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Graphitization kinetics in two commercial high carbon steels, AISI types 1075 and 1095, are studied by
conducting a series of isothermal annealing treatments in the temperature range of 560 to 680° C for pe-
riods of time ranging from 20 to 500 h. The samples selected were collected along the processing route in
a commercial production line dedicated to the fabrication of thin strip. The structures studied were those
of hot rolling (consisting of fine pearlite), cold rolling (spheroidized carbides within a deformed ferritic
matrix), and subcritical annealing (spheroidized carbides in undeformed ferrite). The samples obtained
from hot rolled coils do not graphitize, whereas those cold rolled graphitize at a rate that depends on the
type of steel and degree of deformation. No graphite was found in samples from the lower carbon steel,
which were subcritically annealed, although they were observed in specimens from the other steel, which
were cold rolled to a reduction of 50% prior to the subcritical annealing.

1. Introduction

Study of the solid state transformation in commercial steels
rely on the metastable iron-cementite (Fe3C) diagram, rather
than on the stable iron-graphite diagram (Ref 1, 2) because the
decomposition of austenite into ferrite and either cementite or
graphite requires the enrichment of carbon on the parent phase
as it is expelled from ferrite, and formation of carbide will be
favored over graphite mainly due to its higher solubility in fer-
rite (Ref 2).

Decomposition of cementite into iron and graphite may oc-
cur when steels are annealed or treated for long times above
room temperatures (Ref 3-12). The transformation rate seems
to depend on the microstructure of the material. For instance,
some authors (Ref 3-11) find that quenched and tempered steels
graphitize faster than when they are normalized (Ref 9-11).
There is also experimental evidence (Ref 4) that this transfor-
mation occurs at a higher rate in coarse structures, obtained af-
ter conducting a full annealing, than in the finer structures
which result from normalizing. Results reported elsewhere
(Ref 6) point in the same direction because full annealing of hot
rolled steel previous to cold rolling has been found to accelerate
the transformation, although another author (Ref 6) reports
higher graphitization rates in samples of normalized rather than
in annealed steel. The amount of deformation imparted to the
samples prior to the treatment appears to have a very strong ef-
fect in graphitization (Ref 5, 8, 9, 12), even greater than that of
quenching and tempering (Ref 8).

Chemical composition of the material seems to be another
factor affecting the rate of decomposition. Trials conducted in

steels of different carbon content demonstrate that this phe-
nomenon appears at an earlier stage in materials with higher
content in this element (Ref 4, 8, 13). There is experimental evi-
dence that elements like silicon, nickel, and aluminum, which
exhibit a tendency to concentrate in ferrite (Ref 13-15), accel-
erate this transformation (Ref 8-14).

The results of a study conducted on samples of steels of two
different nominal compositions, which were treated at different
temperatures and times, is presented here to evaluate the possi-
bility of reducing the temperature at which the subcritical an-
nealing is conducted in a steel factory.

2. Experimental Procedure

Samples were collected in a factory, which cold rolls thin
strip high carbon steel. Special care was taken to obtain sam-
ples of the material before and after the intermediate subcritical
annealing treatments programmed to facilitate the rolling proc-
ess. The thicknesses and reductions imparted in the different
samples of the two steels studied (namely AISI 1075 and 1095)
are presented in Table 1; specimens cut from the initial hot-
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Table 1 Samples obtained for the present study

Thickness,  Reduction, 
Specimen Steel mm % Structure

A.1 1075 1.90 0.0 Mixture of ferrite
and pearlite

A.2 1075 1.27 33.0 Spheroidized
carbides in ferrite

A.3 1075 0.60 53.0 Spheroidized
carbides in ferrite

B.1 1095 1.90 0.0 Mixture of ferrite
and pearlite

B.2 1095 0.64 50.0 Spheroidized
carbides in ferrite

B.3 1095 0.36 44.0 Spheroidized
carbides in ferrite

B.4 1095 0.20 43.0 Spheroidized
carbides in ferrite

B.5 1095 0.14 32.5 Spheroidized
carbides in ferrite
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rolled band are identified as A.1 and B.1. Figure 1 shows sche-
matically the rolling schedule (performed out with four-high
and cluster mills) employed to manufacture the strip as well as
the places within the processing route at which the subcritical
treatments are programmed (referred to as either batch or sub-
critical annealing in this work).

