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MICROSTRUCTURE, MECHANICAL PROPERTIES AND GEOMETRY
OF A MODEL BATCH OF SEMI-SPHERICAL STEEL LINERS
INTENDED FOR USE IN THE EXTRACTIVE INDUSTRY

MIKROSTRUKTURA, WEASCIWOSCI MECHANICZNIE I GEOMETRIA PARTII
MODELOWE] STALOWYCH WKEADEK KUMULACYJNYCH POLSFERYCZNYCH
PRZEZNACZONYCH DO ZASTOSOWANIA W PRZEMYSLE WYDOBYWCZYM

The article presents the results of investigation of the microstruc-
ture and mechanical properties of Fe-based materials intended for
the production of semi-spherical liners for experimental shaped
charges. The tests were carried out on samples taken in three di-
rections in relation to the rolling direction: 0°, 45° and 90°, of
the following materials: cold-rolled sheets made of DCO04 steel,
hot-rolled sheets made of 047 steel, and cold-rolled strips made of
004G steel developed at Lukasiewicz - IMZ and annealed at 650°C.
Semi-spherical drawpieces with a diameter of 106.4 mm, intended
for liners, were made of the sheets with the use of cold stamping.
Tests of the microstructure and HV hardness of samples taken from
the test batch were carried out on cross-sections along the pressing
direction and the model batch — on sections transverse to the stamp-
ing direction The geometry of the model batch drawpieces was also
measured. The ferrite grain size evaluation was performed accord-
ing to the ASTM E112 standard using pgrain software with a grain
size evaluation module using counting the number of intersections
of grain boundaries with a circle.

Keywords: shaped charge liner, drawpiece, steel sheet, micro-
structure, mechanical properties, mean chord, ferrite grain size
distribution

Przedstawiono wyniki badart mikrostruktury i wlasciwosci
mechanicznych materiatow na bazie Fe przeznaczonych do wy-
twarzania wkladek potsferycznych do eksperymentalnych tadun-
kéw kumulacyjnych. Badania wykonano na prébkach pobranych
w trzech kierunkach w stosunku do kierunku walcowania 0°, 45°
i 90° z nastgpujqcych materiatow: blach walcowanych na zimno ze
stali DCO4, blachy walcowanej na gorqco ze stali 04J oraz tasm wal-
cowanych na zimno i wyzarzanych w temperaturze 650°C ze stali
004G opracowanej w Eukasiewicz — IMZ. Z blach metodq toczenia
na zimno wykonano wyttoczki pétsferyczne o srednicy 106,4 mm
przeznaczone na wkladki kumulacyjne. Przeprowadzono badania
mikrostruktury i twardosci HV probek pobranych z partii testowej
na przekrojach wzdtuz kierunku tloczenia i partii modelowej - na
przekrojach poprzecznych do kierunku tloczenia oraz pomiary geo-
metrii wyttoczek partii modelowej. Badania wielkosci ziaren ferry-
tu wykonano zgodnie z normq ASTM E112 z zastosowaniem opro-
gramowania pgrain z modutem do oceny wielkosci ziarna metodq
zliczania liczby przecied granic ziaren z okregiem.

Stowa kluczowe: wkiadka kumulacyjna, wyttoczka, blacha sta-
lowa, mikrostruktura, wlasciwosci mechaniczne, Srednia cigciwa,
rozktad wielkosci ziaren ferrytu

1. INTRODUCTION

A symmetrical cavity in the explosive charge (charge
cavity) causes the effect of concentration of the explosion
energy. The effect of the directional action of the cavity
charge can be increased by lining the cavity with a layer
of a solid body in the shape of the cavity [1, 2]. The layer is
called the liner. As a result of detonation of the explosive,
the liner is deformed, causing the internal surface to move
towards the geometric centre of the liner. The liner closes,

and it is extremely important that the liner closes symmet-
rically to its axis and that the material has isotropic proper-
ties. In the process of closing the liner, a jet of high velocity
is generated, which consists of particles torn from the in-
ner surface of the material and air. This jet is called the cu-
mulative jet and is characterised by high kinetic energy of
particles at a significant temperature of approx. 400-600°C.

The formation of the jet ends when the liner closes un-
der the influence of the pressure of blast gases as a result
of a significant erosion of the material of the inner wall and
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as a result of a significant thinning of the walls of the liner.
The kinetic energy of this form of liner is low. The mass of
the cumulative jet generated from the conical liner is up
to 30% of the liner mass, and the jet front reaches the ve-
locity in the range of 7-10 km/s [1]. The parameters of the
jet depend on many factors, which include, first of all, the
shape of the liner, shape of the explosive charge, method of
initiating the explosive, etc., and the type of the explosive.
The quality of the liner material, as well as the accuracy of
the liner, i.e. its geometric correctness, also have a signifi-
cant impact on the penetration efficiency of the cumulative
jet [3, 4]. On the basis of the research and analyses carried
out so far, it was found that a material with a single-phase
structure, characterised by good ductility, is advantageous
[3, 4]. In particular, a significant requirement for materials
intended for liners is high ductility in conditions of dynam-
ic strain occurring at a rate of approx. 10,000 s™.

The explosive with the liner and the cover form a shaped
charge. Shaped charges are used in the defence, extractive
or geology industries and are still the subject of works and
analyses by many world research centres [5-10]. Research
is being carried out to define the characteristics of the ma-
terial, important in terms of the penetrating capacity of
the cumulative jet. Specially designed shaped charges are
used, for example, for perforation of geological or produc-
tion wells [7-9].

