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The overall kinetics of the isothermal transformation of austenite to bainite and to pearlite in 
high-purity Fe-C-3 at. pct X alloys (X = Mn, Si, Ni, or Cu) containing 0.1 wt pct C and 0.4 wt 
pct C were investigated with quantitative metallography and transmission electron microscopy 
(TEM) to ascertain the presence or absence of the incomplete reaction phenomenon. The in- 
complete transformation of austenite to bainite was not observed in the Fe-C-Si, Fe-C-Ni, Fe- 
C-Cu, or Fe-0.4C-Mn alloys. It was found, however, in the Fe-0.1C-Mn alloy. Transmission 
electron microscopy results indicate that sympathetic nucleation of ferrite without carbide pre- 
cipitation is a necessary but not a sufficient condition for the development of the incomplete 
reaction phenomenon. Transformation resumes following stasis in the low-carbon Fe-C-Mn 
alloy with the formation of a nodular bainite. The results support the view that the incomplete 
transformation of austenite to bainite is a characteristic of specific alloying elements and is not 
an inherent trait of the bainite reaction. 

I. INTRODUCTION 

THE bainite reaction has been the subject of extensive 
research since the 1930s. Because early studies II,2] of the 
structure of bainite in steel were hampered by difficulties 
encountered in resolving the fine structure of the trans- 
formation product with optical microscopy, much em- 
phasis was soon placed upon characterizing the kinetic 
features of the bainite reaction. This approach led to the 
view that the overall reaction kinetics of bainite are char- 
acterized by several salient features. 13m Bainite has its 
own C-curve on a time-temperature-transformation (TTT) 
diagram distinct from the C-curve for the pearlite reac- 
tion. The highest temperature of the bainite C-curve, or 
the Bs (bainite start) temperature, is the maximum tem- 
perature of bainite formation; this temperature is usually 
well below that of the eutectoid temperature. At reaction 
temperatures just below the Bs, isothermal transforma- 
tion of  austenite to bainite is incomplete. The fraction of 
the parent austenite which transforms to bainite increases 
with decreasing reaction temperature from zero at the Bs 
to unity at the By (bainite finish) temperature. Below the 
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Bf, austenite can transform to 100 pct bainite. Early work 
on the bainite reaction based upon this view is reviewed 
in Reference 5; another generation of work is included 
in the review of Reference 4; more recent summaries are 
available in References 6 and 7; and brief current re- 
views are offered in the two preceding papers in these 
proceedings, t8,9] with a more comprehensive overview 
being provided in the first paper published in this group, t~~ 

It should be noted that the foregoing description of 
bainite, sometimes called the overall reaction kinetics 
definition, tat is one of three definitions in current use .  [71 

In the surface relief definition, bainite consists of ferrite 
plates that exhibit an invariant plane strain surface relief; 
this description will not be used here. Microstructurally 
defined, bainite is any nonlamellar eutectoid decompo- 
sition product. LT~ To avoid confusion, the term "bainite" 
will refer here to the transformation product expected to 
follow the overall reaction kinetics definition; this prod- 
uct consists of ferrite with or without carbides but ex- 
cludes the alternating ferrite and carbide lamellae 
comprising pearlite. The term "microstructural bainite" 
will be reserved to describe the nonlamellar mixtures of 
ferrite and carbide. 

