 720°C 

2.3% Cr at 690°C. 

After the dilatometer specimens were heat-treated as 

descri bed above t we cut them along their length using a 

low concentration diamond wafering blade lubricated 

with kerosene. We obtained two thin plates that were 

then polished in steps using finer and finer grit paper 

(240 to 600 gri t) t and eventually 6 microns and 1 micron 

diamond paste. Optical microscopy after a slight etch 

(30 sec. in 2% Nital) on these finely polished plates 

revealed the grains and the different phases. We could 

then check that pearlite had appeared and get an idea 

about the extent of transfor~ation. 

Transmission electron microscopy was carried out on 

thin foils prepared out of these plates. Preparation 

invol ved grinding the plates to an average thickness of 

50 microns. The thinned plates were punched in 3 mm 

diameter specimens and these specimens were 

electropolished using a chromacetic solution (75 gm 

CrO 3 t 400 ml CH 3COOH t 20 ml water) in a "F i shione" 

electropolisher. This solution is mixed for about 10 

minutes t heated to 60°C for 5 to 10 minutes and stirred 

for at least one hour. The polishing conditions that 

sui ted best the type of material we used are as follows: 

Voltage: 40 Volts 

Current: 20-25 milliamps 
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Jet Speed: 4.5 on the unit. 

These thin foils once ready, were kept in 200 proof ethyl 

alcohol. 

Microstructure of these thin foils and diffraction 

analysis were studied by conventional microscopy 

techniques on the Philips 301 microscope wi th an 

accelerating potential of 100 kV. 

Chemical analysis was carried out using the 

techni que of energy di spers i ve spectroscopy (E. D. S. ) on 

the Philips 400 microscope. For x-ray analysis r this 

mi croscope is equi pped wi th a Kevex Si (Li) detecto:', the 

specimen is mounted on a low background holder and it is 

tilted 30° towards the detector. The minimum probe" 

size in this mode (EDS) is 400 K, which was larger than 

the average width of the cementi te laths that we wanted 

to analyze. To improve the accuracy of measurements, 

we etched the thin foils in2% Nital for ten to twenty 

seconds. This etchant preferentially attacked ferri te 

leaving cementi te plates sticking out in the hole of the 

foil (figure 10). To complete the analysis we put a 

probe on these cementite tips and on the ferrite areas 

next to them (see the arrows on figure 10). We point out 

that even if the probe was usually larger than the 

cementite tip, significant x-ray intensities would be 

produced only from this very tip. A number of spectra 

from different areas were taken in each case. This 

was possible for the first types of specimens (1.4% Cr, 



12 

720°C) for which interlamellar spacing was large enough 

to put a probe in the ferrite area without being too 

close to cementi te laths. In the second type of 

specimens (2.3% Cr treated at 690°C), we recorded 

spectra from the cementi te laths and from a large 

pearli tic area, hoping to get an average chromium 

content. For this last type of spectra, we used a 

larger probe that included at least 7 spacings. 

• 

.. 

'. 
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III. RESULTS 

1. T.T.T. Curves 

Following the procedure we described in ~etail in 

Section 11.2 , start and finish times were determined for 

each temperature as shown in figure 1 (a) and recorded on 

log (time), temperature diagrams. T.T.T. curves were 

then synthesized for six different alloys. 

Figure 2 presents the curve for the nickel alloy. Its 

shape looks very much like that of the plain eutectoid 

carbon steel: the start times are very small and the curve 
o shows a "nose" at about 530 C. However, the whole curve is 

shifted towards lower temperatures. This reflects 

austeni te stabilization by the nickel which decreases the 

eutectoid temperature of the binary system. We also 

notice that the accuracy obtained on this curve is not very 

good since start times are usually of the order of a few 

seconds and the quench from the austenitizatioh 

temperature down to the intermediate temperature takes 

about two seconds. 

Figures 3, 4, 5, 6. gi ve the T. T. T. curves for the four 

chromium alloys with increasing chromium contents. 

Various changes occur from the binary eutectoid steel 

curve. There is a gradual shift of the curves to longer 

times, which accounts for the well-known hardenability 

effect of chromium on steels. There is also a gradual 

shift towards higher temperatures. This is due to 

ferrite stabilization by chromium, which increases the 
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eutectoid temperature above that of the binary system. 

