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The manuscript is devoted to the study of structural changes in the penetration zone of
Fe-26Mn-10A1-1.2Si-2.2Cr-1.8Ni-0.15V-1C steel, which was developed for ballistic damage
protection. Obtaining thin plates from lightweight high-strength steels based on the Fe-Mn-Al-C
system for such use is an extremely promising and unexplored task. The work analyzes the influence
of mechanical properties and mechanisms of microstructural changes, according to which armor
metallic materials and studied type steels can resist bullet damage most effectively. To provide the
research, as-cast steel billet was obtained under conditions of open induction melting, and then
it was subsequently subjected to hot plastic deformation and normalization. The resulting plate
was ballistic tested and the structure of the near-bullet hollow area was investigated. Studies of
mechanical properties revealed extremely high strength of steel, the required level of plasticity and
average hardness: UTS=2240 MPa, YS=1784 MPa, 6=6.2 %, y=16.8 %, HRC=42-46.

Studies of the bullet hollow cross-section area showed the formation of two zones. The first
zone repeated the shape of the bullet and demonstrated significant local plastic deformation of the
steel near the strike surface. In the near-surface region, local recrystallization and a microhardness
decrease were observed due to thermal influence. When moving closer to the central zone, surface
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hardening is observed, which is expressed in a noticeable increase in microhardness. The second
zone shows signs of brittle fracture. In its microstructure, adiabatic shear bands and places of stress
accumulation that form microcracks are observed. In the zone of [ plate failure, the formation of
microdefects coalescence areas was detected, the shape of which repeats the load distribution inside
the material.

The obtained data indicate that the proposed steel is suitable for protection against ballistic
damage, but at greater thicknesses. It is able to resist ballistic loads due to the effective absorption
of impact energy, which is expressed in the implementation of several mechanisms simultaneously -
local hardening, formation of ASB, accumulation of defects and stresses and the sequential formation
of microcracks, as well as in their coalescence during the deformation of the material.

Keywords: Fe-Mn-Al-C, armor plate, ballistic damage, microstructure changes,
microdefects, load sharing.

Nowadays, there are many different materials for armor protection. These
include ceramic and metal-ceramic compositions, non-ferrous light alloys,
bimetallic products and some others, but steels remain the most widely used.
For the production of steel armor, high-strength and ultra-high-strength special
steels, with high hardness, plasticity and toughness are used most often [1].

Hardness determines the ability of the armor material to stop and
destroy striking elements and their components, and the toughness of the
material ensures the absorption of the energy of the blast wave and the energy
of striking elements. The tensile strength for steel armor is a more significant
value than the yield strength, according to data [2]. This is due to the almost
instantaneous effect of a ballistic impact, which causes a local increase in
temperature in the place of contact of the striking element with the armor
due to adiabatic heating caused by a high rate of plastic deformation. Another
important factor is the impossibility of uniform distribution of loads on the
material, that can be balanced with high strength.

The development of lightweight and highly effective armor materials
is critical for reducing the weight of protective structures and increasing the
mobility of equipment. Fe—~Mn—Al-C steels demonstrate a reduced density
compared to conventional armor steels due to the high Al content. At the
same time, the high Mn and carbon content provide high strength and impact
toughness due to complex deformation mechanisms (TWIP — twinning-induced
plasticity, TRIP — transformation-induced plasticity) and the «x-carbides
precipitation [3, 4]. Because of this, Fe=Mn—Al-C steels are considered as a
promising alternative to traditional armor materials. However, the behavior
of these steels under real impact loads is likely to differ from the statically
tested characteristics and requires the analysis of dynamic microstructural
transformations. For their correct assessment, it is necessary to consider the
features of the structural and phase structure of the studied steels and the
mechanisms of their change under the influence of loads.

