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In the preceeding paper, the growth kinetics of grain boundary  ferrite allotriomorphs in 
Fe-C-Si, Fe-C-Mn, Fe-C-Ni, and Fe-C-Cr alloys are reported to be best described by the 
paraequilibrium model. Significant differences are still observed, however, between the 
experimentally measured kinetics and those calculated from this model. A TEM study was 
conducted on these alloys to ascertain whether any of these differences could be attributed 
to carbide precipitation. In the Fe-C-Mn and Fe-C-Cr alloys, where the measured growth 
kinetics are low, carbides precipitate on dislocations within the ferrite and are effectively 
absent, respectively; hence carbide precipitation cannot  be responsible for the deviations in 
these alloys. In the low Ni, Fe-C-Ni alloy, where calculated and measured kinetics agree, 
carbide precipitation was again found on dislocations in the ferrite. Faster than calculated 
growth kinetics in the Fe-C-Si and the high Ni, Fe-C-Ni alloys, on the other hand, are 
attributed in part  to carbide precipitation at austenite:ferrite boundaries. 

IN an accompanying paper, Bradley and Aaronson j 
(BA) report measurements of the thickening and length- 
ening kinetics of grain boundary  ferrite allotriomorphs 
as a function of isothermal reaction temperature in 
single Fe-C:Si, Fe-C-Mn, and Fe-C-Cr alloys and in 
two Fe-C-Ni alloys. The ability of three models: a) local 
equilibrium with bulk partition of alloying element, 2-~~ 
b) local equilibrium with localized pileup but no bulk 
partition of alloying element, ~~ and c) paraequili- 
brium, 14-~8 to account for these data is quantitatively 
examined. Although it is concluded that the paraequili- 
brium model best explains the data, significant dis- 
crepancies remain between calculated and measured 
growth kinetics even for this model. While good agree- 
ment is obtained for the low Ni, Fe-C-Ni alloy, growth 
faster than calculated is found for the Fe-C-Si and the 
high Ni, Fe-C-Ni alloys and slower than calculated for 
the Fe-C-Mn and Fe-C-Cr alloys. Although several 
explanations are considered by BA, an obvious one, 
clearly in need of experimental testing, is that of carbide 
precipitation at austenite:ferrite boundaries. This can 
occur either as interphase boundary  carbide precipi" 
tation on planar or on (apparently) curved austen- 
ite:ferrite boundaries, or as pearlite-like fibrous carbide 
precipitation, t9-2~ Such precipitation might slow down 
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the growth of ferrite by pinning the austenite: ferrite 
boundaries. 2~ Alternatively, these carbides could in- 
crease the growth kinetics of mobile areas of the 
austenite:ferrite boundaries by steepening the carbon 
concentration gradient in austenite driving their growth. 
Accordingly, the present investigation was undertaken 
to study this question in the BA alloys within the 
temperature-t ime envelopes employed for the growth 
kinetics studies. The observations reported here also 
supplement the literature on carbide precipitation per se 
in Fe-C-X alloys. With the exception of Cr, the alloying 
elements used are not strong carbide-formers and their 
effects upon the formation of carbides in association 
with proeutectoid ferrite have not been as intensively 
studied. 

E X P E R I M E N T A L  P R O C E D U R E  

The composit ion of the alloys used in this investi- 
gation are given in Table I of BA? The same heat 
t reatment procedure was utilized. Somewhat larger 
specimens, 0.013 x 0.013 x 0.00025 m, were employed 
to facilitate transmission electron microscopy (TEM) 
studies. These specimens were chemically thinned to ca. 
7 • l0 -5 m using a solution described by Plichta et a122 
Discs 3 • 10 _3 m in diameter punched f rom the 
specimens were thinned to perforat ion with a Fischione 
twin jet  electropolisher using an electrolyte consisting of 
2.5 • 10 -4 m 3 glacial acetic acid, 7.5 x 10 -2 kg anhy- 
drous sodium chromate,  2.5 • 10 -2 kg chromic oxide 
and 10 -5 m 3 water at room temperature under a poten- 
tial of ca. 60 volts. The thinned discs were examined 
with Philips EM301G and JEOL 100CX electron mi- 
croscopes. Eerrite containing areas were examined in 
each specimen until the various types of observation 
had been repeated with sufficient frequency to assure 
the investigators that a representative proport ion of the 
specimen had been examined. 
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RESULTS 