An important parameter determining the value of the
energy transferred to the obstacle by the cumulative jet
and, consequently, the depth of its penetration is the dis-
tance of the charge from the obstacle. In practice, a dis-
tance of 1 to 3 calibre of the liner is often used, but it does
not always ensure obtaining the maximum depth of the
hole [10]. The environment in which a given shaped charge
is to be used is not without significance. The analysis of the
possibility of using shaped charges in drilling holes in the
extractive industry is presented in literature [11]. It was
found that the use of shaped charges equipped with liners
made of a material with the desired physico-mechanical
properties can increase the efficiency of drilling in terms
of the diameter and depth of the penetration hole.

The article presents the results of research carried out
under the project “Materialy o strukturze nanokrystal-
icznej i amorficznej do konstrukeji wktadek kumulacy-
jnych do zastosowania w przemysle wydobywczym [Mate-
rials with a nanocrystalline and amorphous structure for
the construction of shaped charge liners for use in the ex-
tractive industry]” (TECHMATSTRATEG) [13-17]. The study
concerned iron-based alloys intended for the production
of semispherical liners with a diameter of 106.4 mm ded-
icated for loads applicable in the extractive industry. The
project was carried out by a consortium consisting of five
research units: Eukasiewicz - Institute of Non-Ferrous
Metals - Project Leader, Lukasiewicz - Institute for Ferrous
Metallurgy, GiG Research Institute, Military University of
Technology, Military Institute of Armament Technology,
and an entrepreneur - Chemical Works NITRO-CHEM S.A.
The main goal of the project is to develop a series of shaped
charges of various calibres for use in the extractive indus-
try for drilling holes or crushing rocks. As part of the pro-
ject in the field of explosive construction, it is planned to
use liners made of alloys based on Fe and Cu. The studies
carried out at Lukasiewicz — IMZ concerned the selection
of the material of the liners and the development of the
technology for their production on a mass scale, along with
the production of a model batch of Fe-alloy liners. Based
on the available literature data and on the basis of the re-

search experience of the consortium members, it was as-
sumed that the material for the production of drawpieces
for the liners should have a homogeneous microstructure.
It was assumed that a material with a single-phase micro-
structure, high purity and good plasticity would have fa-
vourable properties from the point of view of the effective-
ness of the charge operation.

The project proposed the use of semispherical liners
with a diameter of 106.4 mm, made of high-purity iron-
based Fe-Armco alloys and DC04 deep-drawn steel. Cold-
rolled (DC04) and hot-rolled (04]) sheets were prepared for
the target production technology of liners using stamping.
Steel semi-spherical liners with a diameter of 106.4 mm are
made of a material selected by Eukasiewicz - IMZ in the
form of discs with a diameter of 165 mm and a thickness
of 2.5 mm.

The scope of work carried out at Lukasiewicz - IMZ in-
cluded studies on the size and distribution of ferrite grains
in steel, mechanical properties of the used materials and
geometry of the model batch with a diameter of 106.4 mm.
Based on the effectiveness of the estimated crater drilling
depth in model samples, the geometry and technology of
shaping semispherical liners made of Fe-alloy material
were developed.

2. MATERIAL, SCOPE AND METHODOLOGY

The tests were carried out on three types of materials
for liners made of Fe-based alloys with a diameter of 106.4
mm of the test batch of shaped charges, i.e. cold-rolled
DCO04 steel sheets, hot-rolled 04] sheets and cold-rolled
strips made of experimental steel (designated as 004G)
developed at Lukasiewicz — IMZ in semi-industrial condi-
tions of the line for process simulation (LPS). The ingots
from the experimental 004G steel were smelted and cast
in a vacuum furnace, thus ensuring high metallurgical pu-
rity of the steel, and then the strips were hot rolled in the
LPS semi-industrial line to a thickness of approx. 3.5 mm
and a width of approx. 175 mm, and finally the strips were
etched for cold rolling, which was done under industrial
conditions at Walcownia Metali Niezelaznych “Labedy” in
Gliwice. As a result of cold rolling in two passes, strips with
a thickness of 2.45 to 2.60 mm were obtained. The sheets
and strips were subjected to heat treatment of homogeni-
sation annealing at 650°C, from which discs with a diame-
ter of 165 mm were cut out. The material varied in terms of
the content of C and Mn. The chemical composition of the
steels intended for liners with a diameter of 106.4 mm is
presented in Table 1.

Table 1. Chemical composition of materials used for examination
Tabela 1. Sklad chemiczny materialéw uzytych do badan

Steel grade C Mn Si P S Alygiar
DC4 0.08 0.40 - 0.03 0.03 -
04] 0.02 0.20 0.006 0.006 0.008 0.044
004G 0.005 0.41 0.010 0.006 0.006 0.008

The numerical sheet metal forming simulations show
that the minimum load necessary to make a drawpiece
in the shape of a (106.4 mm semi-spherical liner made of
04] steel is approx. 1.4 MN [17, 18]. Taking into account the
simulation results, it would be advisable to select a press
with a nominal load of min. 1.8 MN with a tool stroke of




approx. 150 mm, which would enable the correct stamping
of the drawpiece.

The drawpieces for the production of the test batch lin-
ers were made on a PMS 160A press with a load of 1.6 MN
and a stroke of 20-140 mm, i.e. with a slightly lower load
and stroke than indicated by the simulation results.

Images of the drawpieces from the test batch of liners
made of discs with a diameter of $165 mm and thickness
of 2.5 mm made of DC04 and 04] steel are shown in Fig. 1a
(A1 - DCO04 steel disc and B1 - 04] steel disc).

Using the selected technology, it was not possible to ob-
tain drawpieces from 004G steel discs (Fig. 1b). The prob-
able cause was a much worse surface quality of the disc
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and lower elongation (elongation: 12.8-14.8%) compared
to discs made of DC04 and 04] steel (elongation: 35-44%).