Moreover, the curves change shape from a C-type to an S

type, exhi bi t ing an austeni te bay at about 550°C. For the 

first alloy that contains only 0.5% Cr, the nose occurs at 

ab9ut 55cf>C but all the transformation start times are very 

similar between 50cPC and 60cPC. We have actually a "flat" 

nose. The finish times curve, more precisely determined, 

shows a lit tl e bay. For the three other curves, the bas i c 

S-shapeis maintained and the following observations can 

be made: the upper nose rises with increasing chromium. 

contents. From figures 3, 4 and 5, we determined 620°C for 

1% Cr, 640°C for 1.4% Cr, and 650°C for 2.3% Cr. The 

austeni te bay becomes deeper and deeper when the chromi um 

content increases. Figure 5 compares our curve and 

Chance and Ridley's curve [5], for a similar alloy. It 

shows good agreement, which gave us some confidence in 

using the dilatometry technique to conduct the rest of the 

experiments. Moreover, the accuracy of these 

measurements seems acceptable. The different pOints 

that we got for each temperature fall wi thin the error bars 

drawn on each figure. We also notice that the 

austeni tization treatments are equi valent as far as grain 

size is concerned: we austenitized 10 minutes at 11000 C 

and Chance and Ridle~[5] took 30 minutes at 1000 oC. 

Figure 7 shows what we obtained for the quarternary 

eutectoid steel. This curve will be used in the future 

when the theoretical model will be improved and extended 
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to more general cases. 

2. Optical Microscopy 

An extensi ve study of the optical microstructure that 

the specimens show at different temperatures was not a 

main aspect of this research. We just wanted to visualize 

how a partially transformed specimen looks • Actually , we 

recognize on figure 8(a) the prior austenite grains, the 

black pearli te nodules that nucleated on the prior 

austeni te grain boundaries and that were stopped in their 

growth by the quench. We also see the martensi te matrix, 

resul ting from the second quench down to room temperature 

in place of the prior untransformed austenite. 

3. Transmission Electron Microscopy 

The microstructure of pearlite is described in figure' 

8(b) which is a bright field image at about 100 kX. We can 

see a colony of cementite plates (dark) in the ferrite 

matrix (light). Using the phase diagram, and knowing the 

carbon contents of each phase, we can determine, by a mass 

balance procedure, the ratio of cementite to ferrite. We 

have 0.02 wt. pct carbon in ferrite, 0.67 wt. pct in the 

prior austenite and 6.69 wt. pct in cementite. This gives 

a ratio of 11% cementite in the ferrite. The micrograph 

in figure 8(b) shows good agreement with this result. 

Moreover, we notice that the pearlite obtained is very 

fine. Interlamellar spacing is of the order of 1000 K for 

this alloy at 700°C. Sharma et ale [7] made extensive 

measurements of interlamellar spacings over a wide range 
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of temperatures and compositions of chromium and give 

1050 ~ for our composition at 7000 C. 

Diffraction analysis was performed on this 

microstructure. Figure 9 gives the diffraction pattern 

corresponding to the bright field image that we desc.ribed 

above (figure 8(b». This diffraction pattern contains 

reflections from both the ferri te matrix and the cementi te 

laths. The different diffraction spots used in the 

following analysis are labelled as follows: 

0: -transmi t ted spot 

a,b,c: ferrite matrix diffracted spots 

x,y,z,t,u: cementite laths ·diffracted spots. 

The camera constant of the Philips 301 microscope was 

determined at 100 kV using a gold film deposited on a 

copper grid. We found 21.30.10- 13m • 

Then, we performed the analysis of the brightest spots 

and determined the following ratios, angles and spacings: 

dob/d oa = 1.75 

( oa , ob) = 730 

(ob, oc) = 330 5 

d oa = 2.056 l 

dab = doc = 1.170 K. 
Referir...; to the standard diffraction patterns of 

body-centered cubic systems [16], the ratios and angles 

fit the values expected when the crystal is in a (131) 

orientation. Assuming this orientation for the 

brightest spots, we indexed them as follows: 

.. 
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-a: 101 

b: 211 

c: 121. 