Fe-O.13 Pct C-2.99 Pct Cr. Previous TEM studies of 
carbide formation in Fe-C-Cr alloys have been mainly 
in alloys whose chromium content exceeds the 3 pct 
used in this s tudy .  23-27 A variety of carbide morpho- 
logies was found in association with ferrite including 
interphase boundary carbides, fibrous carbides and also 
idiomorphs at ferrite:ferrite grain boundaries. The type 
of carbide formed was dependent upon composition; 
M23C6, M7C3, and M3C w e r e  identified. 

The TTT-curve for the initiation of the proeutectoid 
ferrite reaction in this alloy, reproduced in Fig. l(a) 
from the work of Aaronson and Domian, 29 exhibits a 
bay, the deepest portion of which is at ca. 600 ~ 
Specimens were isothermally reacted at 700, 650, and 
600 ~ Optical microscopy revealed (Fig. 2(a)) that 
ferrite grows along austenite grain boundaries at all 
three temperatures. The ferrite is blocky in appearance 
at 700 ~ but becomes more ragged at lower temper- 
atures. TEM studies showed that, within the reaction 
time ranges employed by BA, all ferrite examined 
appeared to be free of carbides (Fig. 3). Some exceed- 
ingly fine precipitates may have been present on dis- 
locations, though this observation could not be con- 
firmed. However, it is quite certain that neither inter- 
phase boundary nor fibrous carbides appeared in any of 
the ferrite observed. 

Fe-O.12 Pct C-3.08 Pct Mn. No previous TEM studies 
of carbide precipitation in association with ferrite 
appear to have been reported in Fe-C-Mn alloys. The 
TTT-curve for the beginning of austenite decomposi- 
tion in this alloy is given in Fig. l(b). 29 Optical 
microscopy showed that proeutectoid ferrite morphol- 
ogy evolved progressively from predominantly grain 
boundary allotriomorphs at 650 ~ to blockier allotrio- 
morphs with some secondary sawteeth at 600 ~ (Fig. 
2(b)), and secondary sideplates at almost all grain 
boundaries at 550 ~ TEM revealed carbides only at 
600 ~ (Fig. 4(a)). Imaging the carbides in dark field 
clearly showed them to lie on disloctions (Fig. 4(b)). At 
650 and 550 ~ no carbides were seen in any of the 
ferrite examined. 

Fe-O.11 Pct C-3.28 Pct Ni. Chilton and Speich 3~ 
observed cementite precipitation on dislocations within 
the ferrite as well as interphase boundary precipitation 
of carbides in several Fe-C-Ni alloys. The TTT-curve 
for the alloy used in this study is given in Fig. l(c). 29 
Optical microscopy showed a blocky allotriomorphic 
microstructure with secondary sawteeth at  715 ~ (Fig. 
2(c)); secondary sideplates began to develop at 650 ~ 
At 715 ~ TEM showed carbide precipitation as an 
allotriomorph-like morphology nucleated on disloca- 
tions (Fig. 5). Dark-field observations demonstrated 
that the carbides in a given ferrite grain can take up at 
least three different orientations when precipitated on 
dislocations (Figs. 5(b) through (d)). At 650 ~ ferrite 
free of carbide precipitation was observed as well as 
precipitation on dislocations. 

Fe-0.40 Pct C-1.73 Pct Si. No prior TEM investi- 
gations of carbide precipitation in hypoeutectoid Fe- 
C-Si alloys have been located. The TTT-curve for this 
alloy is given in Fig. l ( d ) .  29 Microstructures at two 
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Fig. 1--TTT-diagrams for initiation of transformation in: (a) Fe-0.13 
pct C-2.99 pct Cr, (b) Fe-0.12 pot C-3.08 pot Mn, (c) Fe-0.11 pot 
C-3.28 pct Ni, and (d) Fe-0.40 pot C-1.73 pet Si. 29 
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Fig. 3--Fe-0.13 pct C-2.99 pct Cr, reacted 20 s at 650 ~ illustrating 
absence of carbides within ferrite. 

