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The final microstructure of cold rolled intermetallic disordered alloy Fe17Al4Cr0.3Zr was rebuilt during
the annealing at moderate temperatures in the range of 800 to 900 �C. The time necessary to obtain
recrystallized structure was determined at several annealing temperatures to optimize the processing
technology of the plates. The phases present in the material during this process were identified. The grain
growth (grain boundary movement) during static recrystallization (SRX) is connected with the interaction
with an array of the Laves phase k1(Fe,Al)2Zr and ZrC particles. The Avrami-based phenomenological
model describing kinetics of SRX was developed. The activation energy for recrystallization was estimated.
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1. Introduction

Two phases, Fe3Al and FeAl, have recently been investi-
gated as potential structural materials. This is valid as well for
the intermetallic materials with disordered structure containing
<20 at.% Al. A great advantage of these materials may be
mainly low density and high chemical resistance at high
temperatures; therefore, these materials represent a growing
subject of interest in the field of the high-temperature
applications.

The important technology used as the initial processing of
casts of Fe-Al alloys is the hot rolling. The rolling takes place
mostly at the temperatures at which these alloys are disordered
and hence the deformation behaviour is the function of Al
content in the A2 lattice. The situation can be modified by
additives (either as solutes or as phases). It is possible to
recover the structure by static recrystallization (SRX) for the
repeated rolling quickly by intermediate pass heating. The
efficiency of the annealing (time and temperature) after cold
rolling (structure with elongated grains) is important. The
rolling and SRX of Fe3Al type alloys are described, e.g., in Ref
1-4. Scant information for the disordered (ferritic) alloy (Al
content lower as 20 at.%) is available at present in Ref 5, 6.

The phase that appears in Fe-Al materials low alloyed by Zr
is Laves phase k1 (Fe,Al)2Zr, see Ref 7, 8. This is due to the
fact that Zr is not soluble in Fe-Al alloys (see ternary phase

diagram Fe-Al-Zr, Ref 7) (Fig. 1). The prior formation of ZrC
is connected with the affinity of C to Zr and to the presence of
carbon in the raw iron used for the preparation of alloys (Ref 9).

For the economy of the rolling process the low finishing
temperatures as well as the low annealing temperatures to
recover the material before the next pass or for any technolog-
ical operation are important. The influence of rolling temper-
ature on the structure resulting by the multi-pass laboratory
rolling of ferritic disordered intermetallic alloy is given in Ref
10. It is the purpose of this article to describe the structure of
such alloy after low finish rolling temperature and the
subsequent recrystallization during annealing process.

2. Experimental Procedure

The actual composition of the studied material was deter-
mined by spectral and by carbon combustion analysis is (at.%):
Fe – 17.3 Al – 3.8 Cr – 0.3 Zr – 0.13 C. The laboratory castings
were prepared by the vacuum melting. They were heated at
1200 �C, hot rolled with 7 reverse height reductions from initial
thickness of 20 mm to final thickness of 3.2 mm and cooled
free on air. During the even inter-pass intervals, the rolled
specimens were additionally heated. Due to very high defor-
mation resistance values, the specimens have to be heated to
temperature 700 �C before the subsequent cold forming (i.e.,
under the temperature of SRX). The cold rolling was realized in
laboratory four-high rolling mill (working rolls with diameter
67 mm, circumferential velocity 70 rpm) with one relative
height reduction 37 % (final thickness 2.0 mm). The final
microstructure of the cold formed plates was fixed by oil
quenching immediately after rolling. For the study of SRX
smaller specimens were taken from the rolled plates and
annealed at temperatures between 800 and 1000 �C to reach the
recrystallized state.

The structure was studied, using the methods as follows:

• X-ray diffraction (XRD) for the phase identification.
• Light optical microscopy (LOM)—the specimens were

studied in the vertical section parallel to the direction of
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rolling. Polishing and etching by emulsion OP-S (Struers)
and subsequently 100 mL H2O + 40 mL HNO3 + 15 mL
HCl solution was applied.

