Influence of the Mn Content on the Kinetics of Austempering
Transformation in Compacted Graphite Cast Iron
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Misssbauer spectroscopy has been used to monitor the kinetics of austempering transformation in two
compacted graphite (CG) cast irons alloyed with 0.11 and 0.58 wt pct of Mn, respectively. The phase
relations were analyzed in terms of the Johnson—Mehl's equation, determining the kinetics parameters
n (time exponent) and k (constant rate of the transformation). The values obtained were 1 = 1.4 and
k=747 X 10*s ! for the low-Mn alloy, and n = 2.2 and & = 3.9 X 10~ 5! for the high-Mn alloy,
These results, which reveal a faster kinetics for the low-Mn alloy, are coherent with metallographic
observations, and the driving force obtained through the determination of the austenite carbon concen-
tration that was determined from the Mossbauer data using the Génins model for the Fe-C configura-
tions in the fec lattice. The Kinetics parameters are further compared to those obtained in austernpered
ductile iron (ADI), by analyzing the graphite morphology influence on the austempering

transformation.

L INTRODUCTION

IN the last decade, many studies'' " have been performed
which extend to compacted graphite (CG) casi iron the aus-
tempering heat treatment widely used to improve the
mechanical propertics of nodular cast iron, also called aus-
tempered ductile iron (ADI). However, the dependence of
the kinetics parameters on the alloy concentration remains
an open question in that cast iron,

The austempering transformation in cast irons involves
three stapes. In stage /, parent sustenite transforms into
acicular ferrite and high-carbon avstenite (¥ = o, + .,
forming a microstructure called ausferrite. The mechanism
of the reaction consists of the nucleation and growth of
territe needles that reject carbon atoms into the surrounding
austenile, which becomes more stable due to the increase in
the carhon content, which, on its own, causes the martensitic
starting point to become lower than room temperature, The
fraction of austenite that has not become rich enough in
carbon transforms into martensite during the cooling to room
temperature. The transformation progresses until the phases
reach a metastable equilibrivm. At this point, the transforma-
tion stops temporarily and begins a steady-state period (stage
11}, in which the amounts of acicular ferrite and high-carbon
austenite remain approximately constant, Stage I is also
called the processing window, where optimum mechanical
properties are obtained. When the metastable high-carbon
austenite eventually decomposes into the more thermody-
namically stable ferrite and carbides, stage 1] starts, with
the consequent reduction of the mechanical properties, par-
ticularly ductility and toughness,

Masshauer spectroscopy has been proven to be a powertul
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analytical technique for quantitative studies of metallurgical
phenomena ' Because of its microscopic character, Méss-
bauer spectroscopy is particularly suitable to accounting for
the mechanism of transformations that involve nucleation
and growth processes,

Several articles have determined the kinetics of austem-
pering transformation in cast irons, using an X-ray diffrac-
tion technigue. "1 Miissbauer spectroscopy can be used
advantageously toward this end, due to its ability to identify
ferrite, austenite, martensite, and intermetallic phases. The
characterization is based on the magnetic and hyperfine
properties of the different phases, even for the complex
phase diagram of the Fe-C system. Problems appear only
when the phase under investigation contributes to the total
spectrum, with a percentage below about 1 pet for materials
nonenriched in *Fe. Many review anticles give detailed
reports of these features.!™ The case of the iron-carbon
martensite is a clear example of the way in which the carbon
atoms modify the hyperfine magnetic field sct up by the
iron neighbors, producing the appearance that several subs-
pectra can be resolved in data with high statistics. In addition
to the hyperfine-ficlds parameters, the different phases are
distinguished by their magnetic properties. Iron phases
change the magnelic regime according to the Fe-Fe dis-
tances, yielding a paramagnetic regime al room temperature
for s~iron foc (austenite), as caleulated by Fujita and Naso 'Y
Being a local probe, the Mdssbauer spectroscopy atom
senses the new phases formed from the very beginning of
the new-phase seeds. This is an advantage with respect to the
bulk or cooperative techniques and enhances its sensitivity in
monitoring metallic-phase changes.