The test batch liner drawpieces were cut along the main
stamping axis (view in Fig. 2a) and samples were taken ac-
cording to the diagram shown in Fig. 2b in order to study
ferrite grain size distribution in the microstructure and to
perform hardness measurement.

Based on the results of the tests of the test batch
drawpieces in the process of producing the drawpiec-
es, a correction was made consisting in increasing the
final load of the press to the maximum, and in this way
a model batch of DC04 and 04] steel drawpieces was made,
examples of which are shown in Fig. 3. The study of the

Fig. 1. Photographs of correct liner drawpieces made of DC04 and 04] steel (a) and of defective drawpiece made of 004G steel (b)
Rys. 1. Fotografie prawidlowych wytloczek wkladek kumulacyjnych ze stali DC04 i 04] (a) oraz wadliwej wytloczki ze stali 004G (b)

Fig. 2. Liner drawpieces cut along the main stamping axis (a) and sampling diagram (b)

Rys. 2. Widok wytloczek wkladek przecietych wzdluz gléwnej osi wytlaczania (a) i schemat pobierania prébek do badas (b)

-

Fig. 3. Test sites for grain size and hardness measurement on the cross-section in relation to the main stamping axis of the model batch of liner
drawpieces (A1 - steel DC04, B1 - steel 04]) 1 - bottom area, 2 - intermediate area, 3 - cap area

Rys. 3. Miejsca badar wielkosci ziarna i twardosci na przekroju poprzecznym w stosunku gléwnej osi wytlaczania partii modelowej wytloczek
wkladek kumulacyjnych (A1 - stal DC04, B1 - stal 04]) 1 - obszar dna, 2 - obszar posredni, 3 - obszar kielicha
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structure, hardness and evaluation of ferrite grain size in
sections transverse to the main stamping axis on the wall
thickness in three levels according to the diagram shown in
Fig. 3 was performed on the model batches.

The scope of the material tests was as follows: stensile
specimens were made of sheets and strips in three rolling
directions: parallel 0°, perpendicular 90° and at an angle
of 45° to the rolling direction. The tensile test determined
yield strength, tensile strength and total elongation - Ry.,,
R, and Ag,. The structure, size and distribution of ferrite
grains were examined in each of the three directions using
a light microscope. The hardness was also measured.

The size of ferrite grain was assessed using the compar-
ative method according to the standard scale included in
the ASTM E112 [19] standard at the magnification up to
500x and with the use of ugrain software with a module for
grain size evaluation using counting the number of grain
intersections in a circle. The method of ferrite grain size
evaluation using the circle counting method is presented
in Fig. 4.

3. TEST RESULTS FOR SHEETS, STRIPS AND
SEMI-SPHERICAL DRAWPIECES FROM
SELECTED MATERIALS

3.1. RESULTS OF EXAMINATION OF MICROSTRUCTURE
AND MECHANICAL PROPERTIES

The results of microstructure investigation in the exam-
ined materials are shown in Figs. 5-13 in three directions in
order to determine its anisotropy.

Figs. 5-7 show the microstructure of cold-rolled sheets
made of DC04 steel in the rolling direction: parallel (Fig. 5),
at an angle of 45° (Fig. 6) and perpendicular (Fig. 7). The
sheets are characterised by a ferritic structure with slight-
ly elongated recrystallised grains, on sections parallel and
perpendicular to the rolling direction.

Figs. 8-10 show the microstructure of hot-rolled sheets
made of 04] steel, observed on samples taken in three di-
rections in relation to the rolling direction: parallel (Fig. 8),
at an angle of 45° (Fig. 9) and perpendicular (Fig. 10).

Fig. 4. Methodology of ferrite grain size measurement based on the guidelines of the ASTM E112 standard with the use of |igrain software.
Examples of samples after stamping on the cross-section along the stamping axis: a) made of DC04 steel and b) made of 04] steel

Rys. 4. Metodyka pomiaru wielkos$ci ziarna ferrytu w oparciu o wytyczne normy ASTM E112 z wykorzystaniem oprogramowania Ligrain.
Przykladowe prébki po wytlaczaniu na przekroju wzdluz osi wytlaczania: a) ze stali DC04 i b) ze stali 04]

Fig. 5. Microstructure of DC04 steel sheets occurring in the direction perpendicular to the rolling direction, magn. 100x and 400x

Rys. 5. Mikrostruktura blach ze stali DC04 wystepujaca w kierunku ré6wnoleglym do kierunku walcowania, pow. 100x i 400x

10
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Fig. 6. Microstructure of DC04 steel sheets occurring in a 45° direction to the rolling direction, magn. 100x and 400x

Rys. 6. Mikrostruktura blach ze stali DC4 wystepujaca w kierunku 45° do kierunku walcowania, pow. 100x i 400x

25 ym
Fig. 7. Microstructure of DC04 steel sheets occurring in the direction transverse to the rolling direction, magn. 100x and 400x

Rys. 7. Mikrostruktura blach ze stali DC04 wystepujaca w kierunku prostopadlym do kierunku walcowania, pow. 100x i 400x

Ferrite grains were characterised by irregular shapes of Figures 11-13 show the microstructure of 004G steel
boundaries and a larger grain size range compared to DC04  strips annealed at 65°C after cold rolling. The microstruc-
steel. The grains had a shape that was slightly elongated in  ture of the strips after cold rolling and annealing was ob-
the rolling direction. served in the following direction: parallel (Fig. 11), at an

Fig. 8. Microstructure of 04] steel sheets occurring in the rolling direction, magn. 100x and 400x

Rys. 8. Mikrostruktura blach ze stali 04] wystepujaca w kierunku zgodnym z kierunkiem walcowania, pow. 100x i 400x
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Fig. 9. Microstructure of 04] steel sheets occurring in a 45° direction to the rolling direction, magn. 100x and 400x