The partial transformation of austenite to bainite at 
temperatures between the Bs and B s, termed the incom- 
plete reaction phenomenon or transformation stasis, has 
been documented in alloy steels containing various 
amounts of Mn, Ni, and Cr, sometimes singly but more 
often in combination, tH-~61 Transformation stasis in steel 
may be defined as cessation of transformation prior to 
the appearance of the proportion of ferrite allowed by 
application of the Lever Rule to the metastable a + 7 
region, t~71 Although it is not always found in plain car- 
bon steels, the incomplete reaction phenomenon usually 
is regarded as an inherent characteristic of  the bainite 
reaction. The inability to observe incomplete transfor- 
mation in low-alloy steels is generally attributed to the 
overlap of the pearlite and bainite C-curves. When the 
two reactions occur simultaneously at a given tempera- 
ture, the incomplete nature of the bainite reaction is said 
to be obscured by the formation of pearlite, t3,14,181 
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An alternate view of the incomplete transformation 
phenomenon maintains that transformation stasis is not 
a characteristic peculiar to a bainitic transformation 
mechanism but is instead a special effect of certain al- 
loying elements upon the proeutectoid ferrite reaction in 
steel.tTJ These elements affect the overall transformation 
kinetics by altering ferrite nucleation kinetics t~gj and by 
reducing ferrite growth kinetics through a solute drag- 
like effect (SDLE). [7'9'2~ In its present form, the latter 
effect is proposed to result from a nonequilibrium con- 
centration of the substitutional solute element (hereafter 
termed X) and of the interstitial solute, carbon, within 
moving ferrite:austenite boundaries. These concentra- 
tions affect the migration kinetics of the boundaries by 
changing the carbon concentration (or more precisely, 
chemical potential) gradient in austenite controlling the 
diffusional growth of ferrite.[9] The most direct evidence 
for an SDLE consists of anomalously slow ferrite growth 
kinetics in Fe-C-X alloys when X is Mo, Mn, or  Cr .  [20,21'22] 

It has been suggested that transformation stasis occurs 
when the SDLE is strong enough to eliminate the con- 
centration gradient driving ferrite growth, r23] In a com- 
panion paper, ~91 this situation is deduced to be encouraged 
when extensive sympathetic nucleation of ferrite at a : y  
boundaries shortens the carbon diffusion distances in 
austenite required for extensive overlap of diffusion fields 
associated with nearby ferrite crystals, thereby strength- 
ening the SDLE. I91 

A key aspect of the SDLE hypothesis is that the strength 
of the "drag" during growth depends upon the character 
of the X element as well as upon the composition of the 
a:  3' boundary. Elements which depress the activity of 
carbon are expected to reduce the C gradient in austenite 
and thus the growth kinetics of ferrite. Without the 
restriction on ferrite growth imposed by the SDLE, 
transformation stasis is not expected. 

This investigation was undertaken to test these op- 
posing views of the incomplete transformation phenom- 
enon by ascertaining whether transformation stasis is 
general (as predicted by the overall reaction kinetics de- 
scription of bainite) or peculiar to steels containing cer- 
tain alloying elements. Quantitative metallography was 
employed to follow the progress of the bainite transfor- 
mation in a number of high-purity Fe-C-X systems. Ter- 
nary alloys were chosen to avoid the possible complication 
of interactions among multiple alloying elements. The X 
solutes selected for study were Mn, Ni, Cu, and Si. These 
elements have interaction energies with carbon which 
range from negative to positive values f24,25J and should 

thus include examples of alloys with and without an 
SDLE. 

II. EXPERIMENTAL P R O C E D U R E  

The compositions of the steels employed in this in- 
vestigation are shown in Table I. Two carbon levels were 
selected for study. Low-carbon alloys (approximately 
0.1 wt pct C) were chosen to minimize interference from 
the pearlite reaction and to allow bainite transformation 
kinetics measurements to be extended to higher reaction 
temperatures. The higher carbon alloys (approximately 
0.4 wt pct C) were employed because C has been ob- 
served to enhance the development of transformation stasis 
in Fe-C-Mo alloys, rg~ A concentration of roughly 3 at. 
pct X (with one exception) was employed to facilitate 
comparisons among the alloy systems. A concentration 
of 6.82 at. pct Ni (7.25 wt pet Ni) was used in the high- 
carbon Fe-C-Ni alloy, because Ni suppresses pearlite 
formation I26,271 and a published T T T  diagram of a similar 
alloy shows a "notch," or shallow bay, in the diagram 
at approximately 420 ~ According to conventional 
wisdom, ~4j the incomplete transformation phenomenon 
should be easier to detect in alloys whose TTT diagrams 
exhibit a bay. 