This article analyzes the kinetics of the stage [ austem-
pering transformation in two CG cast irons alloved with
different Mn contents and austempered at 623 K by means
of the Johnson-Mehl equation.!'* The time exponent (n)
related to the particular nucleation and growth conditions
and the constant rate (k) associated with the nucleation and
growth rate were determined in order to study Mn influence.
The results are further compared to those reported in ADL
to analyze the influence of graphite morphology on the aus-
tempering transformation,
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Table 1.  Chemical Composition in Weight Percent of the
Two Manganese Alloyed Compacted Graphite Cast lrons

Alloy C Si Mn Cu P 5
A 340 235 (.58 004 o.m (.02
B 3.52 210 (L11 0.03 001 .03

Table II.  Microstructural Parameters of CG Cast [ron

Aldloy N (CGimm*) £ {mm) F {mm/mm?)
A 104 0190 19.76
B 82 0.194 15.9

II. EXPERIMENTAL PROCEDURE

Base metal, of composition 3.6 wit pet C, 1.8 wt pet Si,
(L1 wt pet Mn, 0,05 wt pet Cu, 0.01 wit pet P, and 0,02 wt
pet 8, was used to produce CG cast iron in a medium-
frequency induction furnace, using the sandwich technigue
in a ladle to treat the liquid metal. FeSiMgCeCa was added
to obtain a CG morphology, and Mn and 5i balances were
attained by adding appropriate amounts of FeMn (Cy, =
60 wi pet) and Fe8i(Cg = 73 wit pet). The resulting chemical
composition for both cast irons is displayed in Table 1.

In order to characterize the microstructure, a Reichert
optical microscope, with image-analysis software (Analy
SIS DOCU) for both particle count/mm® and measurement
of the perimeter, was used. These values permit an estimation
of the graphite/austenite interface (P) for both cast irons,
which were calculated as the product of the average number
of CG particles/mm?® {Ng) and their average perimeter (L),
and the results are displayed in Table 11

Hardness tests were done with a standard Vickers hardness
machine, using a load of 30 ke,

Samples 20 mm in diameter and 3-mm thick were taken
from “Y-shaped” blocks (ASTM A-395) casted in sand
malds. Heat treatments were performed by austenitizing at
1173 K for 30 minutes and then quenching in a salt bath
held at 623 K.

The samples were specially prepared for Misshaver spec-
troscopy by conventional grinding techniques to reduce their
thickness down to 70 um, using, progressively, a diamond
paste of &, 1, and 0.1 gm for the final polishing.

Mossbauer spectra were taken in transmission geometry
using a ""CoRh source of approximately 5 mCi and were
recorded in a standard 312-channel conventional constant-
acceleration spectrometer. Two sets of spectra were taken
in order to analyze in detail the different phases present in
the samples. One range covers velocities between —8 and
+8& mm/s, and the other one covers velocities between —2
and +2 mm/fs. Velocity calibration was performed against
a 12-um-thick a-Fe foil. All isomer shifts are referred to
this standard at 298 K. Following Reference 14, the analysis
of the spectrum for one sample was performed with a Voigt's
profile for the line shape. However, the percentages obtained
lay within the statistical errors of the data using Lorentzian
line shapes. For this reason, all spectra were fitted to
Lorentzian line shapes by 2 nonlinear least-squares program
with constraints,
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IMI. RESULTS AND DISCUSSION

Typical Misshauer spectra of the higher-velocity range,
corresponding 1o austempering times of 1, 10, and 30
minutes, are illustrated in Figure 1 for both alloys. The
characteristic six lines belonging to the magnetic component,
i.e., the martensite andfor ferrite phases, and a central line
corresponding to the nonmagnetic component, indicative of
the existence of austenite, are ohserved. Magnelic subspectra
were fitted using three different hyperfine interactions (H; =
3BT A =001 mmfs; Ay =31 T & = 0,04 mm's; and
H; =277, 8 = 0.1 mm/fs), while the austenite subspectra
were simulated with a quadrupole doublet and a single line,
since the [ull complexity of the austenite Massbaver spectra
is not resolved in this velecity range. However, this does
not affect the subspectra areas.