Using the values we determined for spacings, we could 

determine the lattice parameter of the cubic phase. We got 
o 

as an average: a = 2.887 A, which is close enough to the 

value given [16] for ferrite, a = 2.8661 ft., to justify the 

.assumption that these are ferrite reflections. 

Cementite reflections are harder to index because 

cementite has an orthorhombic crystal structure. Using 

the camera constant and measuring the distances between 

the transmitted spot and diffracted spots, we determined 

carefully the following spacings and angles: dx, dy, dz, 

dt, du; (ox, oy), (oy, oz), (ox, ot), (ot, oy), (oy, ou), 

(ou, oz). Table 1 compares the summarized results to the 

data obtained by Andrews [1~. The agreement is very 

good, we then indexed cementite reflections as follows: 

x: 002 

y: 101 

Z: 101 

t: 103 

U: 200. 

These values show that cementite plates are in the (010) 

orientation on the bright field image of figure 8(b). We 

then get the following relationship: 

(010) cementi te / / ( 131 ) ferrite 

This is consistent wi th what is known as the Pi tsch 
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orientation relationship [17J. 

4. Analytical Electron Microscopy 

Results from both types of samples are represented 

qual i ta t i vely by the two spectra, of figure (11). The 

spectra were obtained for an energy range of 0 to 10.24 keV 

wi th a channel width of 10 eV. We performed two types of 

analysis from the spectra. First, we integrated the 

number of counts in an energy window of 210 eVe This 

window was set symmetrically around the top of the peaks 

(5460 eV for chromium, 6450 eV for iron) and its width was 

chosen so that its border lines interrupted a peak at the 

middle of its maximum height. This window width was kept 

the same for all the peaks of all the spectra so that we 

were consistent and could compare spectra. All spectra· 

contained Cr Ka, Cr K8, Fe Ka, Fe K8 peaks and copper peaks 

. due to the grit put in the holder. Only Cr Ka and Fe Ka 

were studied. Integration was done on 1500 counts of 

chromium at least, after the background was substracted. 

Using the counting statistics rule giving the precision as 

N -i where N is the number of counts, we got 2.5% as a 

relative precision on chromium. The precision is not 

excellent,but experimentally we are limited by a slow 

count-rate. Moreover, this precision seems good 

compared to the resul ts we obtained that fall wi thin 10% of 

the mean value in each case. We then determined intensi ty 

ratios and concentration ratios using the Cliff-Lorimer 

method: 
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CCr ICFe = kcr/Fe I Cr /I Fe 

where: CCr = mass concentration of chromium 

CFe = mass concentration of Iron 

ICr = x-ray intensity for Chromium 

I Fe = x-ray intensity for Iron 

k Cr/Fe = theoretical Cliff-Lorimer factor. 

we used k Cr/ Fe = 0.921 [15] and determined the following 

results: 

1.4% Cr at 720° C: 

(C Cr/C Fe) cementite = 11 .69% 

(CCr /C Fe)ferrite = 2.29% 

2.3% Cr at 690°C: 

(C Cr/C Fe)cementite = 19.38% 

(C Cr/C Fe)ferrite = 7.64% 

We also used the software called QUANTEX-RAY associated 

with the spectrometer that automatically analyses a 

spectrum. The program is gi ven the elements of interest, 

Cr and Fe in our case, then it determines and subtracts the 

background and performs the analysis setting up its own 

windows on the peaks of interest and gi ves the resul ts in 

percent concentration. It uses the Cliff-Lorimer method 

and assumes that the thin film cri terion is verified [15] • 

It neglects atomiC number, absorption and fluorescence 

effects. The results obtained were the following: 

1.4% Cr at 7200C: 

(Ccr/CFe)cementite = 12.08% 

(Ccr/CFe)ferrite = 2.62% 
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2.3% Cr at 690°C: 

(CCr/CFe)cementite = 20.02% 

( C Cr I C Fe )ferri te = 7.21 % • 

These results will be discussed in the following section. 
,>' 
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IV. DISCUSSION 

1. Theoretical Model Summary 

The theoretical model that was developed in 

collaboration between Professor D. de Fontaine and Osamu 

Dairiki [1] will now be summarized. More details can be 

found in O. Dairiki's thesis [1]. 

