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The austenite to ferrite transformation start temperature was measured in two low-C, Si-Al grain non-
oriented electrical steels using in situ x-ray diffraction and the direct comparison method with the (111)c

and (110)a diffracted intensities. It was shown that increasing Al content from 0.2 to 0.6 wt.% in a
0.06 wt.% C, 0.6 wt.% Si and 0.5 wt.% Mn steel increases the Ae3 temperature from 928 to 955 �C. The
results are supported by microstructural observations of isothermally transformed samples and used to
discuss the loss of ductility during high temperature deformation (e.g. hot rolling) of this type of materials.
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1. Introduction

Plain C-Mn, C-Mn-Al and microalloyed steels exhibit a
complex high temperature tensile ductility behavior when
plastic deformation is performed near the austenite to ferrite
(Ar3) transformation temperature under cooling conditions
(Ref 1). In general, curves of reduction of area at fracture as a
function of temperature exhibit a ductility ‘‘trough’’ which is
invariably associated with intergranular fracture. Two distinct
grain boundary cracking mechanisms have been suggested.
Strain concentration at strain-induced ferrite films (5-20 lm
thick) formed at austenite grain boundaries (Ref 2-5) causes
nucleation and growth of microvoids at grain boundary
inclusions and precipitates. This process leads to intergranular
cracking by microvoid coalescence and the fracture surfaces are
usually covered with fine ductile dimples. This mechanism
takes place at temperatures between Ae3 (the equilibrium
austenite to ferrite transformation temperature) and Ar3, where
the thickness of strain-induced ferrite films does not change
significantly with temperature. When deformation is performed
at T<Ar3, ferrite can be formed prior to deformation and, as
the volume fraction increases, the ductility of the steel is
recovered.

A similar mechanism has been proposed for Nb- and
Al-containing steels. In this case, fine precipitation of Nb(C,N)
and AlN in the austenite grains during cooling leads to

formation of relatively softer precipitate-free zones (PFZ,
�500 nm thick) on both sides of the austenite grain boundaries.
As a result, strain concentration at PFZ�s results in nucleation
and growth of microvoids at precipitate particles and coales-
cence leads finally to intergranular cracking at PFZ�s (Ref 1).
Grain boundary sliding followed by cracking can also take
place in austenite due to limited dynamic recovery. Flow
stresses and strain hardening rates in austenite are high and
prevent relief of stress concentrations at grain boundary triple-
points and particles. Thus, nucleation of grain boundary cracks
leads to intergranular failure in the austenite. However, in this
case, the fracture surfaces appear smooth under the SEM and
ductile dimples are not observed.

The relationship between ductility and deformation temper-
ature in grain non-oriented (GNO) electrical steels is less well
known. In a prior publication (Ref 6), it was reported that, in a
GNO-electrical steel containing 0.06 wt.% C, 0.6 wt.% Mn,
0.5 wt.% Si and 0.3 wt.% Al, a severe ductility loss is observed
at temperatures between 950 and 1050 �C (Fig. 1). SEM
analysis of fracture surfaces of specimens which exhibited low
ductility showed clear evidence of intergranular cracking by a
mechanism involving coalescence of microcavities formed by
nucleation and growth at AlN and Si-containing second phase
particles present at grain boundaries (Ref 6, 7). As can be seen
in Fig. 1, the tensile ductility is recovered when the deforma-
tion temperature is increased above a 1050 �C or decreased
below 900 �C. From the observed temperature dependence of
the maximum flow stress observed in the experimental flow
curves, Garcı́a et al. (Ref 6) estimated that the Ae3 temperature
for the transformation of deformed austenite to ferrite in their
steel was approximately 950 �C. It is noteworthy that the
estimated Ae3 temperature is well below the minimum
temperature in the ductility trough. Furthermore, no evidence
of formation of ferrite films at austenite grain boundaries was
presented. Nevertheless, Garcia et al. (Ref 6) suggested that
formation of strain-induced ferrite films also played a major
role in the loss of ductility during high temperature deformation
of GNO-electrical steel.

The Ae3 temperature represents the maximum temperature
at which strain-induced ferrite can be expected to form from
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deformed austenite under cooling conditions. The Ar3 and Ae3
temperatures for the GNO-electrical steel used in the experi-
mental study reported in Ref. [6] was estimated between 845
and 941 �C using Andrews empirical expression (Ref 8),
published binary Fe-Si phase diagrams (Ref 9) and other
empirical expressions reported elsewhere (Ref 10-19). All these
calculated temperatures are well below the temperature at
which the ductility minimum is observed in Fig. 1 (1000 �C).
Thus, formation of strain-induced ferrite films cannot explain
the loss of ductility observed in electrical steels alloyed with
about 1 wt.% (Si + Al). It is possible, however, that the
austenite to ferrite transformation temperatures (Ae3 and Ar3)
are underestimated by the empirical equations used in the
calculation. This is surely true for the case of Ar3 (845 �C)
since the expression was developed considering plain C-Mn
and Nb microalloyed steels.