The alloys were prepared in the manner described in 
Reference 9. Coupons 10 • 10 • 0.5 mm in size were 
austenitized at 1300 ~ (the 7.25 wt pct Ni alloy was 
austenitized at 1100 ~ for 900 seconds in a deoxidized 
salt bath ~291 and isothermally reacted in deoxidized Pb 
before quenching in iced brine. The high austenitization 
temperature was used to produce a large austenite grain 
size. This preferentially inhibits the pearlite reaction r3,3~ 
by encouraging the development of intragranular ferrite 
and reducing the number of favorable sites for pearlite 
nucleation, t3tj The progress of the overall transformation 
was measured by point counting m,33~ the microstructure 
of specimens isothermally reacted for successively longer 
times. The metallographic procedure is described in de- 
tail in Reference 34. The transformed fraction of aus- 
tenite was then plotted as a function of the logarithm of 
the reaction time; transformation stasis was taken to occur 
if the fraction transformed to bainite remained constant, 
within the limits of the experimental technique, at a level 
significantly below the metastable equilibrium propor- 
tion of ferrite. 

Specimens from representative alloys, reacted for 
selected transformation times and temperatures, were 
examined with transmission electron microscopy (TEM) 

Table I. Fe-C-X Alloy Compositions 

Wt Pct C At. Pct C Wt Pct X At. Pct X Wt Pct Mn Wt Pct Si Wt Pct P Wt Pct S 

0.10 0.46 2.99Mn 3.03Mn - -  0.02 0.004 0.005 
0.38 1.74 3.11Mn 3.12Mn - -  0.03 0.001 0.009 

0.11 0.50 1.83Si 3.56si <0.002 - -  0.002 0.007 
0.38 1.71 1.73Si 3.34Si <0.002 - -  0.001 0.006 

0.12 0.56 3.28Ni 3.11Ni <0.002 0.001 0.001 0.004 
0.42 1.93 7.25Ni 6.82Ni <0.01 <0.004 0.001 0.006 

0.41 1.89 3.01Cu 2.62Cu <0.002 0.002 0.002 0.008 
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to ascertain the presence or absence of carbides at var- 
ious stages of transformation. Thin foil specimens were 
prepared by jet polishing in a 30 pct HNO3, 70 pct meth- 
anol solution at - 5 0  ~ and 10 to 20 V. Observations 
were carried out in a JEM 120CX operated at 120 kV. 

III. RESULTS 

A. Fe-C-Si 

The isothermal transformation kinetics of the Fe- 
0.38 wt pct C-1.73 wt pct Si alloy at four reaction tem- 
peratures are presented in Figure 1 as curves of the 
percent of austenite transformed vs the logarithm of the 
reaction time. I351 The transformation product formed at 
the three lower temperatures, 495 ~ 450 ~ and 395 ~ 
consisted solely of bainite. The reaction at these tem- 
peratures is complete (Figures l(c) through (e)). Trans- 
formation proceeds smoothly from 0 to 100 pct with no 
indication of transformation stasis. At 560 ~ the high- 
est temperature investigated for this alloy, bainite and 
pearlite form concurrently. The two reaction products were 
point counted separately and their transformation curves 
are shown in Figure l(a). Figure l(b) shows the trans- 
formation curve for bainite together with the transfor- 
mation curve for bainite and pearlite combined. The 
amount of austenite transformed to bainite increases 
steadily until all of the parent austenite is consumed. The 
bainite reaction does not exhibit the incomplete reaction 
phenomenon at this temperature, at least not before ap- 
proximately half of the austenite transforms to bainite. 
Thus, nothing that could be interpreted as the incomplete 
transformation phenomenon is found between 560 ~ and 
395 ~ in this alloy. An example of the morphology of 
the transformation products formed at 560 ~ is shown 
in the optical micrograph in Figure 2(a) and in the TEM 
micrograph in Figure 2(b). The bainite has an acicular 
morphology and consists (in the overall reaction kinetics 
definition!) of carbide-free ferrite; the dark-etching con- 
stituent is pearlite. Although pearlite eventually envelops 
ferrite, the ferrite tends to form in regions free of pearlite 
(Figure 2(a)). The separation between the two constit- 
uents precludes the possibility that the precipitation of 
pearlite is altering the composition of the parent austen- 
ite in the vicinity of a significant proportion of the ferrite 
crystals and is thereby interfering with the development 
of transformation stasis. 