• Transmission electron microscopy (TEM) and selected
area electron diffraction (SAED)—the foils were prepared
by electro-discharge machining (EDM) and electrolytic
double jet polishing at �40 �C, using 10% solution of
HNO3 in methanol.

• To make the high-angle grain boundaries visible, speci-
mens were analyzed by the scanning electron microscopy
with the back-scattered diffraction (EBSD). 20 kV acceler-
ating voltage was used. Scans were captured with 0.5 lm
step size. Single iterative grain dilatation procedure was
used for cleaning raw data. The individual grains with the
disorientation 10� and more were distinguished.

• The volume fraction was evaluated by software NIS Ele-
ments 3.1. The recrystallized volume fraction (Xv) was
determined with use of the classifier based on Bayes deci-
sion tree (shape factor, circularity, and area of each grain).
The turn frame was 500 lm below the surface and area of
turn frame was 4709 400 lm.

3. Experimental Results

The recrystallized volume fraction (Xv) of the original cold
formed sample is smaller as 2.0%. The deformed grains
elongated in the direction of rolling are obvious in Fig. 2.

The phases in tested rolled material were identified as ZrC
and Laves phase k1 (Fe,Al)2Zr. ZrC is formed due to the strong
bond Zr-C. The rest of Zr forms (Fe,Al)2Zr. These phases take
place in the SRX. Both tiny ZrC particles of with size up to
50 nm and coarse particles of (Fe,Al)2Zr with size 1-2 lm
influence dislocations movement through the matrix (Fig. 3)
and the migration of the grain boundaries (Fig. 4) during SRX.
The temperature 950 �C and higher led to a too fast increase of
recrystallized volume. A massive nucleation of new grains
occurred, especially on the boundaries of the original grains.
The SRX at 950 and 1000 �C was completed after <1 min.
Therefore, the temperatures 800, 850, and 900 �C were chosen
for further tests. The results of the determination of Xv as a
function of annealing temperature and time are in Table 1. The
SRX process is illustrated in Fig. 5.

Notice: Pictures presented in Fig. 5(a) to (d) do not show
orientation maps. Every grain has random color which has no
relation to its orientation. Criterion for coloring certain grain is
just the 10� limit for high-angle grain boundaries. Between
grains on the picture are high-angle boundaries. Low-angle
boundaries are not visible on this type of picture.

The process at 800 �C is very slow (Fig. 5a, b), character-
ized by small nuclei. The small features formed in Fig. 5(a) are
nuclei appearing in the grain deformation inhomogeneities and
along grain boundaries. Exceptionally is the size of the
mentioned features so small that it is comparable with the

Fig. 2 The structure of the cold rolled material

Fig. 3 Pinning of dislocations by particles of ZrC

Fig. 4 Pinning of grain boundaries by particles of (Fe,Al)2Zr

Fig. 1 Fe-Al-Zr phase diagram for 800 �C (Ref 7)
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Laves phase particles (compare with particles in Fig. 4).
Further SRX process at 850 �C and its finishing at 900 �C is
presented in Fig. 5(c) and (d), respectively.

In general, it was possible to refine the grain size by
recrystallization annealing after the cold rolling more effec-
tively as compared with the annealing after high temperature
finishing (Ref 5).

4. Discussion

SRX is a key issue for both cold and hot rolling for metals
and alloys. The softening process essentially decreases the
forming forces and determines the resulting microstructure and
therefore the mechanical properties of the finished sheets. The

models describing the kinetics of the static recrystallization are
used for the prediction of parameters of the rolling and cooling
especially for the determination of proper correlation of the
temperature and time of the annealing after the forming.

The static recrystallization process of the cold-rolled
disordered intermetallic Fe17Al4Cr0.3Zr is governed by nucle-
ation process and by the movement of grain boundaries of new
grains through the arrangement of Laves phase k1 (Fe,Al)2Zr
and ZrC particles. The volume fractions of both types of
obstacles are the function first of the concentration of Zr and C.
The ratio of both concentrations determines the number and
size of both types of obstacles. The conclusions about the
temperatures and times of the recrystallization annealing valid
for the tested alloy cannot be therefore applied to Fe-Al alloys
with compositions different from the present one. The only way
to handle the problem is presented here.