Because of the important role that this type of ductility loss
plays during hot rolling of GNO-electrical steels, it was decided
to carry out an experimental study to determine the actual Ae3
temperature for the transformation of austenite to ferrite using
an in situ x-ray diffraction technique.

Aluminum traditionally has been used almost exclusively as
a grain refining or deoxidizing element in steel in amounts
rarely exceeding 0.01 to 0.07 wt.%. However, Al additions can
be used as a specific alloying element to improve strength by
solid solution strengthening and modify toughness by processes
such as solid solution softening (Ref 20). There is also great
commercial interest in Al additions, of the order of 1-2 wt.%,
to high strength low carbon strip steels to produce a
highly desirable dual phase microstructure containing retained

austenite for cold forming applications. A recent review on
dual-phase and transformation induced plasticity (TRIP) steels
(Ref 21) concluded that there is much to learn about the role of
Al on transformation behavior of these types of steel. In Si-Al
containing electrical steels, Al plays a similar role as Si in
increasing the resistivity and, therefore, reducing core losses in
electrical motors.

2. Experimental Procedure

Two 3.5 mm thick hot rolled GNO-electrical steel strips
were obtained from a local supplier. Chemical analysis was
performed by optical emission spectrometry and the LECO
combustion technique for C and S. The chemical compositions
of the strips are listed in Table 1.

Samples, 9 mm wide and 15 mm long, were cut from the
strips and machined to a thickness of 0.8 mm. After that, the
samples were ground on progressively finer SiC abrasive papers
up to a final thickness of 0.3 mm. Finally, the samples were
polished using 0.3 lm diamond paste. The effect of temperature
on the x-ray diffractions of these samples was determined
using an Anton-Paar high temperature chamber adapted to a
multipurpose Philips x-ray diffractometer. This system uses a
Pt-filament (1 mm thick, 9 mm wide, 132 mm long) both as
heating element and specimen holder. Protection of the
Pt-filament and the sample against oxidation was provided by
a continuous flow of high purity He gas in the chamber.
Measurement and control of the temperature during the
experiments were performed within 2 �C using a Pt/Pt-10%Rh
thermocouple spot welded to the back of the Pt-filament.

The specimens were heated at a rate of 1 �C/s up to 1050 �C
and soaked for 5 min. After that, the samples were first
continuously cooled to 1000 �C at a rate of 1 �C/s and then in a
stepwise manner at the same rate with a step size of 10 �C.
X-ray diffraction patterns from 42 to 45� 2h (300 s measure-
ment time) were recorded at every temperature step from 1000
to 720 �C. Within this angular range, the (110)a and (111)c

diffraction peaks of the ferrite and austenite phases appear at
about 44.6 and 43.2� 2h, respectively. The austenite-ferrite
transformation temperatures were estimated from the effect of
temperature on the intensity of the recorded diffraction peaks.

In order to follow the changes in microstructure produced by
the transformation on cooling, a set of samples prepared from
steel B were subjected to isothermal transformation treatments
with holding times similar to those applied during the ‘‘in situ’’
x-ray diffraction experiments. In order to monitor the temper-
ature of the specimens a K-type thermocouple was spot welded
at the end of each specimen that had the same dimensions as the
specimens for x-ray diffraction. In this case, the samples were
heated to 1050 �C at a rate 7 �C/s and soaked during 5 min in a
muffle furnace. After that, a stepwise cooling ramp of 0.15 �C/s
with holding periods of 300 s every 10 �C was set in the
furnace. After each temperature step a sample was extracted

Fig. 1 Effect of deformation temperature on the tensile ductility of
low C, Si-Al GNO-electrical steels austenitized at 1250 �C for
15 min and deformed at 59 10�4 s�1 (Ref 6). The thin vertical lines
are at the positions of the Ae3 and Ar3 temperatures calculated from
the chemical composition of the steel (Ref 6, 8, 9). The thick verti-
cal lines are at the positions of the Ae3 temperatures measured by in
situ x-ray diffraction for steels A and B in this work

Table 1 Chemical composition of A and B GNO electrical steels (wt.%)

Steel C Al Si Mn Mo S P Cu Cr V Ni Ti

A 0.06 0.22 0.61 0.5 0.0092 0.0005 0.001 0.11 0.017 0.0004 0.046 0.001
B 0.06 0.61 0.61 0.5 0.0095 0.0005 0.001 0.12 0.016 0.00192 0.054 0.002
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and quenched into a brine bath at 5 �C. Finally, the quenched
samples were prepared for metallographic examination using a
reflected light microscope.