The isothermal transformation curves for the Fe- 
0.11 wt pet C-1.83 wt pet Si alloy are shown in Figure 3. 
Pearlite nodules are not observed at any of the temper- 
atures investigated (see, for example, Figure 4). In all 
cases, the bainite transformation proceeds rapidly until 
approximately 95 pct of the austenite is transformed. This 
fraction of bainite is within 1.5 pct of the metastable 
equilibrium fraction of ferrite calculated using the Hillert- 
Staffansson thermodynamic model [361 on the paraequilib- 
rium* assumption. Thus, cessation of bainite formation 

* Paraequilibrium refers to the constrained equilibrium in which car- 
bon atoms are permitted to partition and equilibrate between ferrite 
and austenite while the ratio of the atom fraction of substitutional 
alloying elements to that of iron is the same in ferrite as in austenite. [37,38] 

at approximately 95 pct transformation is not incomplete 
transformation. The remaining austenite transforms in 
about 100 seconds or less. At 528 ~ transformation is 
too rapid for the early stage to be observed with the pres- 
ent experimental technique. No indication of transfor- 
mation stasis was detected at temperatures between 675 ~ 
and 528 ~ in the Fe-0.11 wt pct C-1.83 wt pct Si alloy. 

B. Fe-C-Ni 

The transformation curves of the Fe-0.42 wt pct C- 
7.25 wt pct Ni alloy at 440 ~ 420 ~ and 400 ~ 
temperatures in the vicinity of a small bay in the TTT 
diagram, t28~ are shown in Figure 5. A substantial amount 
of time elapses before the transformation begins, but once 
initiated, it quickly proceeds to completion. The trans- 
formation curves exhibit none of the characteristics of 
the incomplete transformation phenomenon. The reac- 
tion product has an acicular, dark-etching characteristic 
under optical microscopy (Figure 6), and sideplates orig- 
inating at austenite grain boundaries are common. 

The transformation kinetics in the Fe-0.12 wt pct 
C-3.28 wt pct Ni alloy are quite rapid (Figures 7(a) and 
(b)), but again, there is no indication of incomplete 
transformation. The bainite has an acicular morphology 
(Figure 8(a)). Pearlite is absent, and a ferrite + carbide 
mixture (nodular bainite under a recently proposed 
microstructural classification scheme) [39,4~ evolves in 
the austenite regions between the ferrite sideplates. The 
carbides appear as rows perpendicular to the growth di- 
rection of the nodular mixture (Figure 8(b)). The ferrite 
sideplates are essentially carbide-free (Figure 8(c)). 

C. Fe-C-Cu 

The pearlite reaction was particularly competitive with 
the bainite reaction in the Fe-0.41 wt pct C-3.01 wt pct 
Cu alloy. Although the latter reaction was complete at 
450 ~ (Figure 9(c)), at 500 ~ (Figure 9(b)), it com- 
prised 70 pct of the total microstructure, and at 550 ~ 
it comprised less than 10 pct of the microstructure. Even 
so, there was no indication that the bainite reaction at 
550 ~ or 500 ~ ceased prematurely. Bainite precipi- 
tation initiated at austenite grain boundaries and well- 
formed sideplates (Figure 10(a)) were common at each 
temperature. Carbides, whose size and morphology are 
consistent with those of cementite, were observed both 
within and between the ferrite plates (Figure 10(b)). 

D. Fe-C-Mn 

Transformation at the upper temperatures of the bain- 
ite reaction in Fe-0.38 wt pct C-3.11 wt pct Mn t351 is 
also complicated by the more or less simultaneous pre- 
cipitation of pearlite. At 495 ~ bainite and pearlite 
transform austenite in a competitive fashion (Figure 1 l(a)); 
as in the case of the Si- or Cu-containing alloys, the 
volume of the bainite constituent increases until all of 
the parent austenite is consumed (Figure 1 l(b)). At lower 
temperatures, where bainite is the only transformation 
product present, the bainite reaction is complete t35} 
(Figures 1 1 (c) and (d)). The morphology of the ferritic 
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Fig. 2--Fe-0.38 wt pct C-1.73 wt pct Si, transformed at 560 ~ (a) 20 s, optical microstructure (2 pct nital etch) and (b) 14 s, TEM microstructure. 
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Fig. 4--Fe-0.11 wt pct C-1.83 wt pct Si, transformed at 675 ~ 
2 s, optical microstructure (saturated picral etch). 

component of bainite consists of sympathetically nu- 
cleated sheaves (Figures 12(a) and (b)).  142'43'44] Ferrite 
sideplates are relatively scarce. 

