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(ABSTRACT) 

The kinetics of austenite decomposition were studied in high purity Fe-0.1 C-0.4 Mn- 

0.3 Si-X (concentrations in weight percent, X represents 3 Ni, 1 Cr, or 0.5 Mo) steels at 

temperatures between 500 and 675°C. The transformation stasis phenomenon was found 

in the Fe-C-Mn-Si-Mo and Fe-C-Mn-Si-Ni alloys isothermally transformed at 650°C and 

675°C but not in the Fe-C-Mn-Si and Fe-C-Mn-Si-Cr alloys at any of the temperatures 

investigated. The occurrence of transformation stasis was explained by synergistic inter- 

actions among alloying elements. The paraequilibrium model was applied to calculate the 

metastable fraction of ferrite in each alloy. This fraction was shown to coincide with ces- 

sation of transformation in the Mo alloy transformed at 600°C. Transformation stasis was 

found in both the Ni and the Mo alloys isothermally reacted at 650°C and 675°C. The 

interactions among Mn, Si, and Mo as well as interactions among Mn, Si, and Ni appear 

to decrease the threshold concentrations for occurrence of transformation stasis in Fe—C- 

Mn-Si systems. The segregation of Mn and Mo to the a/y boundary assisted by Si was 

suggested to enhance the drag force and led to transformation stasis. In the Ni alloy, lower 

driving force for ferite formation by addition of Ni could be responsible for occurrence of 

trasformation stasis.
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1 

INTRODUCTION 

The overall kinetics of austenite decomposition have been investigated previously in a 

series of ternary steels including Fe-C-Mo [1, 2], Fe-C-Cr (3, 4], Fe-C-Ni, Fe-C-Mn, Fe-C- 

Cu, and Fe-C-Si [4]. These efforts concentrated on the effects of the substitutional alloying 

elements on the morphology and the kinetics of ferrite formation to the carbon steels. It was 

found that the incomplete transformation phenomenon, often presumed to be characteristic 

of the bainite reaction [5], is absent in many ternary alloys. The occurrence of incomplete 

transformation, or transformation stasis [6], required minimum concentrations of C and 

Mo, Cr or Mn. It was not observed in Fe—C-Ni or Fe—C-Si alloys. Since many commercial 

steels exhibit time-temperature-transformation (TTT) diagrams that suggest the possibility 

of transformation stasis, it is possible that occurrence of the phenomenon is enhanced by 

interactions among substitutional alloying elements. Some data from Fe-C-Mn-Si alloys 

support this view (7, 8, 9, 10]. 

It has been recognized for some time that TTT diagrams of plain carbon steels exhibit 

a single C-curve and some high-alloy steels have two C-curves [5]. The two C-curves result 

from a change with temperature in the mechanisms of ferrite formation (2, 11]. The change 

in mechanism with decreasing reaction temperature occurs at a characteristic temperature 

designated as the bay temperature, 7}. This is the temperature at which the two C-curves



for initiation of transformation intersect. The bay temperature has also been referred to as 

the bainite start temperature [5]. However, this usage relies upon an ambiguous definition 

of bainite [4, 8, 12], so it will not be employed here. 

During transformation stasis [6], both ferrite nucleation and growth stop completely, 

and the fraction transformed displays a plateau when plotted versus the logarithm of the 

reaction time. Cessation of ferrite formation can result from thermodynamic or kinetic 

factors. From a thermodynamic stand point, transformation can cease in the absence of 

carbide precipitation when the metastable fraction of ferrite forms [1]. Thermodynamic 

models can be used to calculate this fraction of ferrite at a given temperature. 

If cessation of ferrite formation occurs before the metastable fraction is reached, then the 

cause must be kinetic in origin. The term, transformation stasis, will be used to refer to this 

form of cessation. Investigations of Fe-C-X alloys have led to the view that transformation 

stasis [2, 3, 4, 13] as well as anomalously slow ferrite growth kinetics [1, 14, 15, 16] and 

highly degenerate ferrite morphologies [2, 16, 17] can be ascribed to a solute drag-like effect 

(SDLE) [12, 18]. 