Rys. 9. Mikrostruktura blach ze stali 04] wystepujaca w kierunku 45° do kierunku walcowania, pow. 100x i 400x

Fig. 10. Microstructure of 04] steel sheets occurring in the direction transverse to the rolling direction, magn. 100x and 400x
Rys. 10. Mikrostruktura blach ze stali 04] wystepujaca w kierunku prostopadlym do kierunku walcowania

angle of 45° (Fig. 12) and perpendicular (Fig. 13) to the roll-  larger, but more homogeneous in all three tested directions
ing direction. than in hot-rolled sheets of 04] steel and cold-rolled strips

Based on the structure images it was determined thatin  and those made of 004G steel after annealing at 650°C.
cold-rolled sheets made of DC04 steel, ferrite grains are

Z5um

Fig. 11. Microstructure of 004G steel sheets after cold rolling and annealed at 650°C, occurring in the rolling direction, magn. 100x and 400x

Rys. 11. Mikrostruktura blach ze stali 004G po walcowaniu na zimno i wyZarzanych w temp. 650°C wystepujaca w kierunku walcowania, pow.
100x i 400%

12
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Fig. 12. Microstructure of 004G steel sheets after cold rolling and annealed at 650°C, occurring in the direction of 45° to the rolling direction,

magn. 100x and 400x

Rys. 12. Mikrostruktura blach ze stali 004G po walcowaniu na zimno i wyzarzanych w temp. 650°C wystepujaca w kierunku 45° do kierunku

walcowania, pow. 100x i 400x

Fig. 13. Microstructure of 004G steel sheets after cold rolling and annealed at 650°C, occurring in the direction transverse to the rolling direc-

tion, magn. 100x and 400x

Rys. 13. Mikrostruktura blach ze stali 004G po walcowaniu na zimno i wyzarzanych w temp. 650°C wystepujaca w kierunku prostopadlym do

kierunku walcowania, pow. 100x i 400x

The mechanical properties in three directions: in the di-
rection of rolling, at an angle of 45° to the rolling direction
and perpendicular to the rolling direction, in DC4 and 04]
sheets and in 004G steel strips are as follows:

* in steel DC4
— 0° to the rolling direction they are
Ry, =164 MPa; R,, =291 MPa; Ag, = 44.0%
— 45° to the rolling direction they are
Ry, =176 MPa; R, =303 MPa;j 4 = 39.8%
— 90° to the rolling direction they are
Ry, =173 MPa; R, =290 MPa; Ag, =43.2%
« in steel 04] (ARMCO)
— 0° to the rolling direction they are
Ryo, = 202 MPa; R,, =325 MPa; Az =39.6%
— 45° to the rolling direction they are
Ry, =226 MPa; R,, =342 MPa; Ag = 34.7%
— 90° to the rolling direction they are
Ry, =220 MPa; R,, =328 MPa; Ag = 36.0%
* in steel 004G after annealing at 650°C:
— 0° to the rolling direction they are:
Ryo =292 MPa; R,, =346 MPa; Az =12.9%

— 45°to the rolling direction they are:

Ry, =264 MPa; R,, =318 MPa; Ag, = 14.8%

- 90° to the rolling direction they are:

Ry, =277 MPa; R, =333 MPa; Ay =12.0%

The test results show that a greater anisotropy of me-
chanical properties is in 04] steel sheets and 004G steel
strips than in DC4 steel sheets. A lower yield strength was
found in sheets of steel DC04 (164-176 MPa) than in sheets
of steel 04] (202-226 MPa) and 004G (264-284 MPa). On the
other hand, sheets made of 004G steel were found to have
amuch lower elongation than sheets made of steels 04] and
DC4. On average, in 004G steel sheets, Az, was approx. 13%,
and in DC04 and 04] steel sheets it was approx. 40%.

The ferrite grain size evaluation was carried out in sheets
made of DC04, 04] and 004G steel.

The summary of the results of the evaluation of ferrite
grain size in DC04 and 04] steel sheets perpendicular to the
rolling direction and in 004G steel strips after annealing at
650°C in three directions: parallel, at an angle of 45° and
perpendicular to the rolling direction, is presented in Ta-
ble 2.

13
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Table 2. Summary of results of ferrite grain size evaluation in sheets
and strips intended for liners

Tabela 2. Zestawienie wynikéw oceny wielkosci ziarna ferrytu
w blachach i tasmach przeznaczonych na wkladki kumulacyjne

in the cap area (A4 liner made of DC04 steel and B4 liner
made of steel 04]).

The summary of the results of the evaluation of ferrite
grain size in the drawpieces on the cross-sections along the

Ao || EoRn @ stamping direction of the test batch liners made of DC04
Material chord per ASTM and 04] steel is shown in Table 3, and in the form of grain
[em] E112 size distribution histograms in Fig. 16 (DC04) and Fig. 17
Near the upper edge 22.16 7.7 (04]).
DCO4 In the sheet’s centre 19.49 8 Table 3. Results of ferrite grain size evaluation in test batch
cold-rolled - drawpieces on sections along the stamping direction
sheet Near the lower edge 21.63 7.7 Tabela 3. Wyniki oceny wielkosci ziarna ferrytu w wytloczkach
Average 21.01 7.8 partii testowej na przekrojach wzdluz kierunku wytlaczania
Near the upper edge 13.45 9.1 Average | Grain No.G
04) In the sheet’s centre 12.74 9.3 Material c[h(;']d petE':;&IS;I' M
hot-rolled *
sheet Near the lower edge 12.87 9.2 Al 20.20 3.0
Average 13.01 9.2 DCO4 A2 21.04 7.8
Ann. 650°C/dir. 0° 12.32 8.9 col;i};zc;ltled A3 93.02 76
004G °C/dir. 45° .
coldorolled Ann. 650°C/dir. 45 13.99 9.1 drawpieces A4 23.09 76
strip Ann. 650°C/dir. 90° 13.63 9.1 Average 2176 78
Average 13.31 9.1 Bl 12.77 9.3
The presented evaluation of ferrite grain size, carried out 04] B2 12.50 9.4
in accordance with the guidelines of the ATSM E112 stand- hot-rolled B3 1374 o1
ard, shows that the average chord in DC04 steel sheets is sheet : :
approx. 21 um, in 04] steel it is approx. 13 um, and in strips drawpieces B4 13.11 9.2
made of 004G steel after annealing at 650°C it is approx. Average 13.01 9.3

13.3 um.