The behavior of the Fe-0.10 wt pct C-2.99 wt pct Mn 
alloy is substantially different from that of the alloys 
considered previously. At 600 ~ decomposition of aus- 
tenite is exceedingly slow (Figure 13(a)). Ferrite allo- 
triomorphs precipitate on austenite grain boundaries but 
grow very slowly. The sluggish transformation kinetics 
at high temperatures have been attributed to Mn parti- 
tioning during ferrite growth and to the low diffusivity 
of Mn relative to that of C in austenite. [45] Manganese 
partitioning during ferrite growth at high reaction tem- 
peratures in Fe-C-Mn has been observed in similar 
a l loys  [46"47] and is probably responsible for the slow 
growth kinetics at 600 ~ even though interracial diffu- 
sion of Mn may have accelerated somewhat the growth 
processes. [471 

Transformation stasis is observed at 550 ~ The 
transformation curve at this temperature exhibits three 
stages: an initial stage during which the volume fraction 
of bainite rapidly increases, a second stage during which 
little or no bainite forms, and a third stage which com- 
pletes the transformation of austenite (Figure 13(b)). The 
increase in the amount of transformation product during 
the first stage is associated with the precipitation of small 
crystals of sympathetically nucleated ferrite (Figure 14(a)). 
Carbides are not present during this stage (Figure 14(c)). 
The microstructure is qualitatively the same as structures 
observed in Fe-C-Mo alloys during transformation stasis.[91 
The resumption of transformation with the third stage is 
associated with the precipitation of a eutectoid structure, 
apparently microstructural nodular bainite (Figure 14(b)). 
The ferrite and cementite portions of this constituent are 
not lamellar. 

Transformation stasis is not observed at the lower re- 
action temperatures (Figures 13(c) through (e)). At 500 ~ 
the second stage of transformation does not begin until 
approximately 80 pct transformation, and the rate of 
transformation during this period is always finite. At 
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Fig. 6--Optical  microstructure of Fe-0.42 wt pct C-7.25 wt pct Ni, 
transformed at 440 ~ 150 s. (LePera's etch). 

80 
"5 

Q) 

6o 
o 

4O 

2o 

100 

100 

T = 600 C 

A 

o~ 80 
o ~> 

'1o 

~ 6o 

E 

~ 40  
E 
Ill 

< 
2C 

1 2 
Log Reaction Time (s) 

(a )  

T = 550 O 

0 1 2 3 
Log Reaction Time (s) 

(b) 

Fig. 7--Isothermal transformation curves for Fe-0.12 wt pct C-3.28 wt 
pct Ni: (a) bainite, transformed at 600 ~ and (b) bainite, transformed 
at 550 ~ 

Fig. 8--Fe-0.12 wt pct C-3.28 wt pct Ni, transformed at 550 ~ 
(a) 5 s, optical microstructure; (b) 7 s, nodular bainite with inter- 
phase boundary carbides (2 pct nital pre-etch, LePera's etch); and 
(c) 5 s, TEM microstructure of carbide-free ferrite sideplates. 
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(a) 10 s, optical microstructure (2 pct nital etch) and (b) 24 s, TEM 
microstructure. 

450 ~ and 400 ~ the second stage is no longer pres- 
ent; transformation occurs rapidly with no indication of 
incompleteness. 

IV. DISCUSSION 

Transformation stasis was not observed in most of  
the alloys investigated. Thus, incomplete transformation 
is evidently not a general characteristic of  the bainite re- 
action, and the use of  this phenomenon as a defining trait 
of bainite is clearly unjustified. The nature of the sub- 
stitutional solute element does, however, play a signif- 
icant role in the appearance of the incomplete 
transformation phenomenon. For example, incomplete 
transformation is not observed in the Fe-C-Si, Fe-C-Ni, 
or Fe-C-Cu alloys studied, but it is observed in the lower 
carbon Fe-C-Mn alloy and also has been observed in many 
Fe-C-Mo alloys, f9] The Wagner interaction parameters of  
Si, Ni, and Cu are all either positive or near zero, t24,25] 
so these elements either increase or have little effect on 
the activity of  carbon in ferrite and austenite. On the 
other hand, Mn and particularly Mo lower the activity 
of carbon. [24,25] These observations are consistent with 
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Fig. 1 4 - -  Fe-0.10 wt pct C-2.99 wt pct Mn, transformed at 550 ~ 
for (a) 20,000 s (during transformation stasis), optical microstructure; 
(b) 100,000 s (after transformation stasis), optical microstructure 
(LePera's etch); and (c) 1000 s (during transformation stasis), TEM 
microstructure. 