On the SDLE hypothesis, nonequilibrium absorption of a substitutional alloying element 

occurs to ferrite:austenite boundaries. When the element is one that markedly reduces 

the activity of carbon, the effective carbon concentration gradient in austenite ahead of 

a growing ferrite crystal is reduced. Since this gradient is responsible for driving ferrite 

growth, absorption of the solute element reduces ferrite growth kinetics. In extreme cases, 

ferrite growth ceases altogether. 

Transformation stasis can be explained by considering the influence of the SDLE upon 

ferrite growth together with the change in the mechanism of ferrite nucleation at the bay



temperature [2]. At temperatures below 7}, ferrite growth is greatly restricted by the 

SDLE. Transformation proceeds by the nucleation of a ferrite crystal on a pre-existing ferrite 

grain (sympathetic nucleation) followed by a limited amount of growth. Once the SDLE 

inhibits the growth of the sympathetic nucleated crystal, a new ferrite crystal nucleates and 

grows until the SDLE inhibits migration of its boundaries. However, since ferrite growth is 

accompanied by carbon partitioning, the driving force for sympathetic nucleation rapidly 

declines with the amount of ferrite formed. Transformation stasis begins when there is no 

longer sufficient driving force to support sympathetic nucleation of ferrite. Transformation 

does not resume until carbides form and the driving force for ferrite nucleation and growth 

is restored [2, 4, 19}. 

Four types of overall reaction kinetics behavior (Figure 1) were observed in alloys pre- 

sumed to have a strong SDLE [13]. When austenite transformation ceases completely below 

the metastable ferrite fraction (transformation stasis), the transformation curve shows a zero 

slope. This is recognized as type IV transformation. At lower temperatures or in materi- 

als with lower concentrations of carbon and alloying elements, transformation is impeded 

but does not stop completely resulting in type IT and type III transformation behaviors 

(Figure 1). Type I transformation results from little or no SDLE, and it also appears at 

temperatures above J}. 

In four or more component steels, complication of the SDLE is expected by interactions 

among the alloying elements. However, the nature of alloying element interactions is not 

clear. In recent work on the nucleation and growth of ferrite in an Fe-C-Mn-Si alloy, 

no strong interaction between Mn and Si was found [20]. There is also evidence that 

transformation stasis occurs in an Fe-0.35 C-—2.27 Mn-—2.34 Si alloy but not in either the
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Figure 1: Four types of transformation behavior observed in Fe-C-X alloys. [1]



Fe-C-Mn or Fe-C-Si alloys with similar alloy concentrations [8, 10, 12]. The interactions 

between alloying elements are thus important to the overall transformation behavior, and 

systematic studies on transformation stasis in multi-component alloys are needed. 

In the present study, austenite decomposition kinetics, primarily to ferrite and carbide, 

are investigated in four multicomponent steels. An Fe-0.1 C-0.4 Mn-0.3 Si steel is em- 

ployed as a reference alloy, and the effects of small additions of Ni, Cr or Mo on overall 

transformation kinetics are determined.



2 

EXPERIMENTAL PROCEDURE 

2.1 Measurement of CCT Diagrams 

Alloys for this study were vacuum induction melted, cast into 35 kg ingots and redun- 

dantly hot worked. Bars 12 x 12 x 150 mm in size were machined from the hot worked 

stock and homogenized in quartz under 1/3 atm Ar for three days at 1250°C. An Fe-0.1 

C-0.4 Mn-0.3 Si (concentrations in weight percent) steel was chosen as a reference alloy. 

Three additional alloys were made by adding 3 Ni, 1 Cr, or 0.5 Mo to the reference alloy 

(Table 1). Henceforth, these alloys are referred to as the reference, Ni, Cr, and Mo alloys, 

respectively. 

