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Comparison of iron aluminide FesAl with armour steel in ballistic behaviour

Abstract

Intermetallic aluminide compounds possess several potential advantages compared to alloyed
steels, like enhanced oxidation resistance, lower density and the omittance of critical raw materials.
Iron aluminides, compared to other transition metal-aluminides of TM3-Al type, although having a
higher density compared to titan-aluminides, have a lower density compared to nickel-aluminides,
but also a higher ductility than both alternatives, making this material potentially effective in ballistic
protection application. Density-wise, this material may be a worthy alternative to armour steels,
which was the aim of this study. Two materials, FesAl intermetallic compound (F3A-C) and Armox
500 armour steel were ballistically tested against tungsten-carbide (WC) armour-piercing
ammunition, in accordance with STANAG 4569. After ballistic testing, microhardness and
metallographic testing were performed, revealing differences in strain hardening, crack propagation
mode and exit hole morphology. F3A-C ballistic resistance is similar to that of armour steel, in spite
of the lower tensile and impact mechanical properties, relying on a considerably higher strain
hardening rate, thermal properties and a lower density.
Keywords: Iron aluminide; Armour steel; Ballistic testing; Impact testing; Sem microscopy

1. Introduction

Intermetallic compounds (IC) are a special type of metallic alloy that forms a highly ordered
solid-state compound between two or more metallic elements [1]. IC have distinct, highly ordered
atomic arrangements (Fig. 1(c)), possessing some unique applications, such as shape memory [2, 3],
hydrogen storage [4, 5], catalysis [6, 7] and superconductors [8, 9]. A much less frequently explored
area of application is for structural purposes, particularly for high-temperature applications (high
melting and disordering temperatures), high stiffness and relatively low diffusivity [10, 11]. There
are several distinct groups of ICs, beginning with Fe-Al, Ni-Al, Ti-Al and Mo-Si [1], where one of the
most common, having the highest cost-effectiveness are ICs based on Fe and Al, dubbed iron
aluminides. There are several types of iron-aluminides, including FeAl, Fe;Als, FeAlz and Fe3Al [12-
15]. Iron alluminides in general, compared to other transition metal - alluminides of TMs-Al type such
as Ti-Al, have a higher density, however, compared to Ni-Al, they have a lower density, and also a
higher ductility than both alternatives. Such virtues make this material potentially effective in highly
effective structural materials for extreme environments [16, 17]

Iron aluminide FesAl with a D03 structure is the basis of a large group of alloys retaining their
original microstructure and can be modified by alloying for different applications [18, 19]. Such alloys
are being developed as a promising substitute for high-alloy steel, particularly when creep is of
primary interest, that is, at high-temperature applications (HT) [20-22]. Materials of this type have
also good corrosion resistance over a wide range of temperatures and atmospheres [23]. The addition
of alloying elements such as Ce, C and Mn proved to be effective in achieving improved creep
resistance [22, 24], while Ce and the addition of TiB: particles to provide improved creep and general
high-temperature tensile properties [25]. In previous studies, it was proven that FesAl is well suited
for various production technologies, such as high-temperature formability [26] and welding [15].

The low specific gravity (density) associated with the aluminium content is essential for weight
savings, and crucial for a wide variety of aerospace applications. These properties predetermined the
innovative idea whereby iron aluminides could predetermine them as suitable materials for ballistic

protection and could thus become a substitute for special ballistic steels as well. A literature review
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has not revealed publications that studied the ballistic properties of iron aluminides. Namely, Ballistic
impact is an extremely rapid, intense and localized process leading to heat generation that induces
local thermal softening [27].

In this study, the ballistic behaviour of F3A-C and commercially produced Armox 500 ballistic
steel was investigated. A subsequent correlation of results and analysis was performed to determine
the quality of IC in this regard.

2. Experiment

In this study, two materials were evaluated; iron aluminide (F3A-C) and ballistic protection steel.
The chemical composition of F3A-C was determined by the wet way - titration method. The result is
shown in Table 1. As a reference, Armox 500 steel was used, a well-established ballistic protection
steel. The chemical composition was tested by ARL Ispark 8860 optical emission spectrometer (OES)
and presented in Table 2.