the view that incomplete transformation is a manifesta- 
tion of the SDLE. In a current model for this effect, [9[ 
ferrite growth will take place at rates slower than those 
permitted by carbon diffusion with paraequilibrium 
boundary conditions whenever the chemical potential of 
carbon in the a : 7  boundary is lower than the paraequi- 
librium value. Although this circumstance depends upon 
both the C and X concentrations in the boundary, it is 
more likely to occur if the substitutional solute lowers 
the C activity. 

It has been suggested [91 that transformation stasis will 
occur under the following conditions: the SDLE must be 
strong enough to restrict ferrite growth and extensive 
carbide precipitation must be absent. The first condition 
encourages the renucleation of ferrite at stationary areas 
of a: 7 boundaries at sufficiently high driving forces. This 
mode of nucleation, termed sympathetic nucleation, t48,49[ 
becomes viable at temperatures below the B,. Sympa- 
thetic nucleation produces the ferrite sheaves and the 

degenerate-appearing ferrite morphologies [22,5~ often as- 
sociated with kinetically defined bainite. The SDLE pro- 
vides a barrier to ferrite growth and thus makes 
renucleation necessary for the transformation to proceed. 
The reaction is envisaged to occur by the nucleation of 
a ferrite crystal, growth of the ferrite until the SDLE 
stops the migration of the a:  3' boundaries, and then nu- 
cleation of a new ferrite crystal at the stationary bound- 
ary. When carbide precipitation does not occur, the 
formation of ferrite is necessarily accompanied by car- 
bon enrichment of the austenite adjacent to the ferrite 
crystals. The higher carbon concentration in this austen- 
ite lowers the driving force for sympathetic nucleation 
of ferrite, and transformation stasis results when sym- 
pathetic nucleation ceases. [9[ Stasis ends when carbide 
precipitation restores ferrite growth by relieving the SDLE 
and by locally increasing the supersaturation for ferrite 
growth. [8.9] 

It is possible that a barrier to ferrite growth also arises 
from sources other than an SDLE. For instance, partially 
coherent ferrite:austenite boundaries are immobile [23'511 
and must migrate by a ledge mechanism. [23,51-53j Substi- 
tutional solutes may influence the overall mobility of 
ferrite: austenite boundaries by affecting the formation 
kinetics of growth ledges. Alloying elements that inhibit 
ledge formation would in effect accentuate the interfacial 
structure barrier to a:  7 boundary migration and severely 
retard ferrite growth. This appears to happen at the edges 
of ferrite plates but not at grain boundary ferrite allo- 
triomorphs in high-Ni, Fe-C-Ni alloys. [54[ However, re- 
gardless of the relative contributions of the SDLE and 
interfacial structure to the growth barrier, such a barrier 
is necessary for the development of transformation stasis. 
Without it, transformation can continue by the growth 
of existing ferrite crystals rather than requiring the re- 
peated nucleation of new crystals. 