One of the problems encountered when gathering the sam-
ples was the difficulty of cutting them from the same coil, or at

least the same shipment of coils, which would be translated in
the study of a single chemical composition. Much effort was
used to ensure that at least samples of equal thickness (cold
rolled and batch annealed) came from the same coil. Chemical
compositions of the different samples are presented in Table 2.

Graphitization in the specimens cut from the samples ob-
tained while at the industrial plant was promoted by means of
isothermal annealings. These treatments were conducted from

Fig. 1 Schematic diagram of the reduction schedule showing
the types of rolling mills employed and the annealing treatments
given to the strips

Fig. 2 Hardness variation as a result of varying loads. Tests
were performed in cold-rolled and annealed samples of AISI
type 1095 steel 0.64 mm in thickness (B.2).

(a) (b)

Fig. 3 Microstructures of the hot-rolled AISI type (a) 1075 and (b) 1095 steels
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the 560 to 680° C temperature range for periods of times rang-
ing from 20 to 500 h. The specimens were immersed in neutral
salt baths, 70% BaCl2, 30% NaCl, rectified every 8 h with small
amounts of NH4Cl (Ref 16) to avoid oxidation. The interval of
temperatures was selected to study the possibility of decreasing
the temperatures at which the subcritical annealings are con-
ducted in plant, which is approximately 710° C.

Graphitization kinetics were studied by image analysis on
metallographic sections of the specimens subjected to the iso-
thermal treatments. The parameters recorded were number of
graphite nodules per unit area, fraction of area covered by the

nodules, highest equivalent, and mean diameter of the nodules.
The metallographic observations were performed at 200×, but
the area of the specimen observed varied as a function of strip
thickness. For instance, the area analyzed in each observation
on the thicker samples (1.27 mm) was of 178,000 µm2, whereas
that on the thinner ones (0.137 mm) was of 33,030 µm2. Analy-
sis of variance indicated that the difference in area observed
was of no statistical significance. Results from each of the ob-
served areas analyzed were averaged, and the 95% confidence
limit was obtained after assuming that the measurements fol-
lowed a normal distribution, in which case the upper limit is

Table 2 Chemical analysis of the samples

Composition, wt%
Sample Steel C Mn P S Cu Ni Si Cr Al N (ppm)

A.1 1075 0.75 0.61 0.014 0.001 0.03 0.02 0.22 0.17 0.026 140
A.2 1075 0.70 0.59 0.020 0.001 0.07 0.03 0.22 0.10 0.044 67
A.3 1075 0.73 0.66 0.020 0.001 0.07 0.06 0.21 0.17 0.045 189
B.1 1095 1.03 0.41 0.017 0.003 0.02 0.02 0.17 0.20 0.000 124
B.2 1095 0.96 0.42 0.015 0.001 0.09 0.06 0.19 0.17 0.022 68
B.3 1095 0.96 0.42 0.015 0.001 0.09 0.06 0.19 0.17 0.022 68
B.4 1095 0.96 0.43 0.019 0.001 0.11 0.07 0.17 0.17 0.020 171
B.5 1095 1.01 0.39 0.021 0.001 0.10 0.07 0.21 0.18 0.000 132

Fig. 4 Microstructure of the cold-rolled AISI type 1075 steel
to a thickness of 1.27 mm (A.2)

Fig. 5 Graphite nodules (black) observed after annealing for
100 h at 650 °C a sample of the cold-rolled AISI type 1095 steel
of 0.64 mm in thickness (B.2)
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equal to the average value plus two times the standard devia-
tion, while the lower one is obtained by subtracting twice the
standard deviation from the average value.