Table 1
Chemical composition of the iron aluminide F3A-C [wt%].
% C Mn Cr Al Ce Fe
Base material 0.041 0.48 3 16.53 0.02 Balance
Table 2
Chemical composition of the Armox 500 armor steel [wt%].
% C Mn Cr Si S P Ni B Fe

Base material 0.32 1.2 1.02 0.3 0.01 0.015 1.82 0.005 Balance

The fabrication of the samples for the ballistic testing was performed via vacuum melting of the
alloy. The casting of the melt was into a shell mould and subsequent hot rolling of the cast was
performed at 1200 °C to half thickness. Afterwards, special processing like heat treatment or cold
forming was performed. The final thickness of the flat work was 15.2 mm. The appearance of the flat
worKk is evident from Fig. 1. The whole flat work is shown in Fig. 2(a), a close-up view of the surface
is shown in Fig. 1(b) and the polished cross section is shown in Fig. 1(c). As it can be seen, the
specimen was without defects such as: cracks, pits, grooves, and irregular roughness features.
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Fig. 1. F3A-C specimen after fabrication: (a) Flat work with a length of approx. 1160 mm; (b)
Specimen surface; (c) Polished section under the surface.

Specimens with respective dimensions were cut from the rolled slabs using a water jet
technology to avoid any heating and microstructural transformations in the material. The list of
samples is given in Table 3. It can be seen that F3A-C has a lower density, which is the result of a

considerable amount of aluminium, Table 1.



Table 3
List and characteristics of the tested samples.

Material =~ Dimensions/mm Thickness/mm Density/(g-cm- Areal Number of
designation 3) density/(kg'm2) tested samples
F3A-C 50%50 15.2 6.5 99.5 4

Armox 500 50x50 14.8 7.8 114.7 4

Tensile testing was performed on ZDM 5/91 (VEB, Leipzig, Germany) tensile testing machine,
while Charpy impact strength was tested on JWT-450 (Jinan, China).

Metallographic preparation was performed on Struers equipment; cutting, mounting, grinding
with a set of SiC abrasive papers (P150 to 2500) and polishing (6, 3, 1 and 0.25 pm diamond
suspensions). Etching was performed differently in two materials. Amox 500 was etched by Nital
solution (3% nitric acid - HNO3 in ethyl alcohol - C2ZH50H. F3A-C specimen was etched by using
Rollason solution (100 ml H20+50 ml 38% HCl+5 g FeCls), at room temperature (20 °C), with the etch
duration of 15 s. The microstructural examination was done by Epiphot 200 (Nikon, Konan, Minato,
Japan) light microscope with Nomarski differential interference contrast. Cerium particles were
observed by Tescan Mira 3 XMH scanning electron microscope (SEM), operating at 20 kV, equipped
with Oxford Instruments Ultim Max 65 energy-dispersive detector (EDS). The microstructure of the
Armox 500 and the examination of macro cross section specimens showing the penetration tunnel
were examined using Leitz Orthoplan light microscope.

Microhardness was measured after ballistic testing by Wilson Tukon 1102 device, using 50 g
loading. Measurements were done in three lines, parallel to the specimen surface, one 2 mm from the
projectile entry surface of the plate, one in the center of the cross section and one 2 mm from the
projectile exit surface of the plate.

To determine the strain hardening rate (H), Eq. (1) was applied. This method was described by
Srivathsa and Ramakrishnan [28]. This equation approximates the true stress-strain curve where the
material undergoes elastic-plastic deformation, which is the case in the fast ballistics processes
during penetration of a projectile through tested material.

ou(l+er)—oy

H= (1)

Er

This equation takes into account static tensile mechanical properties: tensile strength (a,,), yield
strength (0,,) and elongation (&;).