Fig. 2--(a) Fe-0.13 pct C-2.99 pct Cr, reacted 10 s at 700 ~ growth 
of ferrite along austenite grain boundaries; (b) Fe-0.12 pct C-3.08 pct 
Mn, reacted 360 s at 600 ~ grain boundary ferrite allotriomorphs 
and secondary sawteeth; (c) Fe-0.11 pct C-3.28 pct Ni, reacted 120 s 
at 715 ~ illustrating the development of ferrite allotriomorphs and 
secondary sawteeth; (d) Fe-0.40 pet C-1.73 pct Si, reacted 5 s at 700 ~ 
a typical illustration of grain boundary ferrite allotriomorpbs with 
many sideplates developed from them; (e) Fe-0.43 pct C-7.51 pct Ni, 
reacted 300 s at 550 ~ grain boundary ferrite allotriomorphs and 
sideplates. The marker in each micrograph represents 47/~m. 

temperatures, 700 and 750 ~ were studied. Figure 2(d) 
shows ferrite allotriomorphs with many secondary side- 
plates, a typical optical microstructure at these tem- 
peratures. A low magnification TEM micrograph (Fig. 
6(a)) displays a similar microstructure. A higher mag- 
nification view of area "B" in Fig. 6(a), located within a 
secondary sideplate, demonstrates that the ferrite is 
relatively free of carbide precipitation (Fig. 6(b)), 
whereas area " A " ,  located in the blocky allotriomorph 
from which the sideplate developed and shown by SAD 
to be part of  the same ferrite grain, exhibits copious 
precipitation on dislocations (Fig. 6(c)). A sawtooth in a 
different ferrite grain also shows precipitation on dis- 
locations (Fig. 7). 

Interphase boundary precipitation of carbides was 
seen at 700 ~ This type of precipitation did not occur 
as often as that on dislocations. The characteristic rows 

Fig. 4--Fe-0.12 pct C-3.08 pct Mn, reacted 360 s at 600 ~ (a) bright 
field view of carbides within ferrite; (b) dark field view of the same 
area showing that the carbides lie along dislocations. 

of carbides are displayed through use of a diffracted 
beam from the carbides in Fig. 8. Ledges are present at 
the arrowed ferrite:austenite (now martensite) bound- 
aries. Carbides are seen to have precipitated at the 
broad faces of the ledges. Carbide precipitations on 
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dislocations was also observed at 750 ~ but no 
interphase boundary carbides were seen at this tem- 
perature. 

Fe-0.43 Pct C-7.51 Pct Ni. This alloy was studied after 
reaction at 550 ~ Both allotriomorphs and sideplates 
developed (Fig. 2(e)). Interphase boundary carbide 

Fig. 5--Fe-0.11 pct C-3.28 pct Ni, reacted 120 s at 715 ~ showing a portion of the area in Fig. 2(c): (a) in bright field, and (b), (c) and 
(d) in dark field, imaged in three different carbide reflections. 

Table I. Summary of TEM Observations and Growth KlneUcs 1 Data 

Reaction Longest Isothermal Carbide 
Alloy Temperature, ~ Reaction Time Studied, s ~ Precipitation acorr/apara t 

Fe-0.13 pct C-2.99 pct Cr 700 15 None 00.52 
650 5 None 00.20 
600 5 None 00. ! 7 

Fe-0.12 pct C-3.08 pct Mn 650 4800 None 00.04 
600 360 On Dislocations 00.22 
550 16 None 00.41 

Fe-0.11 pct C-3.28 pct Ni 715 120 On Dislocations 00.67 
650 8 On Dislocations 00.82 

Fe-0.40 pct C-1.73 pct $1 800 144 On Dislocations 12.27 
750 25 On Dislocations 2.54 
700 5 On Dislocations 2.13 

& IBP (rare) 