3.2. IMAGE OF FERRITE GRAINS OF THE TEST BATCH
OF DC04 AND 04] STEEL LINER DRAWPIECES
REVEALED ALONG THE STAMPING DIRECTION

The image of ferrite grains revealed on the cross-sec-
tions along the stamping direction, taken according to the
diagram presented in Fig. 2b, is shown in Fig. 14 (DC04
steel drawpieces - samples from Al to A4) and in Fig. 15
(04] steel drawpieces - samples from B1 to B4).

Ferrite grains revealed on the longitudinal cross-sections
of the DCO04 steel liner after stamping (Fig. 14) are larger
and with more regular border shapes than in the 04] steel
drawpieces (Fig. 15). In the drawpieces made of both tested
steels, ferrite grains are finer in the bottom area (Al liner
made of DC04 steel and B1 liner made of steel 04]) than

The presented evaluation of ferrite grain size shows that
the average chord in the drawpieces in the longitudinal sec-
tion of the DC04 steel is over 21 um, and in the drawpieces
made of 04] steel is approx. 13 pm.

In the drawpieces made of DC04 and 04] steels, a simi-
lar change in grain size was obtained; the smallest ferrite
grain occurs near the bottom of the drawpieces, and the
largest ferrite grain occurs near the cap.

The results of HV1 hardness measurement of the
drawpieces made of DC04 steel (samples Al - A4) and steel
04] (samples Bl - B4) are presented in Table 4. Measure-
ments 1 to 5 were taken in the centre of the wall thickness
of the drawpiece measured from the cap side towards the
bottom of the drawpiece. Measurement 6 was taken near
the outer edge and measurement 7 was taken near the in-
ner edge of the drawpiece’s wall.

Table 4. Results of HV1 hardness measurement of the test batch of drawpieces for liners made of DC04 and 04] steel on cross-sections along

the direction of stamping

Tabela 4. Wyniki pomiaréw twardosci HV1 partii testowej wytloczek na wkladki kumulacyjne ze stali DC04 i 04] na przekrojach wzdtuz

kierunku wytlaczania
HV 1 hardness measurement results
i de:s:t‘ilzgzl:t!ion Imprints from cap toward bottom OTR edge INR edge Mean value
1 2 3 4 5 6 7
Al 127 128 125 129 128 133 121 127.3
A2 124 116 123 125 120 128 125 123.0
A3 137 145 138 142 149 139 147 142.4
A4 144 159 155 167 161 163 160 158.4
Bl 142 145 144 139 147 151 137 143.6
B2 143 139 136 132 142 143 137 138.0
B3 161 165 160 162 159 156 162 160.7
B4 182 180 180 183 173 180 171 178.4
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outer edge centre inner edge

Fig. 14. Ferritic structure in the drawpiece of the DC04 steel test batch liner in the bottom area (sample A1), in the arc area between the bot-
tom and the side surface (sample A2), in the side surface area (sample A3) and in the cap area (sample A4), as indicated in Fig. 2b; magn. 750x

Rys. 14. Struktura ferrytyczna wystepujaca w wytloczce wkladki kumulacyjnej partii testowej ze stali DC04 w obszarze dna (prébka Al),
w obszarze luku pomiedzy dnem a pobocznica (prébka A2), w obszarze pobocznicy (probka A3) i w obszarze kielicha (prébka A4), jak
zaznaczono narys. 2b; pow. 750x
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outer edge centre inner edge

Fig. 15. Ferritic structure present in the drawpiece of the 04] steel test batch liner in the bottom area (sample B1), in the arc area between the
bottom and the side surface (sample B2), in the side surface area (sample B3) and in the cap area (sample B4), as indicated in Fig. 2b; magn. 750x

Rys. 15. Struktura ferrytyczna wystepujaca w wytloczce wkladki kumulacyjnej partii testowej ze stali 04] w obszarze dna (prébka B1),
w obszarze luku pomiedzy dnem a pobocznica (prébka B2), w obszarze pobocznicy (prébka B3) i w obszarze kielicha (prébka B4), jak
zaznaczono narys. 2b; pow. 750x
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Fig. 16. Histogram of ferrite grain size distribution in drawpieces of
the test batch made of DC04 steel revealed in the direction of stamp-
ing

Rys. 16. Histogram rozkladu wielkosci ziaren ferrytu wystepujacych
w wytloczkach partii testowej ze stali DC04 ujawnionych w kierunku
wytlaczania
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Fig. 17. Histogram of ferrite grain size distribution in drawpieces of
the test batch made of 04] steel revealed in the direction of stamping

Rys. 17. Histogram rozkladu wielkosci ziaren ferrytu wystepujacych
w wytloczkach partii testowej ze stali 04] ujawnionych w kierunku

wytlaczania

The hardness of DC04 and 04] steel drawpieces after
stamping in the area of the bottom and the cap is differ-
ent. In both cases, the hardness of the bottom area is lower
than that of the cap area. For DC04 steel drawpieces it is
127.3 HV1 (bottom area) and 158.4 HV1 (cap area), and for
04] steel drawpieces it is 143.6 HV1 and 178.4 HV1. After
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stamping, the hardness of the DC04 steel drawpiece is low-
er than that of the 04] steel drawpiece with respect to indi-
vidual areas of the drawpieces.