Carbon combustion analysis was performed on each alloy before and after homogeniza- 

tion to ensure that decarburization did not occur. Dilatometer samples 3 mm in diameter 

x 10 mm long were machined from homogenized material. These were heated to 1200°C 

at a rate of 400°C per minute and held for 15 minutes before cooling. The continuous- 

cooling-transformation (CCT) diagram for each alloy was measured dilatometrically using 

15 cooling rates.



2.2 Isothermal Heat Treatment and Measurement of Transformation Curves 

The homogenized materials were cold rolled and cut into 5 x 5 x 0.38 mm coupons 

for isothermal heat treatment. They were first austenized at 1200°C for 15 min in the 

graphite-deoxidized BaCle salt bath. Following austenization the samples were transferred 

to a deoxidized lead bath for isothermal reaction. Isothermal transformation was carried 

out at temperatures between 500°C and 675°C, and the reaction time ranged from 1 sec to 

10,000 sec (about 3 hrs). The samples were then quenched into ice brine. Carbon analysis 

was also performed after these procedures to verify that decarburization did not take place 

during austenization or isothermal heat treatment. 

Isothermal transformation curves were determined by quantitative metallography [21, 

22, 23]. The fraction of austenite transformed to ferrite (or ferrite + carbides) was deter- 

mined for each transformation time and temperature to within approximately 42%. The 

etchant used was 5g FeCl3, 5 drops of HCl, and H2O to make 100 ml of solution; the etching 

time was about 10 sec [24]. This procedure produced good contrast suitable for point count- 

ing. Subgrain boundaries between sympathetically nucleated ferrite could also be revealed. 

An overetch with 2% Nital or an 8% sodium metabisulfate etch for 10 sec followed by a 2% 

Nital etch for 5 sec were used in some cases [11, 25]. Both of these methods reveal subgrain 

boundaries between ferrite plates. 

2.3 TEM Sample Preparations 

Transmission electron microscope (TEM) specimens were prepared by grinding heat 

treated samples to a thickness of 100 ym and punching 3 mm disks. These were then



mechanically dimpled by a depth of 30 ym and jet polished to perforation in a South Bay 

Model 550C single jet thinning instrument using a 30% HNO3, 70% methanol solution at 

—50°C and 20-30 V. TEM observations were carried out with a Phillips EM420 operated 

at 120 KV.



Table 1: Compositions of the four alloys. 

  

Alloys (in w/o) Xx 
  

Reference Alloy 0.11 0.41 0.31 
  

Ni Alloy 0.11 0.42 0.31 3.03 Ni 
  

Cr Alloy 0.11 0.41 0.31 0.99 Cr 
    Mo Alloy   0.11   0.42   0.31   0.50 Mo 
  

 



3 

RESULTS 

3.1 CCT Diagrams 

CCT diagrams were measured dilatometrically for each alloy (Figure 2). These curves 

provided a relatively easy way to select the temperatures and times for isothermal heat 

treatments. 

The CCT diagrams of the reference alloy, Figure 2(a), and of the Cr alloy , Figure 2(b), 

are quite similar. They both show a discontinuity in the initiation curve of transformation 

at about 750°C for a cooling time of approximately 60 sec. This discontinuity is likely to 

be due to the same change in mechanism responsible for the bay in TTT diagrams of low 

carbon alloy steels. 

On the other hand, in the Ni alloy, the discontinuity in the initiation curve can not 

be found with any rate of cooling to 700°C in less than 10,000 sec (Figure 2(c)). In the 

Mo alloy, the CCT diagram (Figure 2(d)) shows a well defined discontinuity between two 

C-curves at 625°C. 

