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THE INFLUENCE OF THE BAINITIC TRANSFORMATION TEM-
PERATURE ON PROTECTIVE PROPERTIES OF PASSIVE ARMOUR S
MADE FROM THE HIGH-CARBON NANOSTRUCTURAL
BAINITIC STEEL

Abstract: The results of computer simulation of penetrattbthe 12.7 mm armour piercing incendi-
ary (API) projectile of the B-32 type into layeradmours are presented in this paper. The armours
consisted of five variants of the bainitic steedtps (BSPs) with different mechanical propertids, o
tained as a result of the use of plastic-heat+treat: bainitic transformation (BT) at different tpena-
tures, rolling at room temperature, different tenmpg times. The bainitic steel plates of the size
50x50x10 mm were put on the armour steel ,witngdate (Armox 500) of the size 500x500x10 mm.
The computer simulations were carried out with tise of the Ansys - Autodyn v12.1.0 program
by means of the Lagrange method. Variations ofpimectile velocity along the penetration axis
of the layered armour (LA) were presented for ewmahant of the BSPs. After firing of the LA
with this projectile the parameters describing defttion of the ,witness” plate were compared
with the computer simulation results. In case aftgd subjected to the bainitic transformation (BT)
at the temperatures of 200°C and 300°C the rektlieccomputer simulation was similar to the result
of the experimental test (respectively: stoppinghaf projectile, perforation of the BSP and thet;wi
ness” plate).

WPLYW TEMPERATURY PRZEMIANY BAINITYCZNEJ NA
WLA SCIWO SCI OCHRONNE PANCERZY PASYWNYCH Z WYSO-
KOW EGLOWEJ NANOSTRUKTURALNEJ STALI BAINITYCZNEJ

Streszczenie W artykule przedstawiono wyniki symulacji kompid®ej procesu penetracji pancerzy
warstwowych 12,7 mm pociskiem przeciwpancerno-zggatm (API) typu B-32. Pancerze te zawie-
raly 5 wariantéw ptytek ze stali bainitycznych (B3R r@&nych wiaciwosciach wytrzymatécio-
wych, uzyskanych w wyniku zastosowania obrdbki lciegplastycznej: przemiana bainityczna (BT)
w roznej temperaturze, walcowanie w temperaturze pokejoadpuszczanie w zdym czasie. Plytki
ze stali baintycznych o wymiarach 50x50x10 mm umiegene byly na stalowej ptycie pancernej
»Swiadek” (Armox 500) o wymiarach 500x500x10 mm. Syagje komputerowe wykonano za pomo-
ca programu Autodyn v.12 zzyciem metody Lagrange'a. DlazBego wariantu ptytek bainitycznych
przedstawiono przebieg zmiaregkosci pocisku wzdta osi penetracji pancerza warstwowego (LA).
Po ostrzale pancerza warstwowego tym pociskiemvpeido parametry odksztatcenia phgtyiadek

z wynikami symulacji komputerowych. W przypadku tely poddawanych przemianie bainitycznej w
200°C oraz 300°C uzyskano wynik symulacji kompwejazblizony do wyniku bada eksperymen-
talnych (odpowiednio: zatrzymanie pocisku, perfgadytki bainitycznej i ptytyswiadek).
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1. Introduction

The armour steels produced commercially achieve yibél strengthR=1+1,5 GPa
and the tensile strenglR,=1,5+2 GPa. Theoretical, tensile strength, caledain the basis
of the bonding force is about 10 times higher amdants toR,=12+15 GPa. One of the con-
cepts leading to obtain the high-strength steelmsed on reduction of grain size to the level
of nanometres. As nanostructural are consideredtdeds in which the grain size is smaller
than 100 nm.

The alternative to the known nanostructural martensteels are the high-carbon bainitic
steels. The production process of them is more @aent because the bainitic transformation
is easier to control than the martensitic transtdrom. Additionally, the smaller number
and mass of alloying elements used for the higbararbainitic steels in comparison
with the maraging steels decreases cost of thedymtion. The bainitic steels are character-
ised by lower yield strength and tensile strengthcomparison with the maraging steels,
but they show higher ductility, what reduces risksteel brittle fracture under the projectile
impact [1+3].

In this article the authors describe the possibditthe use of plates made from the high-
carbon bainitic steel in purpose of the armoursstromgtion.