The progress of the transformation during stage f of aus-
tempering was analyzed by monitoring the evolution of the
austenite relative fraction (f,) obtained (assuming an equal
recoilless fraction for all phases) as a function of the austem-
pering time. A first evidence of the Mn influence on the
kinetics is observed in Figure 2, where it can be perceived
that f, evolution is faster in the low-Mn alloy (alloy B). This
result reveals a larger ferrite nucleation and growth rate
which promotes a more noticeable increase of the [racton
of retained austenite, which means that the time to complete
stage [ is shorter for allov B. Nevertheless, at imes corres-
ponding o stage 11, the mount of retained austenite is approx-
imately similar for both alloys.

Hardness measurements also show the progress of the
transformation, as can be seen in Figure 3. At early times
of srage I, hardness values are high because martensite is
the predominant structure, and, as the austempering time
progresses, the hardness drops simultancously with the
advance of the ausferritic structure.

Since f, evolution follows a sigmoidal behavior, typical
of a nucleation and growth reaction, the kinetics of transforma-
tion was analyzed using the Johnson-Mehl equation:''* '

X1 =1 — expl—kt"
where X(1) is the transformed fraction, defined as
X1y = (f{le) — LAV — £,000)

where f,((1) is the austenite value at time zero, while f,(1)
and f,( £ are the relative fractions of austenite at time ¢ and
after completion of transformation, respectively.

The mechanism of the transformation is exposed by the
kinetics parameters # and k. The time exponent is related
1o the particular nucleation and growth conditions, while the
constant rate of the reaction is associated with the rate of
nucleation and growth of the new phase. These Kinetics
parameters were determined by firing the lincarized
Johnson—Mehl equation, plotted in Figure 4

log log (1 = Xi(r))™! = in log K+ log log €) + nlog ¢

The results obtained from Figure 4 indicate that the time
exponent is smaller for alloy B than for alloy A, being
1.4 and 2.2, respectively. These values imply a localized
nucleation and a phase transformation controlled by an inter-
face reaction.'®' After the nucleation sites become saturated.
the advance of the transformation is further controlled by a
diffusion process,”"™ In the case of the austempering transfor-
mation in cast irons, there are two places where ferrite nee-
dles can nucleate: the graphite/austenite interface and the
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Fig. 1 —Typical Misshaver specira belonging to alloy A (left) and alloy B (right] labeled with the uestempering time.

austenite grain boundaries. This can be seen in micrographs
corresponding to early times of austempering, included in

Figure 5.
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Fig. 2—FEvalution af (he £, austenite relative fraction with the austempering

time: ® alloy A, and ® alloy B
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The Mn effects on the austempering kinetics are mainly
displayed by the constant rate. The results exhibited in Figure
4 reveal that the constant rate is larger in alloy B than in

600

550+ -

Ia Ln

Lh =

= =
1 M i
™

hardness (Hv)
=Y
=

350- o = ]

]
300+ e
1 10

time (min)

Fig 3—Hardness evolution with the avstempering tme: B alloy A, and
® alloy B.
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Fig. 4— Transfuormed linear of the Johnson-Mehl equation: @ alloy A. and
® pllow B,

alloy A, being 7.47 X 107*s ™' and 3.9 X 1077 s, respec-
tively. Mn has the ability to delay the ferrite nucleation and
to slow down the carbon diffusion into austenite,!'” retarding

the growth of the ferrite needles. This advance is precisely
governed by the rate at which the carbon rejected from the
ferrite platelets can diffuse into austenite,”) Micrographs of
Figure 5 corroborate the results exposed previosly, illustrat-
ing that, despite the larger graphite/austenite interface pres-
ent in the high-Mn alloy (Table IT), which implies more
nucleation places for the ferrite needles, the ferrite nucleation
is larger in the low-Mn alloy and, henee, the more noticeable
advance of the transformation 15 notced.

Another evidence of the larger ferrite nucleation in the
low-Mn alloy is exhibited by the evolution of the relative
fractions of the magnetic subspectra (F}), plotted in Figure
6. According to the literature.™ the interaction F{ (H = 33
T) is wsually assigned to Fe probes in ferrite andfor in
martensite sites without C atoms as near neighbors, while
FA and FY are assigned to iron atoms in martensite sites
with one or more carbon atoms as near neighbors, In Figure
6. it is observed that the Fi' contribution is higher and the
F¥ is smaller in the low-Mn alloy, suggesting a more
important ferrite nucleation.

