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The static and fatigue behaviour of hot rolled Fe-31.5Al-3.5Cr [at.%] with addition
of zirconium and carbon was studied at different temperatures. The tensile deformation
tests were carried out at temperatures ranging from 20 to 600◦C. The fatigue crack growth
rate (v-∆K ) curves were measured at 20, 300 and 500◦C. The best fatigue crack growth
resistance was reached at 300◦C, while at 500◦C the crack growth rate was the highest and
the fatigue life the shortest. The predominant fatigue fracture mechanism is transgranular
cleavage. However, a number of other micromorphologic features corresponding to various
fracture mechanisms were observed: transgranular quasi-cleavage facets, ductile fatigue
striations and brittle striations.

When tested at high temperatures, the fracture surface in the zone of static rupture
contained signs of plastic deformation, whose amount increased with increasing tempera-
ture.

K e y w o r d s: iron aluminides, fracture micromechanisms, fractography, fatigue crack
growth

1. Introduction

Alloys based on Fe-Al (iron aluminides) rank to the most studied intermetallics
particularly because of their low price, low density, good wear resistance, relatively
easy fabrication and high corrosion resistance in oxidizing and sulfidizing environ-
ments. For these advantages the iron aluminides were supposed to replace steels
and other alloys in specific applications such as heating elements, furnace fixtures,
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heat exchangers and many others. However, there have been also two main disad-
vantages limiting their use – low ductility at ambient temperature and low strength
at elevated temperatures [1–3]. Mechanical properties, especially yield strength, are
influenced by the change of order (D03 ↔ B2 order-order transition) at temper-
ature of about 540◦C [4]. Low ductility was characterized as an extrinsic effect
caused by water vapour from surrounding atmosphere (hydrogen embrittlement)
[5, 6]. However, it has been shown, that a sufficient room temperature (RT) tensile
elongation (10 to 20 %) and tensile yield strength as high as 500 MPa at 600◦C can
be reached through a control of composition and microstructure [2]. Many alloying
elements were used to improve the properties of Fe3Al alloys (Cr, Si, Ce, B, Zr,
Y, Nb, W, etc.). Increasing of tensile strength was noted for additions of Mo, Nb,
Ti, Si or Zr. Molybdenum and niobium decrease the RT ductility [7, 8], however
chromium increases the RT ductility with almost no effect on the strength and fa-
tigue properties [9, 10], zirconium and carbon show a beneficial effect on the crack
growth resistance [11, 12].
The purpose of this paper is to investigate the effect of Zr and C addition on

tensile and fatigue properties of Fe-31.5Al-3.5Cr [at.%] alloy at room and elevated
temperatures.

2. Experimental

An alloy with nominal composition of Fe-31.5Al-3.5Cr-0.25Zr-0.2C [at.%] was
prepared by vacuum induction melting and casting. The ingot was hot rolled at
1100◦C to a plate 7 mm thick (reduction in thickness 75 %) and subsequently
quenched into mineral oil. Results of the chemical analysis of the alloy are in
Table 1. After machining by milling, all the test specimens were annealed in air at
700◦C for 2 hours to relieve internal stresses and then quenched into mineral oil.
The microstructure of the material was recovered, with elongated grains having up
to 1 mm in the direction of rolling and up to 300 µm in the transverse direction
(Fig. 1).
Static tensile tests were carried out at temperatures 20 (RT), 200, 300, 400,

500, and 600◦C respectively on INSTRON 1195 testing machine equipped with a
resistance-heated furnace. At each temperature, two cylindrical specimens having
3 mm in diameter and 22 mm gauge length were tested at the constant crosshead
speed of 2 mm/min (initial strain rate 1.6 × 10−3 s−1).

Ta b l e 1. Chemical composition of the alloy

Al Cr Zr C Fe

[at.%] 31.46 3.5 0.25 0.19 Balance

[wt.%] 18.2 3.9 0.49 0.05 Balance
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Fatigue crack growth experiments were performed on compact tension (CT)
specimens of thickness B = 5 mm and widthW = 40 mm. The notch was prepared
by electro-discharge cutting using a wire 0.2 mm in diameter. The initial crack

Fig. 1. Microstructure of Fe-28Al-3.5Cr-
-0.25Zr-0.2C [at.%] alloy showing elongated

grains in the rolling direction.

length ao was 6.5 mm. The fatigue crack propagated perpendicularly to
the rolling direction. The specimens were loaded in tension at 20, 300 and

500◦C on a computer-controlled ser-
vohydraulic loading machine INOVA
ZUZ 50 equipped with a resistance-
-heated furnace. The frequency of load-
ing was 10 Hz, the stress ratio R was
0.042 and the maximum load was 4.8
kN. The crack length during fatigue test
was measured by (temperature inde-
pendent) potential method at alterna-
tive current with the frequency of 4 Hz,
using TECHLAB SRT-2K device, con-
trolled by Fatigue Crack Growth Mon-
itor software.
Scanning electron microscope

JEOL JSM 840A was used for the frac-
tographic analysis. Micrographs were
taken in the magnification range 10–
20,000×.