By the temperature of the bainitic transformatiamtcol one can directly influence
the size of steel grains and the dispersion ofaaMyith the decrease of the BT temperature
the size of bainitic ferrite plates thickness aadiples of carbides decreases, but the number
of the particles increases (Fig. 1). The reductibthe bainitic ferrite plate size also increases
with the growth of the carbon content in the st@éle decrease of the grain size influences
directly the increase of the yield strength andtéwesile strength of the steel. The disadvanta-
geous effect of the BT temperature fall is the dase of the ductility of the steel. The bainitic
transformation of the steels at the temperatur200PC produces the highest tensile strength
and vyield strength which may exceed 2500 MPa, thirtelongation then is low,
about 2+5%. The after-effect is the brittlenesshef steels what makes them useless in many
applications, requiring transfer of large stresghefmaterial [1+3].

1 I I

0,6+
0,5~

0,4+

Fig. 1. Dependence of the bainitic plate thick-
ness on the BT temperature [6]
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2. Simulations of the 12.7 mm API projectile ofhe B-32 type penetration
into the bainitic steel plates

The numerical simulations of penetration of the7if®m API projectile of the B-32 type
into the BSP of the size 50x50x10 mm with the usthe Ansys - Autodyn v12.1.Qrogram
[4, 5] were carried out. The initial velocity of the projige was 815 m/s which equals the ki-
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netic energy of the impa& = 16 kJ. In the simulation there was used theitiaisteel pre-
sented in the work [6] and its chemical composiipresented in Table 1.

Table 1. Chemical composition of the bainitic stegdlates used in the simulations
Kind of The content of elements, %
steel C Si Mn | Mo | Cr Co Al P S
Sp10 0,79 1,56| 1,98 0,24 1,01 | 151| 1,01 0,002 0,002

The variants of steel plates subjected to the agleplastic-heat-treatment, used
in the simulations, are shown in Table 2.

Table 2. Parameters of the Johnson-Cook constitutermodel for the variants of the BSP

Variant| Kind of steel A MPa |B,GPa| C n m
1 Non plastic-heat-treated steel 733 0,5 0,014 0,Pe87
2 BT at 300°C for 6 h 800 1,1 0,012 0{3 0,87
3 BT at 200°C for 72 h 1193 4 0,009] 0,5 0,87
4 Rolling in room temperature 0805 tem-| 1789 7 0,007 0,9 0,87

pering at 300°C for 6 h
5 Rolling in room temperature 0,025 tem- 2121 9,4 0,0046 1,1Y 0,87
pering at 250°C for 15 h

where: A — yield stressB — hardening constant, — hardening exponen€ — strain rate constant,
m — thermal softening exponent;- strain

The BSPs of the size 50x50x10 mm were put on tbel strmour ,witness” plate (Ar-
mox 500) of the size 500x500x10 mm.

For all materials the Johnson-Cook strength moded wsed. Only for the steel core
of the 12.7 mm projectile of the B-32 type Johnstmimquist (J-H) strength model was used.
For the Armox 500 armour the parameters of the somCook constitutive model
were adopted on the basis of literature [7]. Patareeof the strength models for materi-
als used in simulations are shown in Table 3.

Table 3. Parameters of the strength models for thenaterials used in simulations

No. Material Model A MPa | B, GPa C n m
1 Armox 500 849 1,34 0,00541 0,0923 0,87
2 Brass J-C 206 0,505 0,01 0,42 1,68
3 Lead 24 0,300 0,1 1 1
) HEL, GPa Asn Nin Cin Bin My
4 Steel J-H 4,478 0,96 | 0,029| 021 0,810,029

where:HEL — hugoniot elastic limitA; 4 — intact strength constarit,y — intact strength exponent,
C,4 — strain rate constar®, ; — fractured strength constaM; — fractured strength exponent

The 12.7 mm projectile of the B-32 type used in $imaulation is shown in Figure 2.
The validation of the projectile model was carrad using information from the literature.
According to them the 12.7 mm API projectile of tBe32 type perforates the RHAd{led
homogenous armour) of 20 mm thickness [8] without visible projectildeformation.

In the work [9] there is the information that th2. 2. mm projectile perforates the 20.7 mm
Armox 500 metal sheet.

The numerical simulations of the penetration precesthe 12.7 mm API projectile
of the B-32 type into the LA containing the BSP$hwhe use of the Ansys - Autodyn v12.1.0
program are shown in Figures 3+7.
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Fig. 2. The 12.7 mm AP incendiary projectile
of the B-32 type: a — steel core, b — brass
jacket, ¢ — lead can, d — incendiary material

In Figure 3 this projectile perforates the non fitakeat-treated BSP of 10 mm thickness
and the ,witness” plate of Armox 500 steel of 10 riimckness. The velocity of the projectile
after the perforation of the bainitic plate and tyvaiss” plate (residual velocity) was 600 m/s

(Fig. 8).