3.3. IMAGE OF FERRITE GRAIN IN THE MODEL BATCH
OF DC04 AND 04] STEEL LINER DRAWPIECES
REVEALED TRANSVERSE TO THE STAMPING
DIRECTION

Ferrite grains were revealed at three levels of model
batch drawpieces (diagram in Fig. 3) in the bottom area
(level 1), in the intermediate area (level 2) and in the cap
area (level 3). The bottom area and the intermediate area
determine the formation of the cumulative jet, and the cap
area forms the counter-jet.

The image of ferrite grains revealed on the cross-sec-
tions of the DCO04 steel drawpieces is shown in Fig. 18, and
of steel 04] - in Fig. 19.

The ferrite grains revealed on the transverse cross-sec-
tions of the DC04 steel model batch drawpieces after
stamping (Fig. 18) are larger and with more regular border
shapes than in the 04] steel drawpieces (Fig. 19).

A comparison of the results of ferrite grain size evalua-
tion with grain software including a pgrain size evaluation
module using the method of counting the number of grain
intersections in a circle based on the ASTM E112 guidelines
occurring in DC04 and 04] steel drawpieces of the model
batch at the cap and bottom level in the direction perpen-
dicular to the direction of the stamping axis is shown in Ta-
ble 5, and in the form of grain size distribution histograms
- in Figs. 20-23.

Table 5. Summary of the results of the evaluation of ferrite grain size

in drawpieces at the cap and bottom level in sections transverse to
the model batch stamping direction
Tabela 5. Zestawienie wynikéw oceny wielkosci ziaren ferrytu

w wytloczkach na poziomie kielicha i dna w przekrojach poprzecz-
nych do kierunku wytlaczania partii modelowej

q Average Grain No. G per
LA chord [pm] | ASTME112

DCo04 Cap area 17.49 8.4
liner

drawpieces Bottom area 18.93 8.1

04) Cap area 11.87 9.5
liner

drawpieces Bottom area 11.67 9.5

Fig. 18. Ferritic structure in the drawpiece of the DC04 steel model batch liner in the bottom area (level 1),as indicated in Fig. 3; magn. 750x

Rys. 18. Struktura ferrytyczna wystepujaca w wytloczce wkladki kumulacyjnej partii modelowej ze stali DC04 w obszarze dna (poziom 1), jak

ZazZnaczono narys. 3; pow. 750x
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Fig. 18 cont. Ferritic structure in the drawpiece of the DC04 steel model batch liner in the side surface area (level 2) and in the cap area

(level 3), as indicated in Fig. 3; magn. 750x

Rys. 18 cd. Struktura ferrytyczna wystepujaca w wytloczce wkladki kumulacyjnej partii modelowej ze stali DC04 w obszarze pobocznicy
(poziom 2) i w obszarze kielicha (poziom 3), jak zaznaczono na rys. 3; pow. 750x

Table 6. Results of HV1 hardness measurement of model batch
drawpieces made of DC04 and 04] steel on sections transverse to the
direction of stamping

Tabela 6. Wyniki pomiaréw twardosci HV1 wytloczek partii mod-
elowej ze stali DC04 i 04) na przekrojach poprzecznych do kierunku
wytlaczania

HV 1 hardness measurement results

Sample Mean
identification |  mprints around the circumference value
Steel DC04
Level closest | 127, 126, 132, 122, 134, 123, 128,127,136, | |,
to bottom 126,130, 122, 129, 132, 134
124,124, 124, 124, 123, 125, 134, 132, 133,
Centrallevel | 130, 133, 128, 127, 129, 127, 124, 121,120, | 126

121, 119, 124, 127, 125, 128, 131

155, 152, 155, 152, 153, 155, 152, 153, 150,
155, 153, 161, 157, 160, 160, 155, 152, 150,
153, 155, 157, 154, 151, 157, 157, 151, 150,
158,153, 153

Level closest

154
to cap

Steel 04]

143, 142, 141, 139, 144, 137, 138, 138, 139,

Levelclosest | 1,054 140, 141, 145, 137, 137, 140, 144, | 139

to bottom 138, 139, 139, 137, 138, 137, 137
136, 147, 142, 138, 137, 136, 137, 140, 138,
Central level | 138, 136, 141, 138, 138, 141, 150, 150, 157, | 145

153,153, 152, 153, 152, 155

161, 160, 162, 163, 158, 163, 158, 161, 163,
165, 171, 160, 161, 169, 163, 164, 159, 163,
167,158, 175, 176, 168, 161, 165, 163, 168,

Level closest

164
to cap

161, 165

According to the evaluation of ferrite grain size, carried
out in accordance with the guidelines of the ATSM E112
standard, the average chord in the drawpieces of the model
batch of the DC04 steel ranges from 17 to 19 um, and that of
04] steel it is approx. 12 pm.

The results of hardness measurement (HV1 and HV0.5)
of the model batch of DC04 and 04] steel drawpieces are
presented in Table 6 (after stamping) and in Table 7 (after
stamping and annealing at 650°C for 1 hour).