In Fe—(15-30)Mn—(6-12)Al-(1-1.5)C (% wt.) steels, an austenitic
matrix is usually formed at high temperatures, but after heat treatment it can
contain many phases, among which it is important to note those that have
the greatest influence on strengthening: nanosized x-carbides (Fe, Mn),AIC
with a cubic lattice L1,, ordered B2-phases or other intermetallic particles at
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a certain content of nickel and aluminum, as well as transition metal carbides
[5-7]. Aluminum in Fe-Mn—Al-Csteels not only reduces the density, but also
promotes the formation of k-carbides and the B2-phase. Manganese stabilizes
austenite and changes the stacking-fault energy (SFE), which determines
whether the twinning (TWIP) or martensite transformation (TRIP) mechanism
will dominate. Carbon significantly reduces SFE and increases strength both
by alloying austenite and by increasing the precipitation of strengthening
k-carbides [3, 8].

Low or moderate SFE values in Fe—~Mn—Al-C steels stimulate the
formation of twins during their deformation. If the SFE is further reduced, for
example by increasing the carbon or nickel content, the y—&/a’ transformation
(e-martensite or o'-martensite) is possible, which will indicate the
manifestation of the TRIP effect. In Fe-Mn—Al-C steels, the balance between
these mechanisms depends on the ratio of the content of the main alloying
elements and on the heat treatment, which will determine the structural-phase
parameters [4].

Under impact loading (strain rates of ~103-10% s'), phenomena appear
that are not observed in static tests — significant local heating, the formation
of adiabatic shear bands (ASB), dynamic recrystallization in the ASB zone,
local phase transformations (for example, dynamic austenite — martensite
transformation or reverse reactions under the influence of temperature) and
an increased probability of local brittle fracture in places of accumulation
of strengthening phases. The combination of these phenomena significantly
determines the resistance to bullet penetration [9].

Adiabatic shear bands can be formed under conditions of a large, rapidly
increasing local shear and are accompanied by significant internal heating,
which can lead to local softening of the material. In TWIP steels, ASB is
often the dominant cause of breakdown during impact point deformation. The
presence of k-carbides in the matrix changes the local stress distribution and
can either enhance or weaken the tendency to form ASB depending on the
size and density of such particles. For example, small nanoscale inclusions
can increase the resistance of steel to ultrafast impact loading by initiating
dislocation scattering, while relatively large inclusions will create local stress
concentrations and promote crack formation [6, 9]. Initially, the bullet energy
is absorbed by the armor element, in our case Fe—Mn—Al-C steel, mainly
through plastic deformation, and partly through the formation of ASB. When
local critical stresses are reached, microcracks appear either in the matrix/
precipitated phase interface zone, or in the zone of significant deformation
gradient. So, to provide investigations of described problem, Fe-26Mn-10Al-
1.2Si-2.2Cr-1.8Ni-0.15V-1C (% wt.) steel was prepared by using open induction
furnace. C45-steel with 0.45 % wt. carbon content; Al-12Si aluminum alloy
scrap; Al-10V master-alloy; metallic Mn, Al, Cr, Ni and V of ordinary purity
were used as a charge materials. Graphite powder served as an additional
source of carbon.

Alloy preparation was carried out in a 40-kW open induction furnace.
Its heating zone was made of Al,0,:MgO=80:20 mixture. The charge materials
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were melted in the furnace gradually. After the melt reached the required
temperature 1400-1500 °C, it was mechanically stirred and the slag was
removed. After melting all the components and reaching a temperature of
1500 °C, the liquid metal was purged with argon three times for 10 seconds
each and the remaining slag was removed. About 8kg of melt was poured from
1450 °C to a rectangle flat graphite mold. As a result, a plate-like casting with
a 14 mm wall thickness was obtained.

As-cast billet was intended for hot plastic deformation. First, it was
subjected to homogenization annealing at 1050 °Cfor 90 minutes in a resistance
furnace. After that, the billet was deformed in a rolling mill with a compression
rate 1 mm in one pass. After every two passes, the workpiece was returned to
the furnace, reheated to the annealing temperature, held for 10 min, and the
deformation was repeated. Finished plate-like part had thickness 10 mm and
was air cooled.

The samples for mechanical properties determination were cut out from
plate part, close to peripheral area. Plate was ballistically tested by shooting
5.45x39 mm enhanced impact bullet on speed 910 m /s.