t=0.000 ms t=0.31 ms

:1 ‘ M

t=0.038 ms

Fig. 3. Simulation of the penetration of the 12.7 m API projectile of the B-32 type into the nor
plastic-heat-treated BSP (variant 1): a — the 12./hm API projectile of the B-32 type, b — BSP,
¢ —Armox 500

Subjecting steel to the BT at 300°C increases iblel wtrength of steel from 733 MPa
to 800 MPa. Also, in this case the 12.7 mm prdeaf the B-32 type perforates tiBSP
and the ,witness” plate of Armox 500 steel of 10 mimckness (Fig. 4). The velocity
of the projectile after the perforation of the h&nplate and ,withess” plate was 550 m/s

(Fig. 8).

t=0.000 ms t=0.038 ms

Fig. 4. Simulation of the penetration of the 12.7 m API projectile of the B-32 type into the stee¢
plate subjected to BT at 300°C for 6 h (variant 2)a — the 12.7 mm API projectile of the B32
type, b — BSP, ¢ —Armox 500

Subjecting steel to the BT at 200°C increases iblel ytrength of steel from 733 MPa
in the initial state to 1193 MPa after the transfation (approx. 60%). The protective ability
of the BSP increased, and projectile penetrategwitaess” plate in the depth @P=9 mm

(Fig. 5).

t=0.000 ms t=0.038 ms

t=0.31 ms.
2

Fig. 5. Simulation of the penetration of the 12.7 m API projectile of the B-32 type into the stee¢
plate subjected to BT at 200°C for 72 h (variant 3)a — the 12.7 mm API projectile of the B32
type, b — BSP, ¢ —Armox 500
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In the variant 4 the steel was subjected to theaBB00°C, rolled at room temperature
to achieve the 0,@5deformation and tempered at 300°C for 6 h. Thddymrength
of the steel increased from the initial value 73Bavito 1789 MPa (approx. 240%) without
loss of the ductility. The projectile was stoppedtbe BSP and did not penetrate the ,wit-
ness” plate (Fig. 6).

t=0.038 ms t=0.068 ms

Fig. 6. Simulation of the penetration of the 12.7 m API projectile of the B-32 type into the ste¢
plate subjected to BT at 300°C for 72 h, rolled imoom temperature and tempered at 300°C fc
72 h (variant 4): a —the 12.7 mm API projectile othe B-32 type, b — BSP, ¢ —Armox 500

In the variant 5 the steel was subjected to theaBB0O0°C, rolled at room temperature
to achieve the 0,025deformation and tempered at 250°C for 6 h. Thddysrength
of the steel increased from the initial value 73Bavito 2121 MPa (approx. 290%)
and the ductility decreased. The projectile in $iraulation did not penetrate the ,witness”
plate (Fig. 7).

t=0.000 ms t=0.31 ms

t=0.038 ms t=0.068 ms

&

Fig. 7. Simulation of the penetration of the 12.7 m API projectile of the B-32 type into the ste¢
plate subjected to BT at 300°C for 72 h, rolled imoom temperature and tempered at 250°C fc
72 h (variant 5): a —the 12.7 mm API projectile othe B-32 type, b — BSP, ¢ —Armox 500

In Figure 8 the comparison of the velocity of theojectile in function of time
for the simulation of the penetration of the 12.m mrojectile of the B-32 type the BSP (vari-
ants 1+5) was presented. In variants 1 and 2 tbggiile penetrates the BSP and the ,wit-
ness” plate. The growth of mechanical propertieshef steel subjected to the BT at 300°C
for 6 h (variant 2) resulted in reduction of th@jpctile residual velocity after the perforation
both the BSP and the ,withess” plate (approx. 55@)nin comparison to the variant
1 (approx. 600 m/s). In the simulations of the Bf@é&hetration process (variants 3+5)
the 12.7 mm projectile of the B-32 type did notfpeate the ,witness” plate.
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After each of the simulations in the Ansys - Autody12.1.0 program the deformation
of the ,witness” plate (Fig. 9) was measured in fhaces where the projectile influences
the ,witness” plate. The results of these measunesrare placed in Table 4.