The model predicts T. T. T. curves and relies on the classic 

Johnson-Mehl model for phase transformations. I t assumes 

"nucleation" and "growth" and uses the concept of extended 

volume fraction but it is different from previous attempts 

[14] because it takes care of the changes in the 

decomposi tion of austeni te for eutectoid steels caused by 

the alloying element. Both pearli te and baini te 

transformations are taken into account simul taneously and 

their extended volume fraction, X~ ,X~ are calculated 

over the whole range of temperatures (i.e. from 650K to 

1100K) and included in the following formula of the total 

rate of tranformation, X: 

X = 1 - exp (-XP _xb ) 
e e ( 1 ) 

Moreover, one of the changes due to the ternary el emen tis 

the occurrence of its partitioning between ferrite and 

cementi teo As shown in section 11.1 , a lot of studies have 

been performed on parti tioning, and except at temperatures 

close to the eutectoid temperature, its value is usually 

very far from the equilibrium value. There is no assumption 

"a priori" on partitioning of the third element in the 

model. The partitioning coefficient is a variable that 
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appears in the dr i v ing force t::. F (p) for the transforma t ion 

as well as inthemobilityM(p) (equations (3) and (4)). For 

each type of alloy, this model determines, at each 

temperature, the partitioning coefficient by maximizing 

the rates of both pearli te and baini te transformation 

reactions. The following equations are used: 

(2) 

(3) 

G~ = Max {M(p) t::.F(p)} 
M p 

(4) 

where: 

~ phase considered: pearlite or bainite 

Kf constant required by the program. It is related 

to the availability of nucleation sites and 

hence to the grain size. 

K~ constant required by the program. It contains 
2 

the effective surface energy to the third 

power and depends also on the nucleus 

shape. 

I~ maximum nucleation rate for phase ~ at 

temperature T. 

G~ maximum growth rate for phase ~ at temperature 

T 

t::.F(p): driving force for transformation, function of p, 
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partitioning coefficient. 

M(p) : mobility, function of p, partitioning coefficient, 

discussed later. 

As we notice from the formulas above, partitioning has a 

cri tical effect on X, the total rate of transformation and 

the calculations predict a variable parti tioning 

coefficient p with temperature T. The function p(T) 

predicts decreases with T. At temperatures close to the 

eutectoid temperature, the parti tioning predicted is close 

to the equilibrium value, which is consistent with Cahn's 

predictions [2]. Depending on the alloying ~lement and 

especially its thermodynamic characteristics, the 

variation of p(T) can be slow and we will detect the 

partitioning which is the case for chromium forexample~ 

bu~ for nickel, this variation is so quick that except 

within a few degrees of the eutectoid temperature, no 

significant partitioning occurs in the range of 

temperatures concerned by pearlite reaction. 

The ternary element changes both the thermodynami c and 

kinetics aspects of the transformation. The thermodynamic 

driving force F(p) is determined from solution models 

available for different ternary systems [7]. This dri ving 

force is a function of the composi tions of both ferri te and 

carbide phase at each temperature and hence becomes a 

function of the partitioning coefficient as shown by the 

formulas 3and 4 above. From the kinetic point of view, the 

diffusion coeff icient of carbon, usually taken as the 



24 

kinetic constraint for the decomposition of the binary 

eutectoid steel is replaced by the mobili ty M(p) [1]. This 

mobility was derived from the conservation of fluxes of 

elements and is given below: 

where A = 
J~ + o(J~,a + J~,a) 

JP 
c 

[5] 

z~ ,Z ~ ,z1e: concentrations of the different 

elements in austenite 

DC ,0, Fe' 0 M 

JP JP 
M ' c 

diffusion coefficients 

fluxes of alloying elements and 

carbon due to partitioning. 

J~,a,~,8: fluxes of alloying element due to 

spike effect in front of 

ferrite (a) and cementite (8). 