Fe-0.43 pct C-7.51 pct Ni 550 300 IBP (rare) 1.61 

IBP = interphase boundary precipitation 
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Fig. 6---Fe-0.40 pct C-1.73 pet Si, reacted 5 s at 700 ~ (a) a 
microstructure similar to that of Fig. 2(d); (b) higher magnification 
view of area marked "B" in (a), showing near absence of carbide 
precipitation within a secondary sideplate; (c) higher magnification 
view of area marked "A" in (a), illustrating extensive carbide 
precipitation within a blocky ferrite allotriomorph. 

precipitation was identified in association with a small 
fraction of the ferrite crystals examined (Fig. 9). The 
discrete nature of the carbides demonstrates that this is 
not a fibrous structure. Dark field experiments revealed 
no other orientations of carbides present, proving that 
the carbides did not precipitate on dislocations within 
the ferrite grains. In many ferrite grains, carbide 
precipitation was absent. 

Crystal Structure of the Carbides 

Due to the small size of the carbides, identifiction of 
their crystal structure was often difficult. However, all 
SAD patterns obtained could be indexed in accordance 
with the complex orthorhombic structure of M3C (Fig. 
10), i.e., (Fe,X)3C or cementite. In the Fe-C-Si alloy, the 
concentration of Si in the carbide was presumably very 
small. 3~ This result is consistent with the earlier work of 
Lyman and Troiano, 32 Chilton and Speich 3~ and Hult- 
gren. 33,34 They studied a wide range of F-C-X alloys, 
including compositions approximating those used in 
this study. In all alloys containing less than 5 pct X, the 
initial carbide in the nonpearlitic transformation prod- 
ucts w a s  M3C.  

DISCUSSION 

The influence, if any, of carbide precipitation on the 
growth kinetics of ferrite depends on where such 
precipitation occurs. In the Mn and the 3.28 pct Ni 
alloys, when carbide precipitation was observed it 
appeared only on dislocations. BA found that the 
experimentally determined growth kinetics are slower 
than those predicted from the paraequilibrium model in 
the Mn alloy and about equal in the 3.28 pet Ni alloy. 
Further, the only carbide precipitation observed in the 
Si alloy at 750 and 800 ~ appeared on dislocations, 
where the measured growth kinetics were more rapid 
than those calculated. This absence of any correlation 
between growth kinetics and carbide precipitation on 
dislocations is consistent with the expectation that 
carbide precipitation behind advancing austenite:ferrite 
boundaries should have negligible influence upon the 
interface compositions and thus upon the growth kinet- 
ics of these boundaries. 

The absence of detectable carbide precipitation with- 
in the BA reaction temperature-time "envelope" in the 
Cr alloy demonstrates that the slower than calculated 
growth kinetics of ferrite in this alloy also cannot be 
explained through pinning of austenite: ferrite bounda- 
ries by carbides. Boswell et  a135 have shown that the 
TTT-curve for the initiation of transformation in an 
Fe-0.11 pct C-1.95 pct Mo alloy is nearly the mirror 
image of the a vs temperature plot, where a is the 
parabolic rate constant for thickening of grain bound- 
ary allotriomorphs. Although degeneracy of the ferrite 
morphologies prevented the measurement of a at tem- 
peratures below that of the bay in the Cr alloy, an 
essentially similar situation evidently obtains in this 
alloy. 

Interphase boundary carbides were occasionally ob- 
served at the one reaction temperature studied in the 
7.51 pct Ni alloy and also at the lowest temperature 
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Fig. 7--Fe-0.40 pct C-1.73 pct Si, reacted 5 s 
at 700 ~ showing precipitation on disloca- 
tions in a ferrite sawtooth. 

Fig. 8--Fe-0.40 pct C-1.73 pct Si, reacted 5 s at 700 ~ interphase 
boundary carbides shown in dark field. 

utilized in the Si alloy. At both temperatures a is about 
twice that calculated from the paraequilibrium model. 
The acceleration of growth thus observed can be 
explained in terms of the influence of carbides upon 
both the ledge mechanism and the "bowing around" 
mechanism 2~ for the thickening of ferrite allotriomorphs 
in the presence of interphase boundary carbides. The 
spacing between ledges can be decreased. Additionally, 
since these carbides are in contact with austenite, they 
increase the driving force for the migration of the 
mobile areas of the austenite:ferrite boundaries from 
the difference between the carbon contents correspond- 
ing to the extrapolated Ae3 and the bulk composition of 
the alloy to the difference between the carbon contents 
represented by the extrapolated Ae3 and the extrapo- 
lation of the relevant (austenite)/(austenite + carbide) 
phase boundary, both at the reaction temperature used. 
However, the circumstance that no interphase bound- 
ary carbides were observed in the Si alloy at 750 and 
800 ~ indicates that this explanation is incomplete. 