Table 7. Results of HV0.5 hardness measurement of DC04 and 04]
steel drawpieces on sections perpendicular to the stamping direc-
tion after annealing at 650°C

Tabela 7. Wyniki pomiaréw twardosci HV0,5 wytltoczek ze stali DC04
i 04] na przekrojach poprzecznych do kierunku wytlaczania po
wyzarzaniu w temperaturze 650°C

HV 0.5 hardness
Sample measurement results Mean
identification Imprints around the value
circumference
Steel DC04
Level closest to bottom 112,135, 119, 144, 110 124
Central level 154, 140, 114, 130, 126 133
Level closest to cap 148,122, 124,122,110 125
Steel 04]
Level closest to bottom 144,128,122,137,118 130
Central level 110, 146, 109, 109, 114 118
Level closest to cap 110,117,112, 95, 129 113
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Fig. 19. Ferritic structure in the drawpiece of the 04] steel model batch liner in the bottom area (level 1), in the side surface area (level 2) and

in the cap area (level 3), as indicated in Fig. 3 - magn. 750x

Rys. 19. Struktura ferrytyczna wystepujaca w wytloczce wkladki kumulacyjnej partii modelowej ze stali 04] w obszarze dna (poziom 1),
w obszarze pobocznicy (poziom 2) i w obszarze kielicha (poziom 3), jak zaznaczono narys. 3 - pow. 750

The hardness of DC04 and 04] steel model batch
drawpieces in the area of the bottom and the cap is differ-
ent. In both cases, the hardness of the bottom area is lower
than that of the cap area. For DC04 steel drawpieces it is
128.5 HV1 (bottom) and 154.3 HV1 (cap), and for 04] steel
drawpieces it is 139.4 HV1 and 164.1 HV1(respectively).
After annealing of the drawpieces, the hardness decreas-
es in both steels and amounts to 124 to 133 HV0.5 in DC04
steel drawpieces, and from 113 to 130 HVO0.5 in 04] steel
drawpieces.

4. MEASUREMENT OF GEOMETRY OF MODEL
BATCH LINER DRAWPIECES

The measurement of the drawpieces’ geometry was tak-
en using a Zeiss Vista coordinate measuring machine. The
measurement was carried out for two drawpiece fasteners,
and thus the external and internal shape of the drawpiece
was analysed. The measurement was taken on 3 circles
(each circle has 36 measurement points) at a distance of
5, 15 and 45 mm from the frontal surface (Fig. 24). The
measured circles were used to determine roundness and
concentricity deviations. The basis for determining the
concentricity was a circle measured on the cylindrical part
of the drawpiece, i.e. at the level of 5 mm.

19



Journal of Metallic Materials 2021, 73 (3), p. 7-22

600
550
500
£ 450 -
£ 400 -
350 -
5 300 -
§ 250 -
£ 200 -
5 150 -
Z 100 |
50 -

0 .

10|20|30|40|50|60 |70 |80 |90|100{110{120/130/140/150

0 10|203040|50|60| 70|80 90 100/110{120{130/140
Grain chord, pm

N {1 M

Fig. 20. Histogram of ferrite grain size distribution in DC04 steel
drawpiece model batch revealed in direction transverse to the
stamping within the cap area

Rys. 20. Histogram rozkladu wielkosci ziaren ferrytu wystepujacych
w partii modelowej wytloczek ze stali DC04 ujawnionych w kierunku
poprzecznym do kierunku wytlaczania w obszarze kielicha
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Fig. 21. Histogram of ferrite grain size distribution in DC04 steel
drawpiece model batch revealed in direction transverse to the
stamping within the bottom area

Rys. 21. Histogram rozkladu wielkosci ziaren ferrytu wystepujacych
w partii modelowej wytloczek ze stali DC04 ujawnionych w kierunku
poprzecznym do kierunku wyttaczania w obszarze dna
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Fig. 22. Histogram of ferrite grain size distribution in 04] steel
drawpiece model batch revealed in direction transverse to the
stamping within the cap area

Rys. 22. Histogram rozkladu wielkosci ziaren ferrytu wystepujacych
w partii modelowej wytloczek ze stali 04] ujawnionych w kierunku
poprzecznym do kierunku wyttaczania w obszarze kielicha
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Fig. 23. Histogram of ferrite grain size distribution in 04] steel
drawpiece model batch revealed in direction transverse to the
stamping within the bottom area

Rys.23. Histogram rozkladu wielkosci ziaren ferrytu wystepujacych
w partii modelowej wytloczek ze stali 04] ujawnionych w kierunku
poprzecznym do kierunku wytlaczania w obszarze dna

Fig. 24. Distribution of measurement surfaces

Rys. 24. Rozmieszczenie powierzchni pomiarowych

The scan of the profile of the drawpiece and outer sur-
face of the drawpieces and the measurement of the wall
thickness are shown in Fig. 25 (drawpieces Al, A2 and A3)
and Fig. 26 (drawpieces B2 and B3). The results of measure-
ment of deviations of the shape of roundness and concen-
tricity of the liners at three levels of roundness and two of
concentricity are presented in Table 8.

The wall thickness measured at three levels (5, 15 and
45 mm) in both tested drawpiece lots is variable. The thick-
estwallis in the area of the cap in the cylindrical part (5 mm
level), and the thinnest wall is near the bottom (45 mm
level). The wall thickness values are as follows:

e drawpieces A

— cap - 5mm level

15 mm level

bottom - 45 mm level

2.50-2.61,
2.29-2.60,
2.30-2.54,

avg. 2.55 mm
avg. 2.41 mm
avg. 2.39 mm

e drawpieces B

— cap - 5mm level

— 15 mm level

— bottom - 45 mm level

2.56-2.69,
2.34-2.50,
2.32-2.36,

avg. 2.60 mm
avg. 2.42 mm
avg. 2.34 mm
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Table 8. Results of measurement of deviations of the shape of roundness and concentricity of drawpieces for liners at three levels of round-

ness and two of concentricity

Tabela 8. Wyniki pomiaréw odchylek ksztaltu okraglosci i wspotsrodkowosci wytloczek na wkladki kumulacyjne na trzech poziomach