3.2 Isothermal Transformation Curves 

For each alloy, isothermal transformation curves were measured at 500, 550, 600, and 

650°C (and 675°C for Ni and Mo alloys) for reaction times between 1 sec and 10,000 

10



  1000 a rr ar arr 

900   

  800 ore 

700 | a 
  

  

600 
O 

500 | ee 

tL 
aS 

  
  

  
  

  

  

  

  

T
r
a
n
s
f
o
r
m
a
t
i
o
n
 
te

mp
er

at
ur

e 
(°

C)
 

                

400 

! xK& xa 
300 ber ees sec nga 

200 

100 3 ob A kk a . eh, __* ah a_i aod 

107? 10° 10! 10° 10° 104 10° 

Cooling time (sec) 

  

    
7 

(<4) No-transformation Region   

(a) 

Figure 2: CCT diagrams for (a) the reference alloy, (b) Cr alloy, (c) Ni alloy, and (d) Mo 

alloy. 

11



1000 

900 

800 

700 

600 

500 

400 

300 

200 

T
r
a
n
s
f
o
r
m
a
t
i
o
n
 
te

mp
er

at
ur

e 
(°

C)
 

100   
Cooling time (sec) 

  

      ca No-transformation Region 

(b) 

Figure 2, cont. 

12



T
r
a
n
s
f
o
r
m
a
t
i
o
n
 
te

mp
er

at
ur

e 
(°

C)
 

1000 

900 

800 

700 

600 

500 

400 

300 

200 

100 

  

  

  

    

  

    

  

    

  

              amt oa" fount   
  

19° 10° 10' 10° 10° 

Cooling time (sec) 

(c) 

Figure 2, cont. 

13 

10° 10°



  

  

    

  

  

  

  

  

  

              
  

~ TT ¥ be ee ae ee ‘ 4 Tc TPES FF a 

DO 
o 900 ~ 

® 
: 2 

= r s rt 4 

ws 700 x A. 
& ° 2D 

So j ~f if a * 0 1 

E eel 

~ sd _— 

5 500 Dp ag 
2 7 | 

8 ! 
eT 

Ju 

2 300 > fT 
A . 

S 
oS 
fut 

i r 1 
100 =e tt 1 BQ 2 5 yg ag td dt al i. i Lt hd ig tt 

1 10 100 1000 10000 100000 

Cooling time (sec) 

(d) 

Figure 2, cont. 

14



sec. These temperatures and reaction times were chosen to correspond roughly to the 

time and temperature range of the discontinuities in the CCT diagrams. The isothermal 

transformation curves, Figure 3 - 6, were categorized according to the types of behavior 

shown in Figure 1 [13]. 

The transformation curves of the reference alloy and the Cr alloy (Figure 3 and 4) 

exhibit type I curves at all temperatures investigated. Austenite starts to transform in 

less than 10 sec and the transformation proceeds rapidly to completion. Transformation 

at higher temperatures initiates at longer time and proceeds with slower kinetics. The 

delay in the start of transformation at higher temperature coincides with the trend in their 

corresponding CCT initiation curves within this temperature range. 

As for Ni and Mo alloys, their isothermal transformation curves (Figure 5 and 6) showed 

similar shapes as those of the reference and Cr alloys below 600°C, i.e. type I transformation. 

However, after 1000 sec at 650°C, the Ni alloy exhibits a cessation of transformation at 

about 75% transformation. In the Mo alloy, the transformation curve at 650°C shows an 

obvious change in the slope at about 18 sec (log (t) = 1.25) and the slope is approximately 

zero between 18 and 178 sec. Cessation of transformation at this temperature occurs at a 

transformation level of 70%. Both of these curves are categorized as type IV transformation 

(Figure 1). Transformation curves of 675°C for Ni and Mo alloy are shown in Figure 3(e) 

and 4(e), respectively. Transformation cessation is also found in both alloys at 675°C with 

similar transformation levels as found at 650°C. One apparent difference between the Ni and 