3. Results and discussion

3.1 Te n s i l e t e s t s

The basic mechanical characteristics, 0.2% proof stress (Rp0.2), ultimate tensi-
le strength (Rm) and tensile elongation (A), were measured at six different tem-
peratures. Average values are listed in Table 2 and plotted in Fig. 2.
Temperature dependence of Rp0.2 and Rm in Fig. 2 shows some local extremes.

Considering the range from 20◦C to 540◦C (D03 region), both characteristics have
their minimum at 200◦C, while the maximum values are reached at 300◦C (Rm)
and 500◦C (Rp0.2), respectively. In both cases, measured values at 20◦C and 500◦C

Ta b l e 2. Tensile mechanical properties of studied material

20◦C 200◦C 300◦C 400◦C 500◦C 600◦C

Rp0.2 [MPa] 503 413 691 621 551 362

Rm [MPa] 350 184 280 261 362 330

A [%] 3.6 11.5 13.6 10.3 17.2 35.0
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Fig. 2. Temperature dependence of the 0.2% proof stress, ultimate strength (a) and elon-
gation (b).

are comparable and the values of Rp0.2 and Rm at 600◦C (B2 region) are practi-
cally identical. Tensile elongation at elevated temperatures is 3 to 4 times higher
than tensile elongation at room temperature. In D03 region the elongation slightly
increased with temperature, except for 400◦C, where the value dropped down to
10 %. At 600◦C, in B2 region, the elongation was substantially higher than at 500◦C
(D03 region) (Fig. 2b).
These data can be compared with recent results measured on similar materials

– Fe-28Al-3.6Cr-0.1Ce-0.16C [at.%] alloy in the form of an extruded tube [4] and
Fe-28Al-3.2Cr-0.01Ce-0.16C [at.%] hot rolled plate [13].
Temperature dependences in Fig. 2 are very similar to these from [4]. Mechan-

ical behaviour of the material from extruded tube differs only a little at RT, where
it exhibits an elongation of 6.5 % and 8.5 % for strain rates ∼ 10−4 s−1 and ∼ 10−2

s−1, respectively. Our material, tested at strain rate ∼ 10−3 s−1, shows elongation
only 3.6 %. This difference could be caused by much higher grain size (∼ 1 mm –
Fig. 1) in comparison to [4] (∼ 100 µm). If we compare present results with those
from [13], the temperature dependences of Rp0.2 and Rm as well as the separate
values are in a good agreement. The only difference consists in evolution of elon-
gation with temperature. While in [13] the elongation after reaching its maximum
value at 300◦C (11.5 %) drops at 500◦C approximately to the same value as at RT
(∼ 2.5 %), in the present study the elongation is higher (17.2 %) at 500◦C than
the RT and 300◦C values.
Fracture surfaces of tensile specimens broken at different temperatures are

shown in Fig. 3. With increasing temperature, there is an apparent increase of
plastic deformation preceding the fracture (see reduction in fracture area in Fig. 3).
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Fig. 3. Fracture surfaces of tensile specimens broken at different temperatures.

Fig. 4. Cleavage facets on the fracture sur-
face (static rupture at 200◦C).

Fig. 5. Ductile dimples on the fracture sur-
face (static rupture at 600◦C).
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Another characteristic feature is the presence of large intergranular cracks following
the rolling direction and oriented perpendicularly to the fracture surface (Fig. 3).
The opening of these intergranular cracks seems to grow with increasing tempera-
ture up to 400◦C. Fracture mechanism changed from transgranular cleavage (Fig. 4)
at RT to entirely ductile dimpled fracture (Fig. 5) at 600◦C.

3.2 Fa t i g u e t e s t s

The crack length a was measured during the fatigue tests as a function of
elapsed number of loading cycles N. The fatigue crack growth rate v = da/dN,
determined by the secant method, is plotted in Fig. 6 as a function of the stress
intensity factor range ∆K (calculated for the corresponding crack length a).
Firstly, it is possible to see significant difference of slopes in v-∆K plot (ex-

ponent n in Paris equation) between the curves corresponding to 20◦C and that

Fig. 6. Fatigue crack growth (v-∆K) plots for specimens tested (a) at 20◦C and 300◦C,
(b) at 300◦C and 500◦C.
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Fig. 7. Fatigue fracture surfaces at different temperatures and ∆K. Left column – ∆K =
17.5 MPa ·m1/2 close to the notch, right column – ∆K = 27 MPa ·m1/2 .

of 300◦C. The similar change of n (about four times higher at RT than at 300◦C)
was observed as well in [13] but there was a point of intersection of the two curves
(for ∆K of about 24 MPa ·m1/2), while in the graph presented in Fig. 3a, it seems
that both curves start at the same threshold value of ∆K (about 17 MPa ·m1/2).
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Fig. 8. Ductile striations formed on the fa-
tigue fracture surface (500◦C).