In this mobili ty, the effects of diffusion of all 

elements are included. By looking closely at this formula 

we see that it is the reci procal of the sum of the 

reciprocals of the diffusion coefficients of the different 

elements and that it is bui I t in the same way as equi valent 

resistances in an electrical network. It is assumed that 

carbon, whi ch is an instersti t ial element di ffuses qui ckly 

and parti tions completely whereas, the substi tutional 

alloying element diffuses much more slowly, effectively 
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exchanging sites with the iron atoms. This exchange is of 

course mediated by vacancies but it is assumed, for 

simplicity,that no net flux of vacancies results. The 

system is not at full equil i br i urn when it transforms 

isothermally, and as we described above, partitioning is 

far from its equilibrium value. But we assumed a local 

equili br i urn condi tion a t the interface between the phases. 

Thi s local equi 1 i br i urn concerns iron and the ternary 

element and, considering their diffusion as an exchange of 

places as we suggested above, the chemical potential that 

governs this local equilibrium is the difference between 

chemical potentials of iron· and ternafy element in each 

phase. This equilibrium condition causes the compositions 

to change at the in terf ace from· the bul k val ues and 

subsequentl y, there is a build up of sol ute at the 

interface. This build up i.s known as the spike effect which 

was described earlier by Hillert [8] and Sharma [7]. The 

resulting fluxes of atoms slow down the transformation and 

the spike is physically "pushed" ahead of the growing 

interface. This new kinetic constraint appears in the 

mobility formula in the term A (see formula 5), and we check 

that ,even when the partitioning decreases ,this spike 

effect remains and contributes to hardenability. Several 

assumptions are made for the spike effect. First the carbon 

sp ike is negl ected because it has been shown [7,8] that it 

is much lower than alloying element spikes. Secondly, the 

spike of the alloying element is significant only when a 
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disordered area is present which allows quicker diffusion. 

These are the reasons that the spike effect is only 

considered for the pearlite transformation in this model. 

The programs work as follows: first, we enter carbon 

content and the alloying element content. Then Kl' K2, the 

two constants appearing in formula (2) and (3) as well 

as boE, the change in elastic energy, part of the driving 

force, are given for both types of transformations. KI' K2' 
'dO' 

f1E, for which data is lacking were determined by fitting one 

theoret i cal curve to the corresponding exper imen tal curve. 

These parameters were kept the same for all ternary 

elements and all compositions. ~E is chosen as zero for 

pearlite transformation. Moreover, cr is set equal to zero 

(no spi ke occurs) for the baini te transformation. Then the 

calculation determines X ~ ,X ~, maximizes these rates, 

and we obtain the computer-plot ted curves just by changing 

compositions (fig.12,13,14). 

2. Discussion- Comparison 

To compare experimental and theoretical results, we 

added the data from our experiments to the computer-plotted 

curves in figs.12,13,14. Figure 12 shows excellent 

agreement between theory and experiments for start times as 

well as for finish times. It is the composition that was 

chosen to fit the parameters KI , K2 , f1E at the appropriate 

values. The bainite part of the curve shows a greater 

discrepancy but bainite has been considered quite 

simplistically in the model. The only differences with 
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pearli te that were considered were the lack of an alloying 

element spike and of the elastic energy as a component of 

the driving force. However, nucleation of bainite is quite 

di fferen t from that of pearl i te and a carbon sp i ke mi ght be 

important in the kinetics of bainite transformation. 

Figure 13 shows start times for two different alloys 

wi th nickel and chromium. As explained in the introduction, 

nickel and chromium were chosen because they cause 

different behaviours in austenite decomposition. 