Mo alloys is that transformation in the Ni alloy does not reach completion within 10,000 

sec at 650°C and 675°C, but it does resume following transformation stasis in the Mo alloy 

and eventually reaches ~ 95%. 
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�T�h�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �c�u�r�v�e� �o�f� �t�h�e� �M�o� �a�l�l�o�y� �r�e�a�c�t�e�d� �a�t� �6�0�0�°�C� �(�F�i�g�u�r�e� �6�(�c�)�)� �s�h�o�w�s� �t�h�a�t� 

�t�h�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �s�l�o�w�s� �a�t� �a� �l�e�v�e�l� �o�f� �a�b�o�u�t� �9�3�%� �a�f�t�e�r� �1�0�0� �s�e�c�;� �h�o�w�e�v�e�r�,� �t�h�i�s� �c�u�r�v�e� �a�p�p�e�a�r�s� 

�m�o�r�e� �l�i�k�e� �t�y�p�e� �I� �t�h�a�n� �t�y�p�e� �I�V� �b�e�h�a�v�i�o�r� �s�i�n�c�e� �t�h�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �i�s� �n�e�a�r�l�y� �c�o�m�p�l�e�t�e� �a�t� �t�h�i�s� 
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�3�.�3�.�1� �O�p�t�i�c�a�l� �M�o�r�p�h�o�l�o�g�y� �o�f� �F�e�r�r�i�t�e� �a�n�d� �C�a�r�b�i�d�e�s� 

�O�p�t�i�c�a�l� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �t�h�e� �p�r�o�e�u�t�e�c�t�o�i�d� �f�e�r�r�i�t�e� �m�o�r�p�h�o�l�o�g�y� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �7�(�a�)� �-� 

�(�d�)�.� �T�h�e� �g�e�n�e�r�a�l� �f�e�a�t�u�r�e�s� �f�o�u�n�d� �i�n� �e�a�c�h� �a�l�l�o�y�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �s�e�p�a�r�a�t�e�l�y�.� 

�T�h�e� �R�e�f�e�r�e�n�c�e� �A�l�l�o�y� 

�F�i�g�u�r�e� �7�(�a�)� �s�h�o�w�s� �t�h�e� �f�e�r�r�i�t�e� �m�o�r�p�h�o�l�o�g�y� �o�f� �t�h�e� �r�e�f�e�r�e�n�c�e� �a�l�l�o�y� �i�s�o�t�h�e�r�m�a�l�l�y� �r�e�a�c�t�e�d� �a�t� 

�5�0�0�°�C� �f�o�r� �2� �s�e�c�.� �L�o�n�g� �f�e�r�r�i�t�e� �p�l�a�t�e�s� �c�o�n�s�i�s�t� �o�f� �a�n� �a�r�r�a�y� �o�f� �s�m�a�l�l�e�r� �s�y�m�p�a�t�h�e�t�i�c�a�l�l�y� �n�u�c�l�e�a�t�e�d� 

�c�r�y�s�t�a�l�s� �[�1�1�]�.� �F�e�r�r�i�t�e� �b�r�a�n�c�h�e�s� �d�e�v�e�l�o�p� �e�x�t�e�n�s�i�v�e�l�y� �i�n� �t�h�i�s� �a�l�l�o�y�,� �a�n�d� �t�h�e� �f�e�r�r�i�t�e� �p�l�a�t�e�s� �h�a�v�e� 

�a� �d�e�g�e�n�e�r�a�t�e� �[�2�6�]� �a�p�p�e�a�r�a�n�c�e�.� 

�A� �n�o�n�l�a�m�e�l�l�a�r� �m�i�x�t�u�r�e� �o�f� �c�a�r�b�i�d�e� �a�n�d� �f�e�r�r�i�t�e� �f�o�r�m�s� �b�e�t�w�e�e�n� �g�r�o�u�p�s� �o�f� �f�e�r�r�i�t�e� �c�r�y�s�t�a�l�s� 