Fig. 9. Brittle striations found on a cleav-
age facet (RT).

When tested at 500◦C, the crack growth rate values were almost 100 times higher
(for the same values of ∆K ) than at 300◦C, while the slopes in v-∆K plot were
practically the same. The results are in a good agreement in comparison to the
results presented in [13]. The only difference is that the curves in graphs presented
here are slightly shifted to the right (higher values of ∆K – the upper estimate of
threshold value of ∆K is 17 MPa ·m1/2 while it was 15.6 MPa ·m1/2 in [13]). This
is probably a consequence of alloying by zirconium [10, 11]. The fatigue behaviour
at elevated temperature is in accordance with literature [14].
Number of cycles to failure was measured for each fatigue test at each applied

temperature. Although the longest fatigue lives were reached by the specimens
tested at room temperature (approx. 245,000 cycles), specimens tested at 300◦C
ruptured in average after 228,000 cycles (except one whose fatigue life was more
than 300,000 cycles). When tested at 500◦C, the fatigue life rapidly decreased to
approx. 6,000 cycles. The drop of number of cycles to failure when changing the
test temperature from 300 to 500◦C is in agreement with results presented in [13].
The character of the fatigue fracture surfaces of specimens tested at different

temperatures is presented in Fig. 7. The main fracture micromechanism is trans-
granular cleavage. There were no important changes in character of morphology of
fatigue fracture surface with increasing the test temperature or with increasing the
stress intensity factor (compare the left and right column in Fig. 7).
Although the fracture surface consisted particularly of irregular cleavage facets,

other morphologic features corresponding to different fracture mechanisms were



142 J. Prahl et al. / Kovove Mater. 43 2005 134–144

Fig. 10. Intergranular crack found in the
zone of the final rupture (500◦C).

Fig. 11. Signs of plastic deformation during
the final fracture (300◦C).

found: transgranular quasi-cleavage facets, ductile dimpled rupture, intergranular
decohesion, ductile fatigue striations formed by Laird’s mechanism [15] (Fig. 8)
and brittle striations resulting from cyclic cleavage (Fig. 9). The brittle stria-
tions formed striation fields frequently orientated perpendicularly to the main crack
growth direction. The spacing between striations did not correspond to expected
global crack growth rate in observed area.
In the regions of final (static) rupture, large intergranular cracks (Fig. 10)

orientated perpendicularly to the fracture surface were found, similarly as in the
case of tensile tests. The character of fracture surface changed with temperature
from transgranular cleavage (at RT) to ductile dimpled fracture (at 500◦C). An
increasing amount of plastic deformation in the zone of static rupture is shown in
Fig. 11. The observed micromorphological features as well as fracture mechanisms
were similar to those reported in [13].

4. Conclusions

The static and fatigue behaviour of hot rolled Fe-31.5Al-3.5Cr [at.%] with
additions of zirconium and carbon was characterized at room and elevated temper-
atures.
The maximum value of 0.2% proof stress was reached at 500◦C, the maximum

value of tensile strength at 300◦C. The elongation increased with temperature,
except for 400◦C, when its value dropped down to 10 %. At 600◦C (in B2 region),
the elongation was substantially higher (35 %) than the highest value in D03 region
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(17 % measured at 500◦C). Fracture surfaces of broken tensile specimens changed
from transgranular cleavage facets at RT to entirely ductile dimpled fracture at
600◦C.
The fatigue crack growth rate (v-∆K) curves were measured at RT, 300◦C and

500◦C. The highest fatigue crack growth resistance was found at 300◦C. At 500◦C,
the crack growth rate was substantially higher and there was a rapid decrease of
fatigue life. In comparison to the recent experiments [13], the alloying by zirconium
is beneficial for fatigue life by increasing the threshold value of stress intensity
factor.
In the region of fatigue fracture, the main micromechanism is transgranular

cleavage at all studied temperatures. Besides the transgranular cleavage, transgran-
ular quasi-cleavage facets, ductile fatigue striations and brittle striations were also
found on fatigue fracture surfaces.
In the region of final fracture, there is a significant increase of signs of plastic

deformation with increasing temperature. Similarly as on static fracture surfaces
of broken tensile specimens it is possible to see a continuous change of fracture
mechanisms from transgranular cleavage at 20◦C to ductile dimpled fracture at
500◦C.
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