Stopping of the projectile Perforation of the RHlatp
d> d>

D

hi

DP

hs
g

Fig. 9. Results of measurements of the deformatiasf the ,witness” plate after the 12.7 mm AP
projectile of the B-32 type impact:DP — depth of penetration/dinge h; — height of hill, d; — di-
ameter of hill, d, — diameter of dinge,d; — diameter of bulge of the back side of the RHA), —
height of bulge of the back side of the RHAh; — height of the back side of the RHA torn offD —
diameter of inlet crater of the perforated RHA plate, d — diameter of outlet crater of the perfo-
rated RHA plate

Table 4. Results of measurements of the deformatiasf the ,witness” plate after the 12.7
mm API projectile of the B 32 type impact

Deformation of the plate, mm VariantMariant 2| Variant 3 Variant 4|Variant 5
Depth of penetration/ding®P - - 9 1,5 2,5
Diameter of dingeq, 11 16 14,4 30 28

Height of hill, h; - - - - -
Diameter of hill,d; - -

Height of bulgeh, 3,5 1,5 1,9
Diameter of bulgeqs 22 22 32 40 30
Height of back part torn off); 8 7 - - -
Diameter of inlet crateD 11 11 - - -
Diameter of outlet crated 11 12 - - -

3. Comparison of the simulations results with expements results

The simulations showed that the steel plate sudgjetti the BT at 300°C could not pro-
tect the ,witness” plate against the perforatiorthaf 12.7 mm API projectile of the B-32 type.
When the steel plate had been subjected to thesftranmation at 200°C the projectile
did not perforate the ,witness” plate.

The confirmation of the correctness of the perfatrsgnulations were the experiments
in which the plates made from both variants of blaitic steel behaved in the same way,
as in the simulations (Figs. 10, 11).

Fig. 10. The ,witness” plate protected by the plate
made from the steel subjected to the BT at 300°C
(variant 2) after being fired: a — the front of the
plate, b — the back of the plate
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Fig. 11. The ,witness” plate protected by the plate
made from the steel subjected to the BT at 200°C
(variant 5) after being fired: a — the front of the
plate, b — the back of the plate

The projectile behaviour was similar in the expenms and in the simulations. The ex-
periments show that the core of 12.7 mm API prdgdf the B-32 type does not deform
during the impact, and it fragments while meetingaterial harder or of the same hardness
on its way. Projectile behaved in this simulationthe same way.

A

Fig. 12. The core of the 12.7 mm API projectile ahe B-32 type after being fired at different
materials

Table 5 contains results of measurements of thetngss” plate deformation
in the places, where the projectile influences fWwéness” plate, for the simulations and
the experiments.

Table 5. Results of measurements of the ,withess”lgte deformation in the places where
the projectile influences on the ,witness” plate, ér the simulations and the experiments

Deformation of the plate, mni Variant 2 Variant 5
SimulatiofExperimentDifferenceSimulatiofExperimer{Difference
% %
g(:)pth of penetration/dinge, - - - 25 25 0
Diameter of dingeq, 16 21,2 24 28 26 7
Height of hill, h; - - - - - -
Height of bulgeh, - - - 1,9 1.8 5
Diameter of bulgeqs 22 34,1 35 30 35,2 14
Height of back part torn off); 7 4,3 62 - - -
Diameter of inlet crateD) 11 14,8 25 - - -
Diameter of outlet crated 12 19,8 39 - - -

For the plate made from the steel subjected toBfheat 200°C (variant 5) the results
of the simulation and the experiment are closddidthce <15%). There is a large difference
in the results of the simulation and the experim@ifterence 24+62%) for the plate made
from the steel subjected to the BT at 300°C (vai2zanwhat testifies about improper parame-
ters of the Johnson-Cook constitutive model, adbpiehe simulation.

4. Conclusions

On the basis of the literature analysis and theiezhrout computer simulations
of the penetration of 12.7 mm API projectile of tBe32 type into the BSPs the following
conclusions have been drawn:
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1. The yield strengtiR=2000+2500 MPa and the elongati®ds5+15% can be obtained
in the high-carbon bainitic steels as a resulthef ise of suitable plastic-heat-treatment
methods.

2. The plate made from the steel subjected to thetB2D@°C protected the ,witness” plate
against the perforation of the 12.7 mm projectilehe B-32 type.

3. The 12.7 mm projectile of the B-32 type perforated plate made from the steel sub-
jected to the BT at 300°C and the ,witness” plate.

4. The decrease of the BT temperature from 300°C @Q0Qesults in the reduction
of the bainitic steel grain size and the bainitiees plates thickness (300+500%),
what brings on the increase of the yield strengthe steel to 290%.

5. The close results of measurements of the deformaitioplaces where the projectile in-
fluences the ,witness” plate, were obtained bothtfe simulation and the experiment
(difference <15%) for the plate made from the steddjected to the bainitic transforma-
tion at 200°C (variant 5).

6. The results of measurements of the deformatioriaogs where the projectile influences
the ,witness” plate for the plate made from theekseibjected to the bainitic transforma-
tion at 300°C (variant 2) were different for thenalation and experiment (difference
24+62%), what testifies about improper parametdrshe Johnson-Cook constitutive
model, adopted to the simulation.
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