Bullet hollow was cross-cut to be investigated. Sample was prepared
by using standard grinding and polishing methods with subsequent etching in
a 3 % alcohol solution of nitric acid. Metallographic analysis, determination of
structural-phase components local chemical composition and the distribution
of elements (EDX-method) were performed by using a Tescan Vega 3 electron
microscope with a Bruker EDX analyzer. Microhardness test was provided by
using LHVS-1000Z testing machine with load 100 g. Tensile test was provided
on UTM-100 testing machine. It showed outstanding mechanical properties of
the steel: UTS=2240 MPa, YS=1784 MPa, 6= 6.2 %, y = 16.8%, HRC= 42-46.

A cross-sectional image of the bullet penetration hole is presented in
Fig. 1. It can be described as two-zone. The profile closer to the contact zone
shows plastic deformation with the displacement of the alloys part to the surface,
which indicates ductile fracture. It is well seen, that near-contact deformed area
reaches almost 1 mm under plate's surface. It indicates a significant work of
the material, that was occurred due to its resistant to ballistic impact. At the
same time, this part demonstrates local heating and recrystallisation, what can be
noticed by comparing microstructures at the top of Fig. 1.

The hollow profile shows the high ability of the plate to resist the
bullet penetration by its sort of compression with materials® volume. However,
lower part of the profile shows signs of brittle fracture, indicating a significant
accumulation of stresses and defects in the zone after hollow starts narrowing.
It also happens at the moment, when the residual thickness remains low.

Microhardness of different zones of the armor element allows us to
assess the degree of load distribution due to the degree of local strengthening,
caused by deformation. It can also be seen that the zone of first contact with
the bullet, which receives the greatest temperature effect and load, has a
recrystallized structure that differs from the microstructure of the alloy in
the center of the plate and has lower microhardness, caused by temperature

influence.
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Fig. 1. Cross-section sample of bullet hollow, made after ballistic impact in Fe-26Mn-10Al-1.2Si-2.2Cr-1.8Ni-
0.15V-1C steel and marked areas with their microhardness (HV100) and most hardened and rough defected
area (A-C).
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Microhardness studies in different areas of the cross-section showed that
there is a strengthening of the metal in the contact zone, which is associated
with thermal effects and local recrystallization. Further, after 1.5 mm in depth,
one can observe the absence of thermal effects and maximum contact surface
strengthening, which gradually decreases for 2-3 mm in the depth of the plate.
Near the middle of the thickness, one can note the narrowing zone of the
hole, where the microhardness is increased and does not change for a distance
of about 2 mm, which indicates a significant accumulation of stresses and defects
in this zone. Below this level, the tearing of the material along a certain profile
can be noticed. It shows signs of plastic deformation and surface hardening
from it in the fracture zone.

Local study of the zones A-C microstructures, marked in Fig. 1,
showed that at the initial stages of armor element destruction, beyond the
zone of maximum strengthening, caused by local deformation hardening, ASB
preserving is possible. At the same time, the formation of local microcracks
is observed. They do not have signs of intergranular destruction, but rather
appear in places of highest stresses and defects accumulation. The place and
nature of their formation do not show regularities in relation to the structure,
also do not coincide with the boundaries of the ferrite-austenite interface and
do not have a significant extent, which is limited by sizes up to 50-60 microns.
It is characteristic that the ferrite and austenite of the resulting steel are
both quite alloyed and have a small difference in microhardness — 360 and
320 (HV'™®), respectively. Thus, cracks do not form at the phase interface
boundaries, as it shown in Fig. 2 a, b, d. Thus, the chemical composition of the
alloy leads to desirable phase formation features.

Figure 2 ¢ shows the implementation of several operational mechanisms
of the proposed armor steel [13]. In the final fracture zone, it is clearly seen,
how the long line of the ASB gradually forms a crack. Along this area, a
microcrack coalescence profile is formed, which partially repeats the profile of
the ASB line.