Ferrite morphologies formed in the absence of an SDLE 
can be observed by comparing the optical micro- 
structures of alloys which do not exhibit transformation 
stasis with those of alloys which do exhibit this phenom- 
enon. Sideplates and intragranular plates of ferrite are 
observed to form readily in Fe-C-Si, Fe-C-Ni, and Fe- 
C-Cu alloys (Figures 2(a), 4, 6, 8, and 10(a)). In the 
Fe-C-Mn alloys, where an SDLE is expected because 
Mn reduces the activity of carbon, [24,z5[ ferrite growth is 
much more restricted. As can be seen in Figures 12 and 
14(a) and (b), the ferrite has a degenerate morphology [23[ 
and plates only develop through the agency of repeated 
edge-to-edge sympathetic nucleation. [a8,49[ The circum- 
stance that incomplete transformation is observed in the 
0.10 pct C Fe-C-Mn alloy but not in the 0.38 pct C Fe- 
C-Mn alloy can be explained by the relative rates of car- 
bide precipitation in these alloys. In the 0.38 pct C alloy, 
carbide precipitation occurs in conjunction with degen- 
erate ferrite precipitation at the temperatures studied 
(Figure 12(b)). This condition limits the loss of super- 
saturation for ferrite nucleation due to the carbon en- 
richment of austenite by incorporating some of this carbon 
into the carbides. In the lower carbon alloy, carbide pre- 
cipitation at ferrite:austenite boundaries is delayed con- 
siderably (Figure 14(c)), evidently because of the higher 
average growth rate of ferrite caused by the higher driv- 
ing force for ferrite formation. The survival time of the 
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immobile terraces of growth ledges is thus reduced, 
thereby diminishing the nucleation kinetics of carbides 
at these terraces. 155j With carbides unavailable to act as 
sinks for the carbon rejected during ferrite precipitation, 
the carbon concentration in austenite increases more rap- 
idly and diminishes the sympathetic nucleation kinetics 
of ferrite. In the presence of a sufficiently strong SDLE 
(perhaps supplemented by interfacial structure barriers to 
growth), transformation stasis can develop. The stasis 
regime lasts until carbide precipitation begins and the 
remainder of the austenite decomposes to the nodular eu- 
tectoid product (Figure 14(b)). 

The presence of transformation stasis in a ternary alloy 
thus depends upon the effectiveness of the X element in 
inhibiting ferrite growth and upon its effect on carbide 
precipitation. Transformation behavior in quaternary or 
higher order alloys also should depend upon these fac- 
tors. However, individual alloying elements may selec- 
tively alter ferrite growth or carbide precipitation and lead 
to synergism when introduced in the proper combina- 
tions. For example, an element which greatly depresses 
ferrite growth kinetics, such as Mo or Cr, also tends to 
be a carbide former. Combinations of two carbide for- 
mers can thus discourage transformation stasis if car- 
bides form too readily or quickly. Combining a noncarbide 
former, such as Si or Ni, with Mo or Cr may actually 
encourage or accentuate transformation stasis if Mo or 
Cr continue to impede ferrite growth in the quaternary 
alloy and the Si or Ni delays carbide precipitation. Com- 
binations of substitutional alloying elements may also alter 
the behavior of a given X element in the context of the 
SDLE. Such an effect may occur in Mn-Si steels in which 
Si has been suggested to increase Mn adsorption at 
a : y  boundaries and its resulting SDLE. t35~ 

Finally, the present results also reveal some of the in- 
herent problems which result from identifying bainite by 
its kinetic features. In most of the alloys investigated, 
neither a well-defined Bs temperature nor transformation 
stasis is observed. However, bainite can be unam- 
biguously identified by its microstructure. I7'56~ On 
this approach, the term "bainite" is reserved for a non- 
lamellar, noncooperative mixture of ferrite and carbides 
formed during eutectoid decomposition. The carbide-free 
ferrite which precipitates at low temperatures in some 
Fe-C-X alloys, particularly Fe-C-Si, is properly 
identified as proeutectoid ferrite. 

V. SUMMARY 

1. The overall reaction kinetics of the bainite transfor- 
mation were measured with quantitative optical met- 
allography in Fe-C-X alloys to determine the presence 
or absence of the incomplete transformation phenom- 
enon. The following alloys did not exhibit the incom- 
plete transformation phenomenon: Fe-0.4 wt pct C-3 
at. pct Si, Cu or Mn, Fe-0.4 wt pct C-6.8 at. pct Ni, 
and Fe-0.38 wt pct C-3 at. pct Mn. 

2. The incomplete transformation phenomenon is not a 
general characteristic of the bainite transformation in 
Fe-C-X alloys. 

3. The present results are consistent with the mechanism 
for the incomplete transformation phenomenon pro- 

posed in a companion paper on transformation ki- 
netics in Fe-C-Mo alloysJ 91 
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