�(�F�i�g�u�r�e� �7�(�a�)�)�.� �S�i�m�i�l�a�r� �s�t�r�u�c�t�u�r�e�s� �i�n� �o�t�h�e�r� �a�l�l�o�y�s� �h�a�v�e� �b�e�e�n� �t�e�r�m�e�d�  ��n�o�d�u�l�a�r� �b�a�i�n�i�t�e �� �(�s�e�e� 

�f�o�r� �e�x�a�m�p�l�e� �F�i�g�u�r�e� �3� �o�f� �R�e�f�e�r�e�n�c�e� �[�2�]� �a�n�d� �F�i�g�u�r�e� �1� �o�f� �R�e�f�e�r�e�n�c�e� �[�2�7�]�)�.� �F�o�r� �r�e�a�c�t�i�o�n� �t�e�m�-� 

�p�e�r�a�t�u�r�e�s� �b�e�t�w�e�e�n� �5�0�0�°�C� �a�n�d� �6�5�0�°�C�,� �n�o�d�u�l�a�r� �b�a�i�n�i�t�e� �t�y�p�i�c�a�l�l�y� �f�o�r�m�s� �i�n� �l�e�s�s� �t�h�a�n� �1�0� �s�e�c�.� 

�A�t� �5�0�0�°�C� �f�o�r� �e�x�a�m�p�l�e�,� �n�o�d�u�l�a�r� �b�a�i�n�i�t�e� �s�t�a�r�t�s� �t�o� �f�o�r�m� �a�f�t�e�r� �a�p�p�r�o�x�i�m�a�t�e� �2� �s�e�c� �o�r� �a�t� �a�b�o�u�t� 

�3�0�%� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�.� �F�i�g�u�r�e� �8� �s�h�o�w�s� �t�h�e� �m�i�c�r�o�s�t�r�u�c�t�u�r�e� �a�f�t�e�r� �i�s�o�t�h�e�r�m�a�l� �h�e�a�t� �t�r�e�a�t�m�e�n�t� �a�t� 

�6�5�0�°�C� �f�o�r� �1�0� �s�e�c�;� �t�h�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �i�s� �c�l�o�s�e� �t�o� �c�o�m�p�l�e�t�i�o�n�.� 
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�F�i�g�u�r�e� �7�:� �M�o�r�p�h�o�l�o�g�y� �o�f� �s�y�m�p�a�t�h�e�t�i�c� �n�u�c�l�e�a�t�e�d� �f�e�r�r�i�t�e� �f�o�r� �(�a�)� �t�h�e� �r�e�f�e�r�e�n�c�e� �a�l�l�o�y� �(�r�e�a�c�t�e�d� �a�t� �5�0�0�°�C� �f�o�r� �2� �s�e�c�.� �N�B�=�N�o�d�u�l�a�r� �B�a�i�n�i�t�e�)�,� �(�b�)� �t�h�e� �C�r� �a�l�l�o�y� �(�r�e�a�c�t�e�d� �a�t� �6�0�0�°�C� �f�o�r� �3� �s�e�c�)�,� �(�c�)� �t�h�e� �N�i� �a�l�l�o�y� �(�r�e�a�c�t�e�d� �a�t� �6�0�0�°�C� �1�0� �s�e�c�)�,� �a�n�d� �(�d�)� �t�h�e� �M�o� �a�l�l�o�y� �(�r�e�a�c�t�e�d� �a�t� �6�5�0�°�C� �f�o�r� �1�0� �s�e�c�)�.� 
�E�t�c�h�a�n�t� �:� �5�g� �F�e�C�l�s�,� �5� �d�r�o�p�s� �o�f� �H�C�l�,� �w�i�t�h� �H�2�O� �t�o� �m�a�k�e� �1�0�0� �m�l� 

�2�1



� � 
�F�i�g�u�r�e� �7�,� �c�o�n�t�.� 

�2�2



�
 
�
 

�c�o�n�t�.�  �� �7� �F�i�g�u�r�e� 

�2�3