Ballistic testing was done according to STANAG 4569. 7.62 mmx51 mm AP (Armor Piercing)
ammunition with tungsten carbide (WC) core was used, having a density of 14 g/cm3 and hardness
of 1430 HV10. It was fired from the gun held on the stand from a distance of 30 m and with a muzzle
velocity of 930 m/s. The methodology chosen for assessing ballistic testing results was based on the

Depth of Penetration (DOP) evaluation, by comparing their Ballistic Mass Efficiency (BME) parameter,
Eq. (2)

BME = p1-DOPy

P1-DOPy+pyt;

(2)

where: pi-witness block density; DOPo-depth of penetration into witness block without the test
sample; DOP1 - depth of penetration into witness block with test sample; p2-density of the test
sample; t2-test sample thickness.

This method of evaluation assumes that the evaluated specimen must be shot-through the target

sample, behind which there was a witness cylinder, made of AW2017 (nominally: 4 wt% Cu, 0.5 wt%



Mg, 0.5 wt% Mn, Al balance). Witness cylinder dimensions were @90 mmx90 mm. After ballistic
testing, witness cylinders were sectioned by a saw machine using a depth gauge to the base of the
WC-core of a projectile, and the length of the WC-core of the projectile was added to this data.
3. Experimental results and analysis
3.1. Mechanical property testing

The mechanical properties of both materials are shown in Table 4. It can be seen that Armox 500
exhibits considerably higher mechanical properties, both in terms of tensile and impact properties.
Stress-elongation charts and impact force to time charts of the two tested materials are shown in Fig.
2.1t can be seen that although elongations are similar, ultimate tensile strength is considerably higher
in Armox 500. Also, fracture process duration is similar, while the maximum impact force is
considerably higher in Armox 500 compared to F3A-C. Furthermore, crack initiation energy is higher
in Armox 500, while still maintaining a higher crack propagation energy. On the contrary, the strain
hardening rate (H) is higher in F3A-C than in Armox 500 material, which is also presented in Table 4.
Table 4

Mechanical properties of tested materials.

Material Yield Tensile Elongation Impactenergy at room temperature Strain
strength  strength A/% Crack Crack Impact hardening
Rp/MPa  Rm/MPa initiation  propagation  energy/] rate H/MPa
energy/]  energy/]
F3A-C 343 574 8 4 8 12 3461
Armox 1397 1510 9 29 16 45 2765

500
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Fig. 2. Strain-elongation (a) and force-time charts: (b) F3A-C; (c) Armox 500.

3.2. Metallographic testing

Microstructure of the F3A-C material is given in Fig. 3(a), which also depicts the uniform
distribution of particles throughout the volume of the intermetallic alloy. The size of these particles
is in the range from 5 pm to 10 um, and they are mainly oval, that is, rounded shape. EDS analysis
results of one of these particles are given in Fig. 3(b). It can be seen that the particle is mainly
consisted of cerium, which is added in small amounts to the FesAl intermetallic material.

Microstructure of the Armox 500 sample is shown in Fig. 4. It consists of fine lathes of tempered
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martensite, which is typical for ballistic steel.
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Fig. 3. F3A-C specimen: (a) Microstructure with the presence of particles in the matrix; (b) EDS
analysis of the individual particle.
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Fig. 4. Microstructure of Armox 500.

4.3. Ballistic testing

Ballistic testing results are shown in Table 5. It can be seen that DOP into backing Al cylinder of
F3A-C is higher compared to Armox 500 backed Al-alloy cylinder. However, the calculated BME of
these two materials is very similar, indicating a similar ballistic resistance of these two tested

materials.

Table 5

Test results.

Tested material DOP/mm BME
F3A-C, average 4 shots 21 1.08
Armox 500, average 4 shots 13 1.09

The macro appearance of entrance and exit holes in the two specimens is shown in Fig. 5. A
similarly shaped entrance and exit holes were obtained. Although bulging is present in both materials,
it can be seen that it is more pronounced in Armox 500. Some bulge edge crumbling is present in both
specimens, however, the crumbling effect is more significant in the back of Armox 500 specimen.
Entrance and exit holes were measured with a caliper and the results are shown in Table 6. Entry
holes significantly differ, the difference being 1.1 mm, while the difference in exit hole diameter is
considerably smaller.