The kinetics parameters obtained in CG cast iron can
be compared to those reported in ADIUY with several Mn
contents, austempered at 623 K. The values of the time
exponent obtained in CG east iron indicate that the nucle-
ation and growth mechanisms are similar in both cast irons,
The main difference is noticed in the constant rate, which
displays larger values in austempered CG cast irons, indicat-
ing that the austempering kinetics is faster with respect to

Fig. 5—Microstructure of alloy A on the left and alloy B on the right after {a) 1 min ad (B) 2 min of austernpering.
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ADI (Figure 7). This result indicates that the variation in
the constant rate must be ascribed to the morphological
differences of the graphite phase.

The morphological differences of graphite particles in
cast iron have been studied in previous works,™ which
determined that the graphite/mairix interface is 2 to 3 times
larger in CG than in nodular graphite. This fact could have

an important effect on the nucleation rate of ferrite needles,
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which, as can be seen in Figure 5, occurs at the graphite/
austenite inlerface. The larger interface area in OG cast iron
provides more nucleation sites for the fermite, and, conse-
quently, the kinetics is favored. Figure & illustrates ferrite
nucleation in CG and nodular cast irons of the same composi-
ton (0.22 and 0.24 wt pet of Mn, respectively ), austempered
with the same thermal cycle after | minute of treatment.
The nucleation is more noticeable in CG cast iron, revealing
a nucleation rate higher than that for ADL

To follow the evolution of the carbon concentration in
austenite, Mosshauer spectra were recorded in the velocity
range from —2 o +2 mmis. Spectra belonging to different
steps of the austempering treatment are shown in Figure 9,
where the austenite pattern is observed, in detail, to be sitting
on the two central lines of the magnetically split ferrite/
martensite background. These signals were laken inlo
account using two Lorentzian lines, Ausienite specira were
analyzed in the frame of the model proposed by Uwalkoweh
eral "8 which accounts for the different Fe-C configurations
in the fee lattice, assuming an FeyC,_, (0 < v <7 1} solid
solution and a repulsive interaction between carbon atoms,
Three different hyperfine interactions were used 1o reproduce
the spectra that were associated with a (1) iron atoms without
near-neighbor or next-near-neighbor C atoms (), (2] iron
atoms with only one near-neighbor C atom (T ), and (3) iron
atoms without near-neighbor C atoms, but with n second-
neighbor C atoms (g, ). The resulting hyperfine parameters
are reported in Table Il for each austempering time. The
relative fractions of cach subspectra (f;) normalized with
respect to the total relauve fraction of austenite, are also
included. The T'y-component isomer shift was held fixed
along the fits over the whole austempering time interval
studied, Its contribution 15 observed 1o decrease with increas-
ing time. The [y, singlet slightly shifts to positive velocities
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Fig. B—Ferrite nucleation in (@) sustempered CG and (5] ADL
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Fig. 9— Mosshauer austenite pattem obtaned using a low velocity range for alloy A on the lefl and alloy B on the right ar different gusiempering times,

as the austempering time increases, Tts intensity is practically
constant, in agreement with the results of Reference 18. The
hyperfine parameters belonging to I', are nearly constant,
the only ohserved change being the increase of its intensity.

Assuming the same Mossbauer—Lamb factor for all the
sites in austenite, the atomic carbon concentration of this
phase can be determined using the occupation probabilities
of Reference 18:

2750—VOLUME 30A, NOVEMBER 1599

Jop = 34 ﬁu = (61 — VN8 fim= 0.25

An average atomic carbon concentration obtained from
the relative intensities associated with I'yy and Ty was per-
formed, and the results are displayed in Figure 10, where
the weight-percent scale is also displayed. An increase of
the carhon concentration with the austempering time is
observed for both allovs; alloy B displays higher values.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table 11l. Hyperfine Parameters and Relative Percentages of the Three Different Carbon Environments Found in Austenite
for Both Alloys

Alloy A
I'1g [y Ty

Time s A Frm S g Fron i s Fron i Sy
imin)  (mms) {mms) (Pet) (Pet) {mmy's) {Pct) (Pet) (mim/s) (Pct) [Pet) (Pet)