We assume that the process of static recrystallization in this
study can be described in the terms of the Johnson, Mehl,
Avrami and Kolmogorov (JMAK) model (Ref 11-13).

In case of homogeneous distribution of stored deformation
energy and random distribution of nuclei, the recrystallization
kinetics is given by

XvðtÞ ¼ 1� exp �B � tnð Þ ðEq 1Þ

where t (s) is annealing time. The constant B depends on the
mechanisms of nucleation and growth, and n is an Avrami
exponent, for details see, e.g., Ref 14.

Table 1 Recrystallized volume fraction as a function of
annealing temperature and time

800 �C 850 �C 900 �C

t, s Xv, % t, s Xv, % t, s Xv, %

600 6.0 120 7.5 60 13.6
1200 17 240 24 180 50
1800 21 360 26 360 78
2400 31 960 60 720 93

Fig. 5 The structure of the selected samples (EBSD). (a) Annealed 600 s at 800 �C, (b) annealed 2400 s at 800 �C, (c) annealed 360 s at
850 �C, and (d) annealed 720 s at 900 �C
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The coefficients in Eq 1 were evaluated by multiple
nonlinear regression on data in Table 1 using statistics software
UNISTAT 5.6. Independent variables were the temperature T
and the time of annealing t. The average value of the Avrami
exponent n = 1.17 (see Fig. 6).

The effect of the temperature of annealing was introduced
into Eq 1 by a modification of the quantity B. The resulting
equation of the phenomenological model describing the
kinetics of SRX of the tested alloy is

XvðT ; tÞ ¼ 1� exp �1:4 � 1014 � exp �45779
T

� �
� t1:17

� �

ðEq 2Þ

where T (K) is the annealing temperature. Good agreement of
experimental values with values obtained using Eq 2 is obvi-
ous in Fig. 7.

If we consider the SRX process as a whole, we can take the
time t0.5 (s) necessary for Xv = 50% as a measure of the rate of
recrystallization. From the measurements of time t0.5 for two
different temperatures T1 and T2 we can evaluate the activation
energy Q as follows, see e.g., Ref 15

Q ¼ �R �
ln t0:5ð1Þ � ln t0:5ð2Þ

T�12 � T�11

ðEq 3Þ

The value of t0.5 using experimental data and Eq 2 is 3986 s
for 800 �C and 179 s for 900 �C. Substituting to Eq 3, the
evaluated activation energy Q = 325 kJ/mol which is higher
than Q = 260 kJ/mol found for Fe-24at.%Al (Ref 16) in tem-
perature range 850-1050 �C. This difference may be due to

the effect of Zr-rich particles (obstacles). From the extrapola-
tion of experimental data, the time necessary for the complete
recrystallization (taken as Xv = 95%) can be estimated to be
ca 10 and 45 min for the annealing temperatures 900 and
850 �C, respectively. In case of annealing at 800 �C the pro-
cess of SRX is very slow, resulting in Xv = 32% after 40 min
of annealing.

Rather long time periods are necessary to complete SRX of
the tested alloy at temperature lower than 900 �C. These are
hardly compatible with the possibilities of additional annealing
during interpass intervals in the conditions of hot rolling mills.
It is verified that it is appropriate to choose the higher rolling
temperatures (Ref 10).

Equation 2 makes it possible to determine the recrystallized
volume fraction for the tested alloy as a function of temperature
at isothermal hold. It is therefore useful to adjust the final
thermal treatment after cold rolling.

5. Conclusions

1. SRX was investigated at temperatures 800-900 �C for the
disordered intermetallic Fe – 17.3 Al – 3.8 Cr – 0.3 Zr –
0.13 C (at.%) alloy.

2. SRX is influenced by the presence of zirconium carbide
ZrC and Laves phases (Fe,Al)2Zr particles.

3. For the description of SRX, an Avrami-based phenome-
nological model is developed.

4. The activation energy Q = 325 kJ/mol in the temperature
range 800-900 �C.
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