Entrance and exit holes are all smaller than the recovered penetrating WC core (Fig. 6(a)), which
has retained its previous diameter after penetration, indicating that there is a considerable elastic
recovery in the tested material. F3A-C material response to penetration may have been influenced by

a higher Young elastic modulus compared to steel (292 GPa vs 210 GPa [29]. In this case, the effect of



the elastic modulus of F3A-C is dominant over the lower density of F3A-Cwhich normally results in a
larger penetration crater [30]. Besides macro depiction of the penetrating core, Fig. 6 shows SEM
images of the fracture surface. Fracture surface does not reveal any macroscopic signs of plastic
deformation. Furthermore, there is a presence of a compression curl, indicated by a square, which is
a characteristic feature developed at the final stages of fracture. It can be seen that the rest of the
surface is fairly smooth. However, at a higher magnification, it can be observed that the penetrating
core material consists of around 1 pm to 3 um grains. Fig. 6(d) reveals the results of EDS analysis of
the core fracture surface, showing the predominant presence of tungsten, carbon and cobalt as a
binder, a typical composition of hard metal.

Table 6

Entrance, exit hole and penetrating core average diameters.

Average entrance hole  Average exit hole Average penetrating core
diameter/mm diameter/mm diameter/mm

F3A-C 43 5.2 5.59

Armox 500 5.4 5.5
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Fig. 5. Perforation: (a) Entrance hole in F3A-C and Armox 500; (b) Exit hole in F3A-C and Armox 500.
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Fig. 6. Retrieved WC penetrating core: (a) Macro depiction; (b) Macro of the fracture surface; (c)

Microstructure; (d) EDS analysis results.

The direction of the penetrating WC-cored projectile is indicated by a hollow arrow in Fig. 7. A
similarly shaped crater was obtained in both materials, with a projectile copper alloy jacket deposit
at the entrance (right), in the form of a dark area in Fig. 7(a) and a bright area in Fig. 7(b). Also,
significant deformation at the left free surface (penetrating WC-core exit) with some material
crumbling near the crater edge can be observed. Material deformation at exit is present in both
materials. Both exit hole deformation and crumbling are in accordance with the exit hole depiction
in Fig. 5. Furthermore, intense cracking was observed in both specimens. Cracking is more intensive
closer to the exit surface of the crater in the material. However, it can be observed that cracks,
although initiated at the walls of the penetration crater, take different paths. In F3A-C, the cracks
propagate in a direction that is nearly parallel to the material surface (black arrow), as well as parallel
to the crater (white arrow). On the other hand, in Armox 500, cracks propagate in a direction that is
nearly parallel to the crater surface, or in other words, perpendicular to the material surface. It can
be said that there is a significantly smaller number of cracks in Armox 500 compared to F3A-C, which,
along with F3A-C material elastic response, can be the reason why the entry and exit holes are smaller
in F3A-C compared to Armox 500.

A more intensive cracking in F3A-C may potentially influence a larger area around the
penetration crater in F3A-C with affected ballistic resistance compared to Armox 500, rendering F3A-

C less resistant to multiple impacts in the limited area.



(a) (b)

Fig. 7. Penetration crater macro appearance: (a) F3A-C; (b) Armox.

Dashed lines in Fig. 7 indicate approximate positions where microhardness measurements were
done: 2 mm from the tunnel surfaces, both at the projectile entrance and exit, as well as in the
specimen center. The results were presented in the form of charts (Fig. 8), to assess the hardening
effect imparted by the penetrating projectile. In Fig. 8, Vickers microhardness versus distance from
the penetrating crater is presented, along with the pristine base material microhardness (all HV0.05)
by a dashed line. It can be seen that the base material microhardness of F3A-C is lower compared to
Armox 500 steel (280 vs. 438 HV0.05). All curves have a similar trend, exhibiting a higher
microhardness near the crater surface compared to the base material. This microhardness rises to
the maximum values that occur at distances of 0.2 mm to 1.2 mm from the surface and afterward
drops again. The highest microhardness values were obtained at the test line that is closer to the
projectile exit. This can be attributed to the significant strain hardening that occurs in this region and
explains the more pronounced crumbling effect obtained in Armox 500. The lowest microhardness
in F3A-C was at the projectile entrance. In Armox 500, the lowest values up to around 0.7 mm were
obtained in the plate centre, while over that depth, the lowest values were obtained at the projectile
entrance. At the projectile entrance, microhardnesses that approach those of pristine material were
measured in F3A-C, indicating a marginal strain hardening was detected in this region.