The transformed fraction, X, of iron carbide into graphite
was calculated on stoichiometric basis, assuming that the end
of decomposition, X = 1, will be achieved when all the carbide
transforms into graphite. Vickers microhardness tests were
conducted on deformed and annealed samples. A load of 300 g
was selected after finding that this one is the lowest one, which
will provide consistent and reproducible results. See Fig. 2.

3. Results

Microstructures of the samples cut from the original mate-
rial, (A.1 and B.1 in Tables 1 and 2) are presented in Fig. 3. The
fine pearlite appreciated in them is the result of hot rolling and
air cooling. The aim of the intermediate batch annealings be-
tween passes is to reduce the strength of the material. The sub-
critical annealings are normally conducted at temperatures of
approximately 710 °C to promote the spheroidization of ce-
mentite. A typical batch annealing cycle is approximately 80 h,
of which 20 to 30 h are for soaking. Figure 4 shows the typical
microstructure for the 1.27 mm thick sample of the AISI type
1075 steel (specimen A.2). No systematic variation of the fer-
ritic grain resulting from the subcritical anneal was observed,
independent of the type of steel or reduction. The average
measured values in all the samples ranged from 10 to 14 µm.

Not all the samples subjected to the isothermal annealings
showed the transformation of cementite into graphite and fer-
rite. This phenomenon was not observed in either of the hot-
rolled specimens, nor in the annealed samples of the AISI
type 1075 steel. Graphitization was only observed in some
of the specimens from the AISI type 1095 steel (B.2 and
B.5), although the decomposed amount was limited to a
small fraction.

The behavior observed in the cold-rolled samples was dif-
ferent because the presence of graphite nodules was observed
in almost all cases. The only exception was the 0.60 mm thick
strip of the AISI type 1075 steel (A.3). An example of the
graphite nodules is shown in Fig. 5 where the microstructure of
a deformed 0.64 mm thick (B.2) specimen of the AISI type
1095 steel is shown.

Fig. 6 Microhardness variation as a function of the isothermal
annealing time for cold-rolled and batch annealed samples of the
AISI type 1095 steel 0.64 mm in thickness (B.2)

Fig. 7 Series of lines passed through the 95% confidence lim-
its of the experimental measurements conducted on samples of
the AISI type 1095 steel of 0.64 mm in thickness (B.2)

Fig. 8 Graphitization in the cold-rolled AISI type 1075 steel of
1.27 mm in thickness (A.2)

Fig. 9 Graphitization in the cold-rolled AISI type 1095 steel of
0.14 mm in thickness (B.5)
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The microhardness varied depending on whether the iso-
thermally treated samples were cold rolled or were subjected to
the subcritical annealing treatment. The typical behavior is

shown in Fig. 6 for the case of the AISI type 1095 steel of 0.64
mm thickness (2.2). In this figure, the strong softening effect
occurs at the beginning of the treatment in the cold-rolled

Fig. 14 Isothermal transformation diagram for the cold-rolled
AISI type 1095 steel of 0.64 mm in thickness (B.2)

Fig. 12 Isothermal transformation diagram for the cold-rolled
AISI type 1075 steel of 1.27 mm in thickness (A.2)

Fig. 11 Graphitization in the subcritically annealed AISI type
1095 steel of 1.27 mm in thickness (B.2)

Fig. 13 Isothermal transformation diagram for the cold-rolled
AISI type 1095 steel of 0.14 mm in thickness (B.5)

Fig. 10 Graphitization in the cold-rolled AISI type 1095 steel
of 0.64 mm in thickness (B.2)

Fig. 15 Isothermal transformation diagram for the subcritically
annealed AISI type 1095 steel of 1.27 mm in thickness (B.2)

Journal of Materials Engineering and Performance Volume 7(4) August 1998471



samples, which can be attributed to the occurrence of restora-
tion (Ref 17), whereas the hardness remains independent of
time in the batch annealed samples. It can also be observed that
the hardness after the isothermal treatment on cold-rolled sam-
ples is lower than the hardness measured in the subcritically an-
nealed samples.