3. Results and Discussion

3.1 Effect of Temperature on the Austenite to Ferrite
Transformation Temperature

Figures 2a and b show the effect of temperature on the x-ray
diffraction patterns measured every 10 �C from 1000 to
720 �C. As can be seen, the (110)a and (111)c peaks appear
at about 44.6 and 43.4�, respectively. The patterns show
changes in the intensities of these peaks as a function of
temperature. It can be appreciated that austenite is the only
equilibrium phase at 1000 �C. As can be seen in Fig. 2a, for the
case of specimen A, the ferrite phase appears first at �930 �C
and the austenite-ferrite transformation ends at �855 �C. In
contrast, in the case of specimen B with a higher Al content, the
ferrite phase appears first at �955 �C and ends at �890 �C.

The results of these measurements indicate that, in the
present GNO-electrical steels, increasing the Al content causes
an increase of about 23 �C in the temperature at which austenite
starts to decompose into ferrite and a decrease of about 10 �C in
the temperature range where austenite and ferrite coexist.

3.2 Effect of Al Content on the Austenite to Ferrite
Transformation Temperature

The experimental results, described in the previous section,
show that increasing the aluminum content in the present
electrical steel increases the austenite to ferrite transformation
start temperature and decreases the temperature range where
austenite and ferrite coexist. Figure 3 shows the results of a
calculation using Thermo-Calc Software of the effect of C and
Al content on the phase boundaries for Fe-C-Si-Al alloys. The
calculations were carried out keeping Si and Mn contents
constant (0.6, 0.5 wt.%, respectively). The solid and dashed
lines in Fig. 3 give the effect of C on the austenite-ferrite
equilibrium temperatures (Ae3) for electrical steels A and B,

respectively. As can be seen, for alloys with 0.06 wt.% C,
0.6 wt.% Si and 0.5 wt.% Mn, increasing the Al content from
0.22 to 0.61 wt.% causes an increase in the Ae3 temperature
from 912.5 to 962.5 �C. These temperatures are close to those
determined experimentally by the in situ x-ray diffraction
technique used in the present work and confirm that Al and Si
have a synergistic effect on the austenite to ferrite transforma-
tion temperature in this type of steels. The synergistic effect of
Si and Al was corroborated using Thermo-Calc software;
increasing Al content, increases Ae3. Al has not a strong effect
on transformation temperatures as the Si, however, Al has an
additive effect to the Si; both alloying elements considerably
increase the transformation temperatures.

3.3 Formation of Ferrite at Austenite Grain Boundaries

Figure 4 illustrates the effect of quenching temperature on
the room temperature microstructure of samples of steel B

Fig. 2 Effect of temperature on the x-ray diffraction patterns of low C, Si-Al electrical steel during cooling. (a) Steel A and (b) steel B

Fig. 3 Thermo-calc simulation of Fe-Si-C-Al diagram for chemical
composition of specimens A and B
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(0.6 wt.% Al) isothermally treated during 300 s at 997, 965,
900, 850 and 790 �C. The Ms martensite start temperature
calculated from the chemical composition of this steel was
495 �C. As can be seen, the microstructures of samples
quenched from 965 and 997 �C are practically 100% martens-
ite, although a very small amount of allotriomorphic ferrite is
observed at prior austenite grain boundaries. These microstruc-
tures indicate that the samples were fully austenitic at the
moment of quenching, i.e. T>Ae3. The formation of very
small amount of allotriomorphic ferrite above 950 �C is mainly
due to low cooling rate during quenching. On the other hand,
XRD may not be sensitive enough to detect very small amount
of ferrite (<5%), both situations show a minor discrepancy
between the XRD and the optical micrograph data.

In contrast, samples quenched from 950, 900 and 850 �C
exhibit microstructures consisting of increasingly larger
amounts of grain boundary allotriomorphic ferrite and mar-
tensite. According to Zener (Ref 22) allotriomorphic ferrite
nucleates at austenite grain boundaries and grows isothermally
following a parabolic time law. In the present experiments the
isothermal transformation time was held constant (300 s) and
the transformation temperature was decreased. As shown in
Fig. 4, decreasing the transformation temperature causes

coarsening of the ferrite allotriomorphs and, therefore, the
microstructural evidence suggests that the transformation rate
constant increases as the temperature decreases within the
austenite + ferrite phase field for Si-Al electrical steels.