Chromi um, a ferri te stabi 1 izer, rai ses the eutectoi d 

temperature, delays the transformation and parti t ions 

towards cementite. Nickel, an austenite stabilizer, 

decreases the eutectoid temperature and does not parti tion 

significantly. What is important here is that the predicted 

curve for nickel was obtained wi th the same parameters K1, K2 

, /::, E as used for chromium. Only the thermodynamic models 

for !::.F and the diffusion coefficients were changed 

according to published data. Although the agreement is far 

from being perfect, perhaps because of imperfect 

experiments, as well as because of an imperfect model p the 

general shape is Similar, and we actually visualize here 

the change from C-shaped to S- shaped curves. This result 

lends support to several aspects of the model and to the 

assumpt ions behind it. The thermodynamic models, i. e. 

regular solution models for ternary systems containing 

chrom i um and ni ckel , seem to be the or i gins of the 

differences in the shapes of the curves obtained. Moreover, 
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partitioning of the third element, as well as the spike 

effect, both included in the model, appear to be major 

causes for hardenability of steels containing carbide

forming alloying elements. Figure 14 summarizes all the 

predictions for all the start times of austenite 

decomposition for the alloys we made experiments with. We 

notice again the basic shape difference between the nickel 

alloy and all the chromium alloys. We also notice the 

increase of hardenability and the rise of the eutectoid 

temperature when the content of chromium increases. 

Generally, the prof iles of the experimental curves are not 

as sharp as the pred i cted ones. For.1 % Cr, both the 

theoretical model and the experimental results match well 

but for 0.5% Cr, no bay occurs in the experimental T.T.T. 

diagram and for 2.3% Cr, a greater hardenabili ty is 

observed experimentally. In fact, real transformations are 

extremely complex and a lot of efforts have to be made to 

approach the prediction in greater details and with a 

better accuracy. 

For future research, some remarks can be made 

concerning the quarternary alloy T.T.T. curve: start and 

finish times are of the same order of magni tude as the ones 

obtained for the 2.3% Cr ternary alloy. However, the curve 

is shifted towards lower temperatures, and as far as 

eutectoid temperature and temperature at the nose are 

concerned, it looks very much like the 1% Cr alloy curve. 

This seems to indicate that manganese does not have a great 
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effect on the eutectoid temperature, a conclusion which is 

consistent with Kirkaldy's predictions [13J, but the 

effect of manganes~ on the kinetics is very much like the 

effect of chromium. Manganese acts as if it were chromium 

although it is known to have a smaller carbide forming 

tendency [6 J. Sharma et al. [6J have· determined 

parti tioning coeff icients for both manganese and chromium. 

From comparison of their results with those of Chance and 

Ridley [5J, it seems that, although there is less chromium 

in the quarternary steel than in the ternary, it parti tions 

more. This fact, and the great hardenabili ty of the 

quarternary steel, seem to suggest a synergistic effect 

between both elements. As a first step, we might study what 

the mobil'i tyterm becomes with a fourth element and if its 

change explains the combined hardening effect. 

Analytical electron microscopy was used to detect 

parti tioning, but the technique needs to be improved to get 

better quantitative data. In fact, we noticed that the 

results obtained show with no doubts the occurrence of 

parti tioning, but the quanti ties of chromium are much over

estimated in both cases, and an accurate value could not be 

determined. The problems seem to have two origins. First, 

the fluorescence of chromium due tp iron is very important, 

especially for small amounts of chromium, and this 

problem is not corrected by the program which was used in 

the "foil" mode. This mode assumes that the thin film 

criterion applies and neglects the atomic number, 
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absorption and fluorescence effects. Actually, according 

to a calibration curve done by R. Fisher at 45kv,which 

gives Icr lIFe versus CCr ICFe, this fluorescence yield is 

very high for small concentrations and decreases 

progressively when the content of chromi umincreases. 

Chance and Sharma [5,6] reached the same conclusion and 

ruled out Philibert and Tixier's [18] method. Moreover, 

each microscope is different, the column of the microscope 

is made of stainless steel and contains chromium,. so that 

the only way to determine accurate quantities of chro~ium 

in steels and hence accurate partitioning values is to 

perform a calibration at 100 kv for x-ray intensities of 

chromium using standards of various homogeneous 

compositions. Chance and Ridley [5] did this calibration on 

their EMMA-4 microscope and suggest a fluorescence yield of 

1 .4 below 5% Cr, Sharma [6] found a ratio of about 2. Tnese 

corrections would give more sense to our results. However 

it would still be too much chromium on the average: we would 

find 1.8$ Cr instead of 1.4% Cr and 3.7% Cr instead of 2.3% 

Cr. Another origin of the problem may be the 

electropolishing solution used. As it is a chromacetic 

solution, a thin layer of chromium is probably deposited on 

the surface of the foil, which would al ter the x-ray 

analysis. To remove such a deposition, we tried without 

great success an etch in 2% ni tal for 20 seconds. However, 

the etch in ni tal improved the preferential etch of ferri te 

and improved the resul ts obtained from the cementi te tips. 
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A solution to this chromium deposition problem might be to 

use another electropolishing solution, for example 

perchloric acid or to ion-mill the sample , after it has 

been electropolished • 
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v. CONCLUSION 