Conclusions

The obtained data indicates that the proposed steel is potentially suitable
to apply as a protection against ballistic damage. It is able to significantly resist
point-like high dynamic loads due to the effective absorption of impact energy,
which is expressed in the implementation of several mechanisms simultaneously.
The first one consists of a local hardening, caused by deformation load. The
second one bases on stress collecting, which obviously leads to formation of
adiabatic shear bonds (ASB). Then accumulation of defects and stresses leads
to the sequential formation of microcracks, as well as to their coalescence,
while the intensive deformation of the material happens. According to this, it
can be concluded, that obtained steel demonstrates several different consequent
mechanisms to resist ballistic impact stress. Also, it is shown, that developed
high strength steel is almost fully austenitic and its phases have a high level of
stacking fault energy SFE, what causes defects coalescence instead of twinning,

what is better for ballistic resistance.
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Fig. 2. Microstructure of sections A (a), B (b), C (c), marked at the different profiles of bullet hollow, according
to figure 1; Microstructure and local chemical analysis of the alloy (d), where chemical composition of ferrite
(1) and austenite (2) are: 1 — Fe-20Mn-9AI-0.9Si-1.35Cr-2.75Ni-0.17V (wt. %), 2 — Fe-28Mn-6.7Al-1Si-2.1Cr-
2.2Ni-0.21V (wt. %).
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Summary

Po6oty mpucBsueHO JOCTI/KEHHIO CTPYKTYPHHUX 3MiH Yy 30Hi mpo6uTTs crami Fe-
26Mn-10A1-1.2Si-2.2Cr-1.8Ni-0.15V-1C, Ky po3pobJisiiin LI 3aXUCTy BiJl 6aTiCTHIHOTO
ypaxkeHHsa. OneprkaHHS [ TAKOTO 3aCTOCYBAHHS TOHKUX IJIACTUH 3 JIEPKUX HaJMil[HUX
crajeil Ha ocHoBi cucremu Fe-Mn-Al-C € Ha/[3BUYailHO TEPCIIEKTUBHOIO TA HEBUBYEHOIO
3ajsaveio. B po6oti mpoBe/ieHO aHaJi3 BIJIMBY MEXaHIYHUX BJACTHBOCTEH Ta MeXaHi3MiB
MiKPOCTPYKTYPHUX 3MiH, 32 SKMMU GPOHBOBI MeTaJsieBi MaTepias Ta CTaJsi 10CJIiIKYyBaHOTO
TUIYy YWHATb OMip KYJbOBOMY OaJliCTHYHOMY YypPa’keHHI0 Hai6inbir edexktuBHO. [la
MPOBEJICHHS IOCJI/IPKEHb, B YMOBaX Bi/IKPUTOT iHYKIIIHOT TJIaBKU, OYJIO OJIePKAHY JIUTY
CTaJIeBY 3aTOTOBKY, SIKy Ha/IaJi TiiaBaan rapsdiil rractuuHiin jedpopmartii i Hopmadizartii.
Opepskany TJIAaCTHHY BHUIIPOOOBYBAJIM Ha MPOCTPIJ Ta IOCHIKyBajgu OYZOBY OTBOPY
6asicTmyHOTO MPOOUTTS. JlOCTiKeHHS MEeXaHIYHIX BJIACTHBOCTE! BUSBUJIN HAI3BUYANTHO
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BHCOKY MiIlHiCTb cTasi, TOTPIOHUN piBeHb NJIACTUYHOCTI Ta TOCEPEIHI0 TBEPAIiCTD:
c, = 2240 MPa, 6 =1784 MPa, 8 = 6.2 %, y = 16.8 %, HRC = 42-46. [locnimxenns
norepevyHoro mpodiao OTBOPY MPOCTPiAy TJIACTUHU MOKasagn (GOPMYBaHHS JBOX 30H.
[lepia 3ona 1noBTOpIOBaja KOHTYP KYJi Ta JEMOHCTpPyBa/ja 3HA4YHi O3HAKU JIOKAJIbHOI
macTuyHoi fedopmariii crami 6ifs ToBepXHi ypaskeHHs. B mpumnoBepxHeBiii o6JacTi
CIIOCTEPITAEThCS JIOKAJbHA PEKPUCTATI3Allis i 3HUKEHHS TBEP/IOCTi Yepe3 TepMidyHuil BILJINB.
[lpu Bigmamenui Bij moBepXHi, GJMXKYE JO IEHTPATBHOI 30HU OTBOPY CIOCTEPITAETHCS
ITOBEpXHEBE HAKJCIYBAHHS, IK€ BUPAKAETHCA Y MOMITHOMY 3POCTaHHI MiKPOTBEP/IOCTI.