When the transformation temperature is decreased below
the temperature at which the austenite peak was no longer
observed in the diffraction pattern, the morphology of the
ferrite phase changes to equiaxed and the martensite is no
longer observed. This change in microstructure can be better
appreciated in the SEM micrographs of Fig. 5. As can be seen,
the martensite formed in the sample quenched from 965 �C
appears as sets of very thin parallel laths which are either
parallel or perpendicular to the prior austenite grain bound-
aries. In contrast, in the sample quenched from 790 �C the
transformation product exhibits a coarse platelet morphology
where individual platelets nucleated mostly perpendicular to
the ferrite grain boundaries. Growth of these platelets ends at
the center of the transformed region and some very fine
particles (presumably Fe-carbides) appear to have precipitated
between platelets. This type of microstructure is similar to
bainite. It is noteworthy that pearlite was not found in any of
the microstructures of the samples transformed at temperatures
as low as 720 �C.

Fig. 4 Room temperature microstructures of samples of steel B cooled from 1050 �C to the indicated temperatures, held during 300 s and
finally quenched

Fig. 5 Microstructures of samples of steel B cooled from 1050 �C to (a) 965 �C, (b) 790 �C, held during 300 s and finally quenched to room
temperature
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Finally, Fig. 6 shows the effect of temperature on the size of
the ferrite observed in the microstructures of Fig. 4. In the case
of samples quenched from 965 to 850 �C, the data represents
the average thickness of the grain boundary allotriomorphic
ferrite while, for samples quenched from lower temperatures,
the size represents the average equiaxed ferrite grain size. As
can be seen, samples quenched from Ae3 > T> 950 �C exhibit
ferrite films of less than 10 lm in thickness. Isothermal
transformation at lower temperatures causes a rapid linear
increase of the ferrite thickness.

3.4 Role of Ferrite Films During High-Temperature
Deformation of GNO-Electrical Steels

The Ae3 temperatures (930 and 955 �C) determined from
the x-ray diffraction data correspond to undeformed austenite.
Although Ar3 temperatures under continuous cooling condi-
tions are lower than Ae3 temperatures, the measured temper-
atures can be taken as an estimation of the maximum
temperature at which strain-induced ferrite can be expected to
form from deformed austenite during hot rolling. As can be
seen in Fig. 1, although the measured Ae3 are closer to the
temperature of minimum ductility, formation of strain induced
ferrite films cannot account for the decreased ductility observed
in these steels at temperatures between the measured Ae3 and
approximately 1075 �C. In previous work, Garcı́a et al. (Ref 6)
studied specimens deformed at 1100 and 900 �C of electrical
steels, the samples exhibited ductile fracture originated by
coalescence of microcavities. The fracture surface of sample
deformed at 1100 �C shows minor quantity of microcavities
with respect to the sample deformed at 900 �C. Nevertheless,
the sample deformed at 1100 �C shows bigger size of
microcavities compared with the sample deformed at 900 �C.
This latter observation suggests that, the ductility loss at
950< T < 1050 �C, can be attributed to the formation of thin
ferrite films around the prior austenite grain boundaries during
hot deformation. Thus, concentration of plastic deformation
occurs in this region due to the low resistance of ferrite, causing
rapid coalescence of microcavities at the austenite/ferrite
interface. This process is accelerated by AlN particles formed
in the grain boundaries of austenite during cooling to the

deformation temperature. On the other hand, MnS particles
promote nucleation sites for AlN precipitation (Ref 23, 24)
during cooling in the austenite field; therefore, the quantity of
these particles can be high in this kind of steel. The loss of
ductility within this temperature range may be associated with
some kind of weakening effect on austenite grain boundaries.
The observed loss of ductility at temperatures greater than Ae3
measured in this work needs further investigation.

Recently, Palizdar et al. (Ref 25) carried out an interesting
characterization of the transformation microstructures of low
nitrogen Fe-Al alloys (up to 1 wt.% Al) using a high resolution
FEG-SEM. Their results showed that solute Al can affect the
austenite/ferrite interface by grain boundary segregation and
strongly influence the austenite to ferrite transformation
temperature and transformation behavior. According with
results of the present investigation, grain boundary segregation
of Al could cause a local increase in the Ae3 and result in
formation of thin grain boundary ferrite films at temperatures
higher than those observed in the present work. However, this
speculation needs further investigation.

Hot rolling of Si-Al electrical steels (with about 1 wt.%
Si + Al) is usually performed at temperatures between 1150
and 880 �C. Thus, the presence of ferrite during hot rolling is
unavoidable and the results presented in this work indicate that
these materials are highly susceptible to intergranular cracking
during processing.

4. Conclusion

The presence of ferrite during hot rolling of Si-Al GNO-
electrical steels is unavoidable. The data presented in this paper
showed that both the austenite decomposition starting temper-
ature and the range of austenite/ferrite coexistence increase with
increasing the total amount Si + Al in the electrical steel. Thus,
these elements have a synergistic effect on the transformation.
Formation of strain induced ferrite films can only partially
account for the reduced ductility observed in these steels. It is
suggested that further research is needed to understand the
ductility loss observed during deformation at temperatures
higher than the measured Ae3 and up to approximately
1075 �C.
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