1 —103, 0.05, i 9, .04, 3 17, —-0.1 & 44, |8

2 0.0z, L6, 9, 46, 0.05, 3 17 0.1 T T, 19

3 0,00, 0.66, 10, 44, 0.06, a4, 14, —0.1 a9, 38, 23

4 0.0, .67, I, 44, 0,06, 5 21, -1 9] 33, 24

5 0.0 0.67, 11, 44, 0.06, f, 23 —0.1 o, KX H 26

In 0,01, .67, 14, 44, 0,05, ) 22 0.1 9 4 24

20 0,00, 0.67, 17, 38, 0.07, 5 19, ={1.1 7 23, 24

a0 0.01, .64, 17, 61, X 5 19, ~f].1 7 20, 2R

Alloy B
l-|III J--I!|| _ rm

Tif_"ﬂ by A Frmn Sin g Fra fl‘m '5'-1:. Frg S .G
[rrim) {mmys) {mrmn/s) (Pet): Py (s} (Pet) (Pet) [mimys) (Pct) (Pot) (Peny

1 =01, 0.66, 9, 41, 0.0, 3 16, —011 o, 43, 21

3 0,01, 067, 11 4 0.05, i 23 0.1 &, i3 25

4 0401, L6T, 14+ 48, 0.06, T 23 =1 2 2% 29

5 04, (.66, 16, 52, 0.05, i 21, -0, o 27, 30

IU 'D.{H U.ﬁ-lr| Ji‘, 5l 3 ﬂﬁql_ H: .353 =01 ?; E*I-'I:- 30

20 0.01, .67, 16; 58, 0,06, ) 21, —0.1 3 21, 27

2-2_ T T T T -] .
+ + 0.006 (wi pet Mny — 0011 (wt pet Sid
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Fig. 10—Austenite carbon concentration as a function of the austempering
time: ® alloy A, and @ alloy B.

The determination of the austenite carbon content permits
an analysis of the driving force of the austempering transfor-
mation, which has been established®*™ 1o be proportional
to the difference in contemt {C, — %), where C, is the
maximum carbon content of the austenite stabilized during
austempering and C%, is the austenite carbon content in the
austenite after austenization. The value of 7 can be calcu-
lated using the following empirical relationshipl®

€5 = —0.435 + 0335 X 107 T, + 161 X 1079 T3 +

METALLURGICAL AKD MATERIALS TRANSACTIONS A

The values abtained for 5 were 0.92 wt pet for alloy A
and 0.94 wt pet for alloy B, while the maximum €, value
can be obtained from the experimental data displayed in
Figure 8. The (C', — 5) values are higher for alloy B than
for alloy A, being 1.2 and 1, respectively, suggesting a higher
driving force for this alloy with respect to the high-Mn alloy,
in concordance with the previously reported & values,

In brief, the present results clearly indicate that the trans-
formation during stage { of austempering is strongly influ-
enced by the Mn content. As in the case of ADI, the
increment of the Mn content slows down the nucleation and
growth rates of ferrite needles. In addition, the graphite
morphology influences the avstempering kinetics, because
graphite particles act as a substrate for ferrite nucleation.
Since a CG morphology presents a larger graphite/matrix
interface than does a nodular morphology, ferrite nucleation
is favored, and, hence, a faster kinetics is observed than in
nodular cast iron.

IV. CONCLUSIONS

The kinetics of austempering transformation in CG cast
irons with two different Mn concentrations (0,11 and .58
wi pct) have been thoroughly examined using Missbauer
spectroscopy, following the evolution of the austenite rela-
tive fraction. The resulls were analyzed with the Johnson—
Mehl equation to determine the kinetics parameters »n and
k. It was found that the constant rate is higher for the low-
Mn alloy than for the high-Mn alloy, being 7.47 = 1077 57!
and 3.9 % 1077 57", respectively, confirming that Mn slows
down the kinetics, This result is cormoborated by the analysis
of the magnetic subspectra, metallographic observations, and
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the driving-force values deduced from the difference (C, —
(%) obtained through the determination of the austenite car-
bon concentration,

The effect of graphite morphology on austempering Kinet-
ies was also evaluated as a function of the constant rate.
The values obtained in austempered CG cast iron were higher
than those in ADI, corroborating the faster kinetics in CG
cast iron. This fact is coherent with the larger graphite/matrix
interface of CG than that of nodular graphite, presenting
more nucleation sites for the ferrite needle nocleation, which
favors the kinetics.
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