[lpyra 30Ha TpOSBISE O3HAKM KPUXKOTO PyHHYyBaHHA. B 11 MikpocTpykTypi
CTIOCTEPITAIOTBCS CMYTH a/1iaGaTUYHOTO 3CYBY Ta MICIld HAKOTMUYEHHS HAINPY)KEeHb, sKi
YTBOPIOIOTb MiKpOTpilmuHN. B 30HI ocTaToyHOrO PYWHYBAHHS TIJIACTHHU BUSBJEHO
dopmyBanHs obacreil KoasecieH i MikpoaedekTiB, ¢opMa SKUX MOBTOPIOE PO3IMOJIIJ
HaBaHTAKCHHS BCEpeAMHI MaTepiaJy.

OTpuMaHni fjaHi cBif4aTh TIPO Te, 1O 3aNPOTIOHOBAHA CTAJb MPHUAATHA /IS 3aXHUCTY
Biji OaJliCTUYHUX TIOMIKO/[’KEHb, aJjie TpHu Oijbiiil ToBIuHI. BoHa 31aTHa NPOTUCTOSTH
6aTiCTUIHUM HAaBAaHTAKEHHSIM 3aBASKN e(DEKTUBHOMY IOTJUHAHHIO eHeprii yaapy, 1o
BUPAXKAETbCA B peasisanii KiJIbKOX MEXaHi3MiB O/JHOYAaCHO — JIOKAJIbHOMY 3MillHEHHI,
YTBOPEHHi aJ[iabaTHIHIX CMYT 3CyBY, HAKOTIMYEHHi /Ie(peKTiB i HAIIPY KEeHb Ta MOCJIiJOBHOMY
YTBOPEHHI MiKPOTPIIINH, a TaKOXK B iX KoaJsecleHIii mijg yac gedopmariii Marepiasy.

Kuouogi caoBa: Fe-Mn-Al-C, 6ponboBa mractuHa, GanicTHYHE YPayKEHHS, 3MiHU
MiKPOCTPYKTYPH, MiKpoaeheKTH, PO3TOIiJl HaBaHTAKEHHS.

f XKypHan MOM BHeceHo fo Nepeniky HayKoBUx haxoBux BuaaHb YKpaiHu ﬁ
3rigHO 3 HakasoM MiHicTepcTBa ocBiTH | Haykn YkpaiHn Ne409 Big 17.03.2020.

[MoBHa Ha3Ba XypHany
"HaykoBoO-TexXHiYHUM XypHan
"MeTano3HaBCcTBO Ta 06po6ka meTtaniB"

BapTicTb ogHoro HoMepa xypHany - 300 rpH.
Mepen onnaToro HEOOXigHO y3roanTn NOTPIOHY KiNbKICTE HOMEPIB 3 pefaKLUieto.

Onnara 34iCHI0ETLCS Ha PO3PaxyHKOBUN paxyHOK Pi3nKO-TEXHOMOTYHOIo
iHcTUTYTY MeTanis Ta cnnasiB HAH YkpaiHu.

[ocTynHi apxiBHi Homepwu xxypHany 3 1995 p. no 2024 p. BKIOYHO.

Po3paxyHKkoBuUI paxyHOK ONA 3aMOBHMUKIB,
CMOHCOPIB i peknamoaasuUiB:
p/p UA828201720313251001201012215,
6ark IKCY B M. Knesi ko 6aHky 820172
OTtpumyBay - DTIMC HAH Ykpainu, kog €APIOY 05417153,
3 NOCUNaHHaMm Ha xypHan "MOM"

Konito fokymeHTa onnatu Ta BigoMOCTi Mpo oTpuMyBaya
NpPOCUMO HagcunaTu Jo pegakuii,
k BKa3aBLUM HOMeEp i faTy NNaTiKHOrO JOKYMEHTa. J

12 HaykoBo-texHiunmii scypHan "MeTaio3HaBcTBO Ta 06pOGKa MeTaiB” 3'2025