Following an earlier proposal, 36 BA suggested that 
the higher t~ values might result from an "inverse solute 
drag-like effect" induced by the segregation of Si, and 

Fig. 9--Fe-0.43 pct C-7.51 pct Ni, reacted 300 s at 550 ~ dark field 
micrograph of interphase boundary carbide precipitation. 

to a lesser extent of Ni, to disordered (and thus mobile) 
austenite:ferrite boundaries. Since Si markedly in- 
creases the activity of carbon in austenite, 37 as does Ni, 
less effectively, 37 such segregation would raise the 
concentration gradient of carbon in austenite driving 
the growth of ferrite and thus a. Both the interphase 
boundary carbide and the inverse solute drag-like 
effects may well be operative in the Si and the higher Ni 
alloys. Interphase carbide precipitation could have 
escaped detection by TEM at 750 and 800 ~ in the Si 
alloy because of its scarcity. However, since a is 
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b 

Fig. 10--Fe-0.11 pct C-3.08 pct Mn, reacted 360 s at 600 ~ (a)[351] 
zone axis of (Fe,X)3C and [111] zone axis of ferrite; (b) indexed 
schematic of electron diffraction pattern in (a). 

determined from a plot of the thickness of the thickest 
allotriomorph as a function of the square root of the 
isothermal reaction time, this form of carbide precip- 
itation would have affected the measured growth kinet- 
ics even if it took place very infrequently. The possible 
role of interphase boundary carbides in accelerating the 
growth of ferrite allotriomorphs in the Si and Ni alloys 
is urged here because Abe et a138 have secured clear 
evidence that such carbides do increase a in an Fe-C-V 
alloy, where this form of carbide precipitation is ubiq- 
uitous. 39 

SUMMARY 

The Fe-C-X alloys (where X is Si, Mn, Ni, or Cr) 
used by Bradley and Aaronson (BA) 1 in the preceding 
paper to determine alloying element effects upon the 
growth kinetics of grain boundary allotriomorphs of 
proeutectoid ferrite have been investigated by TEM 
within the same reaction temperature-reaction time 
envelopes to evaluate the effects of carbide precipi- 
tation upon allotriomorph growth kinetics. BA found 
that the paraequilibrium modeP 4-~8 for the chemistry of 
austenite and ferrite in the vicinity of austenite:ferrite 
boundaries is the most appropriate one, of the three 
they examined, for allotriomorph growth kinetics in 
their alloys. They also noted, however, a number of 
instances in which the ratio of the corrected experi- 
mental parabolic rate constant for allotriomorph thick- 
ening, acorr , to the rate constant calculated from the 

paraequilibrium model, ap . . . .  is significantly different 
from unity. In this study, the role of carbide precip- 
itation in producing these deviations was experimen- 
tally assessed. 

Table I summarized the TEM observations on car- 
bide precipitation made during this study and the 
aeorr/Otpara ratios obtained by BA under the same con- 
ditions. Most of the carbide precipitation observed took 
place on dislocations. As anticipated, there is no cor- 
relation between such precipitation and the growth 
kinetics ratio. In the Cr alloy, where a behaves in a 
manner quite different from that predicted, no carbide 
precipitation could be definitely identified. Interphase 
boundary carbide precipitation 19 was the only other 
type of carbide formation discerned. Such precipitation 
was found at but one temperature in the Si alloy and in 
the higher Ni alloy. Ogcorr/Otpara ~ 1 in both of these 
alloys, and interphase boundary carbide precipitation 
may well have been responsible for at least part of this 
deviation. However, as noted by BA, an "inverse solute 
drag-like" effect 36 due to segregation of either Si or Ni 
to disordered areas of austenite:ferrite boundaries, may 
also have been responsible. 
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