okraglosci i 2 wspélsrodkowosci

Deviations of roundness and concentricity shape [mm]
INR OTR INR OTR INR OTR
Liners Al A2 A3
5 mm roundness level 0.079 0.045 0.082 0.052 0.078 0.084
15 mm roundness level 0.064 0.090 0.086 0.045 0.086 0.087
45 mm roundness level 0.118 0.078 0.133 0.145 0.155 0.196
Concentricity 1 0.094 0.093 0.081 0.095 0.102 0.115
Concentricity 2 0.234 0.305 0.137 0.151 0.007 0.314
Liners Bl B2 B3
5 mm roundness level 0.081 0.046 0.068 0.064 0.073 0.078
15 mm roundness level 0.098 0.042 0.098 0.073 0.067 0.070
45 mm roundness level 0.121 0.176 0.440 0.187 0.139 0.192
Concentricity 1 0.067 0.086 0.063 0.079 0.109 0.087
Concentricity 2 0.373 0.196 0.173 0.364 0.446 0.435
! :
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Fig. 25. Geometry of A1, A2 and A3 drawpiece surfaces and results of wall thickness measurement
Rys. 25. Geometria powierzchni wkladek A1, A2 i A3 oraz wyniki pomiaréw grubosci scianek
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Fig. 26. Geometry of B2 and B3 drawpiece surfaces and results of wall thickness measurement

Rys. 26. Geometria powierzchni wkladek B2 i B3 oraz wyniki pomiaréw grubosci §cianek

The measurement of roundness and concentricity shape
deviations shows a relatively large dispersion:
— deviation of roundness from 0.045 (5 mm level) to 0.440
mm (45 mm level)
— deviation of concentricity from 0.007 to 0.446 mm.

5. SUMMARY

The drawpieces for the semispherical liners with a diam-
eter of 106.4 mm from the test and model batch were made
on a PMS 160A excentric press with a pressure of 1.6 MN
and a stroke of 20-140 mm using the equipment designed
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and manufactured under the project. The test batch of
semi-spherical liner drawpieces with a diameter of 106.4
mm were made from steel discs with a diameter of 165 mm
and a thickness of 2.5 mm made of DC04 and 04] steel. Us-
ing the selected technology, it was not possible to stamp
the test batch from discs made of 004G steel. The probable
cause was the insufficient surface quality of the discs and
lower elongation (A: 12.8-14.8%), compared to discs made
of DC04 and 04] steel (A: 35-44%), and too low load of the
press.

The analysis of the ferrite grain shape shows that in cold-
rolled sheets made of DCO04 steel, in hot-rolled sheets made
of 04] steel (ARMCO) and in cold-rolled strips made of 004G
steel they are heterogeneous. In the strips annealed at
650°C, the ferrite grain size decreases and the grains take
on more regular shapes. Based on the structure images re-
vealed in three directions (along the rolling direction, at
an angle of 45° to the rolling direction and perpendicular
to the rolling direction), it was determined that in cold-
rolled sheets made of DC04 steel, ferrite grains are larger,
but more homogeneous in all three tested directions than
in hot-rolled sheets of 04] steel and cold-rolled strips and
those made of 004G steel and annealed at 650°C.

The presented evaluation of ferrite grain size shows that
the average chord in sheets for DC04 steel liner test and
model batches is approx. 21 pm, for 04] steel it is approx.
13 um and in strips made of 004G steel after annealing at
650°C it is approx. 13.3 pm.

The results of measurement of mechanical properties in
the three tested directions show a greater anisotropy of the
mechanical properties is in 04] steel sheets and 004G steel
strips than in DCO04 steel sheets, but the differences in the
tested values are small. A lower yield strength was achieved
in sheets of steel DC04 (164-176 MPa) than in sheets of steel
04] (202-226 MPa) and strips of 004G (264-284 MPa). On the
other hand, strips made of 004G steel were found to have
amuch lower elongation than sheets made of steels 04] and

DC4. On average, in 004G steel strips, Ay, was approx. 13%,
and in DC04 and 04] steel sheets it was approx. 40%.

The grain size in the DC04 and 04] steel test batch liner
drawpieces was evaluated in sections along the stamping
direction. The analysis of the measurement results showed
that the average chord in the drawpieces of the DC04 steel
is over 21 um, and in the drawpieces of the 04] steel liner
it is 13 um. The ferrite grains of the DC04 steel test batch
drawpiece are larger and with more regular shapes than in
04] drawpieces. In the drawpieces of both tested steels, fer-
rite grains are finer in the bottom area than in the cap area.

The hardness of DC04 and 04] steel test batch drawpieces
in the area of the bottom and the cap is different. In both
cases, the hardness of the bottom area is lower than that
of the cap area. In DC04 steel drawpieces it is 127.3 HV1
(bottom area) and 158.4 HV1 (cap area), and in 04] steel
drawpieces it is 143.6 HV1 (bottom area) and 178.4 HV1
(cap area).

The ferrite grains revealed on the transverse cross-sec-
tions of the DC04 steel model batch liner drawpiece are
larger and with more regular border shapes than in the 04]
steel drawpieces.

The evaluation of ferrite grain size, carried out in ac-
cordance with the guidelines of the ATSM E112 standard
with a pgrain software shows that the average chord in the
drawpieces of the model batch of the DC04 steel ranges
from 17 to 19 um, and that of 04] steel it is approx. 12 um.

The hardness of DC04 and 04] steel model batch
drawpieces in the area of the bottom and the cap is dif-
ferent. In both cases, the hardness of the bottom area is
lower than that of the cap area. For DC04 steel drawpieces
it is 129 HV (bottom area) and 154 HV (cap area), and for
04] steel drawpieces it is 139 HV and 164 HV(respectively).
After annealing of the drawpieces, the hardness decreases
in both steels and amounts to 124 to 133 HV in DC04 steel
drawpieces, and from 113 to 130 HV in 04] steel draw-
pieces.
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