4. Discussion

Analysis of the transformed fraction, X, of cementite into
ferrite and graphite was performed once the information rela-
tive to its progress was available. Data of this fraction were ad-
justed to kinetic equations of the type:

X = 1 - exp (ktn) (Eq 1)

where t is the time, k is a temperature dependent coefficient,
and n is the reaction exponent, which varies from 1.5 to 2.5
when growth is controlled by diffusion (Ref 18). It was not pos-
sible to determine the systematic variation of n and k with tem-
perature due to the high dispersion of the experimental data,
and it was decided to set n equal to two, following earlier results
in which growth of the nodules was attributed to carbon diffu-
sion (Ref 8).

The values of k were found by passing a series of lines
through the 95% confidence limit of the experimental determi-
nation on the transformed fraction at the different times of the
isothermal tests. An example is presented in Fig. 7 for the case
of the cold-rolled 0.64 mm thick strip of the AISI type 1095
steel. The values of k were then fit to a second degree polyno-
mial to evaluate its temperature dependence.

Figures 8 and 9 show the evolution of the transformed frac-
tion in the two types of steels deformed to a reduction of ap-
proximately 33% (samples A.2 and B.5). In them it is possible
to observe the marked increase in rate of transformation as the
carbon content augments. Another feature associated with the
higher carbon steel was the occurrence of decomposition in
some of the samples, which were subcritically annealed prior to
the isothermal tests, a phenomenon which was not observed to
occur in the AISI type 1075 steel. In these figures, the experi-
mental measurements are identified by the same symbols em-
ployed in Fig. 7, whereas the full lines correspond to the
behavior predicted by fitting the values of k to second degree
polynomials.

Figures 10 and 11 show the behavior observed in the sam-
ples reduced to the greatest extent (50%, samples B.2) in the
AISI type 1095 steel before and after the subcritical annealing
conducted in the factory. These results indicate that either the
in-plant treatment was not efficient enough to eliminate the dis-
tortion on the material, or that the strain was high enough to
promote the formation of graphite nuclei during the subcritical
annealing (conducted in the factory), which were then able to
grow during the isothermal experiments.

From the plots shown in Fig. 8 to 11, it was possible to con-
struct a series of isothermal transformation diagrams (Fig. 12 to
15), in which the conditions (time and temperature) required to
achieve a transformed fraction of 0.05, 0.50, and 0.95 are
drawn. All of these diagrams indicate that the fastest rate of

transformation occurs from approximately 650 to 660 °C,
which agrees with results from previous researchers (Ref 6, 13,
14). In this way, it was possible to appreciate how the decompo-
sition of the steels increase with the amount of carbon (Fig. 12
and 13) and with the increment of deformation (Fig. 13 to 14).
For instance, it can be appreciated that the increase of carbon
from approximately 0.75 to 0.95 translates in the reduction of
the time to start transformation (considered to be at X = 0.05)
from 84 to 32 h when the steel has given a 33% reduction in
height (Fig. 12 and 13). When the deformation in the higher
carbon steel is increased to a reduction of height of 50%, this
time is reduced to 22 h (Fig. 14).

This work was to study the possibility of reducing the an-
nealing temperature, a fact which might not be feasible when
the AISI type 1095 steel is subjected to reductions of approxi-
mately 50%, because it is clear from Fig. 14 that this phenome-
non might take approximately 25 h to occur (which is not a long
time for a spheroidizing treatment) with annealing at tempera-
tures of approximately 680 °C. The only way in which the sub-
critical annealing temperature can be reduced without
exposing the steel for graphitization is by reducing at the same
time the amount of carbon in the steel.

5. Conclusions

Results from this work indicate that graphite nodules form
at the temperature interval of 650 to 680 °C, a feature which
eliminates the possibility of reducing the temperature normally
employed during spheroidizing treatment.

The most favorable microstructure for the decomposition of
cementite into ferrite and graphite is that resulting from cold
rolling. This transformation was observed during the isother-
mal treatment of samples cut from the higher carbon steel and
subjected to subcritical annealings in the factory, but since
these particular specimens were reduced in height by more than
50%, it is not possible to eliminate the possibility that the start
of transformation occurred during the spheroidization treat-
ment, rather than during the isothermal ones.
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