F3A-C exhibits more uniform microhardness values throughout the whole penetration tunnel
and in its vicinity, some 1,6 mm from its edge. On the other hand, in Armox 500, several peak
microhardness values were obtained near the projectile exit with values higher than 700 HV. This
causes intense localized plastic deformation that can generate microvoids giving rise to cracks [31],
leading to intense crumbling effect in Armox 500 as shown in Fig. 5(b).
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Fig. 8. Microhardness versus distance from penetrating crater surface: (a) F3A-C; (b) Armox 500.

Although the ballistic performance of the material can be correlated to hardness, there are also
other material properties that have to be considered. Namely, material hardness is a quasi-static
measure of yield pressure for an indenter of a certain geometry. This property can be correlated to
compressive yield stress, that is, the initiation of quasi-static plastic flow in the material. That means
it is not the measure of dynamic yield or flow stress that takes into account strain hardening or
thermal softening, that is the case in ballistics. All these properties are required to describe the
material resistance to plastic flow under projectile hard penetrating core impact and penetration
process [27]. As is shown, material hardnesses differ, with Armox 500 steel having a significant
advantage over F3A-C, both in microhardness before and after impact, in all areas surrounding the
penetration crater. However, these two tested materials exhibit a different strain hardening, which is
presented in Fig. 9. A percentual increase in microhardness is plotted for each measurement position:
projectile entrance, middle of the plate and projectile exit.
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Fig. 9. Increase in microhardness as the result of ballistic testing within the measurement range.

The rise in microhardness is higher in F3A-C compared to steel, indicating a higher strain
hardening during penetration process. This is in agreement with strain hardening rate H, given on
the basis of tensile testing properties in Table 4 and calculated in accordance with Eq. (1) [28].
Furthermore, it can be assumed that F3A-C owes its relatively high ballistic properties that are
comparable to the tested Armox 500 ballistic steel, to its relatively high strain hardening rate and
superior thermal properties proven in previous research activities [22, 24, 25].

4. Conclusions

In this paper, the comparative study between an iron aluminide intermetallic compound with a
trace concentration of added cerium and ballistic protection steel, against 7.62 mm Armor Piercing
ammunition with WC-core was conducted. According to the obtained results and limitations of the
experimental procedure, the following conclusions can be drawn:

1) The ballistic resistance of F3A-C and Armox 500 ballistic steels are similar, although F3A-C
has not undergone special processing like heat treatment or cold forming.

2) Macro analysis of the entrance hole reveals a similar behaviour of the two materials. The exit
hole in ballistic steel exhibits a larger bulge, revealing a larger deformation of the material and a more
pronounced crumbling of the edges.

3) The analysis of the penetration crater supports the macro findings regarding the bulging and
crumbling at the exit hole. On the other hand, a more intensive cracking was observed in F3A-C,
propagating through the material, nearly in parallel to the plate surface, while in steel, cracks
propagate nearly in parallel to the crater edges.

4) Microhardness analysis revealed a significant rise in the region near the crater. Higher
microhardness values were obtained in the area towards the projectile exit. Overall, a higher
microhardness increase near the penetration crater was obtained in F3A-C, which fits well with the
strain hardening rate indicated by the static tensile properties. However, maximal microhardness
results were obtained in Armox 500 specimen, which can be correlated to the crumbling effect on the
projectile exit.

5) In spite of the lower tensile and impact properties of the F3A-C, its ballistic resistance relies
on a relatively high strain hardening rate, thermal properties and lower density.
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