Comparing this experimental study to the simultaneously 

developed theoretical model glves strong hopes for the future of 

this research. We have determined a number of T. T. T. curves for 

various types and compositions of ternary alloys and 

satisfactory agreement was found between theory and 

exper iments. However, the theoret ical model should be improved. 

Different assumptions should be checked; the relative 

importances of nucleation rates and growth rates should be 

studied, and the fact that the system maximizes the rate of 

transformation at the nucleation stage and at the growth stage 

ought to be di scussed. Eventually, the model could b·e ex tended to 

more general cases or quarternary alloys. 

Moreover, . to complete an adcurate analytical study, 

extensive measurements, including calibration of the microscope 

for chromium versus iron intensi ties, are necessary. Thin foils 

with the preferential etch that we described give good 

reproductibili ty and can be used to perform parti tioning studies 

at high temperatures. 

.... 
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FIGURE CAPTIONS 

Figure 1. (a) Typical curve obtained on the dylatometer to 

determine start and finish times of isothermal 

transformations. 

(b) Typical curve obtained for partially 

transformed specimens. 

Figure 2. T.T.T. curve for 1.61 Ni, 0.81 C start and finish 

times with error bars. 

Figure 3. T.T.T. curve for 0.51 Cr, 0.811 C start and finish 

times with error bars. 

Figure 4. T.T.T. curve for 1.0$ Cr, 0.751 C start and finish 

times with error bars. 

Figure 5. T.T.T. curve for 1.41 Cr, 0.671 C start and finish 

times. Comparison with Chance and Ridley's [4] 

data. 

Figure 6. T.T.T. curve for 2.351 Cr, 0.56% C start and finish 

times with error bars. 

Figure 7. T.T.T. curveforl.lIMn, 0.95ICr,O.56%Cstartand 

finish times with error bars. 

Figure 8. (a) Optical micrograph of a partially transformed 

specimen 1.4% Cr, 0.671 C at 700°C. 

(b) T.E.M. micrograph: Bright field image of 

pearli te for a partially transformed specimen 

1.41 Cr, 0.671 C at 700°C. 

Figure 9. Diffraction pattern corresponding to bright field 

image of Figure 8(b). Indexes are indicated below. 
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Figure 10. T.E.M. micrograph: Bright field image of pearlite 

for a partially transformed specimen 1.4% Cr, 0.61% 

C at 120°C. Cementite plates are sticking out in 

the hole of the foil. 

Figure 11. Two typical spectra, obtained from EDS analysis, 

showing partitioning of chromium towards 

cementite. 

Figure 12. Comparison between theoretical curves and 

experimental data obtained. Start and finish 

times are compared for 1 .4% Cr, 0.61% C steels. 

Figure 13. Comparison of start times between theoretical -

curves and experimental data for 1.4% Cr, 0.61% C 

and 1.6% Ni, O~8% C. 

Figure 14. Start times obtained from the model for all the 

alloys studied experimentally. 
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TAB LEI 

Results from Figure 9 Data from Andrews [17] 

° dx 3.39 A d 3.371 

dy = dz 3.78 ~ d101 = dlOi 3.757 

° dt 2.013 A d10 3 2.013 

° da 2.236 A d200 2.262 

(ox, oy) 56°5 (101, 002) 56°15 

(oy, oz) 67°5 (101, lOT) 67°71 

(ox, at) 27° (002, 103) 26°42 

(at, oy) 29°5 (103, 101) 29°72 

(ou, oz)=(ou, oy) 33°5 (101, 200)=(101, 200) 33°85 

• 
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