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OueHka BJIMSIHHS TeMIEpaTypbl Ha MeXaHU3Mbl pa3pylIeHUs] H
XapaKTEePUCTHKHU YAapHOIl BJ3KOCTH 00pa3moB ¢ HaJape3aMH H3
BBICOKONPOYHBIX MAJIOJIETHPOBAHHBIX CTaJIei
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* Orzenenue nOrUCTUKY, YHUBEpcHTeT MuHucrepcTsa 060poHsl, bpao, Yexust

® Ornenenne MaIIMHOCTPOCHUs, YHHUBEPCUTET MHUHHUCTEPCTBa 000poHEI, bpHO, Uexus

Ha ocnosanuu Oannwix @ppaxmoepaduueckozo amaiu3d OYeHeHO USMEHEHUe MEXAHUSMO8 pa3py-
wienust 8blCOKOnpouHblx manoneeuposannvix cmanei ARMOX 500T u ARMOX 600T 6 3asucumocmu
om memnepamypbel ucnvimanuil. B sxcnepumenmansHo uccie0o8anHOM memMnepamypHom Ouanasone
—380...100°C 6vina ycmanosiena 6blCOKAsL 6EPOSIMHOCTb OOCMUINCCHUSL NPEOeIbHO20 COCMOSHUSL
IMUX MAMEPUATIOS.

Kntouesvie cnosa: cramm ARMOX 500T u ARMOX 600T, ymapHast BA3KOCTb
00pas3IoB C HA/IPE30M, BA3KOE W KBA3UXPYINKOE pa3pylIeHHE, TEeMIepaTypa HCIIbI-
TaHui, (ppakrorpaduuecKkuii aHaIms.

Introduction. The experimental investigation of a failure mechanism and the
values of impact energy or notched impact strength is an integral part of
comprehensive research in material limit states. The means of containerization are
more and more often utilized in temperature ranges with significant temperature
differences that can primarily cause the occurrence of degradation processes in
materials leading to the occurrence of a limit state. The occurrence of a material
limit state can be defined as a limit situation of balance between the effects of
external influences and material response. The causes of the degradation process
comprise mechanical stress and temperature. ARMOX 500T and ARMOX 600T
steels are, as per, ultra-hard low alloy steels utilized according to specific needs of
individual military and civil industrial branches.

1. Experimental. The experimental programme of the work concentrated on
the evaluation of the influence of test temperatures on fracture surface failure
mechanisms and the course of notched impact strength KCV values. The value of
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notched impact strength KCV was calculated from the values of measured impact
energy KV.

1.1. Materials. Ultra-hard low alloy steel ARMOX 500T (PLATE ID NO
074218-445917) and steel ARMOX 600T (PLATE ID NO 073335-399106) were
used for the experiment. The steel was supplied finally treated (after heat treatment)
by the producer. Basic mechanical properties and chemical composition of the
above-specified steels as per the certificate are stated in Tables 1 and 2.

Table 1
Chemical Composition (wt.%) of the Studied Steels
Steel C Mn Si Cr Ni Mo P S Al B
ARMOX 500T | 0.41 | 0.69 | 0.26 | 0.47 | 1.97 | 0.337 | 0.007 | 0.002 - 0.002
ARMOX 600T | 0.28 | 0.85 | 0.26 | 0.49 | 0.88 | 0.345 | 0.008 | 0.001 | 0.057 | 0.002
Table 2
Values of Basic Mechanical Properties of ARMOX Steels
Steel Ry, MPa | R, ., MPa Ay, % Asy, % HBW KC*
(Brinell) (—40°0)
ARMOX 500T 1.399 1.634 min 10 min 32 533 min 23
ARMOX 600T ** ** ** ** 632 min 9

Note. * Impact test (Charpy) EN 10 045-1, test specimen 5X 10 mm. ** Value is not specified in the
test certificate.

1.2. Impact Test. For the impact test [1], specimens sized (10X 5X 55 mm)
were manufactured and fitted with a V-notch 2 mm deep, with angle 45° and radius
of the notch root p=0.25 mm (Fig. 1, Charpy-V [1]). The tests were carried out
on WOLPERT PW 30/15 instrumented impact pendulum with nominal energy 300 J.
The impact velocity of the pendulum was 5.52 m/s. In case of measuring under
lower temperatures, a mixture of liquid nitrogen and ethanol was used as cooling
medium. Moreover, the basic characteristics, i.e., the energy consumed on the
deformation and fracture of a specimen, the instrumented pendulum enabled to
determine, during impact loading, the relation of power F and the time ¢ The
values of notched impact strength were calculated from the measured impact
energy values [2, 3].

The formula for the calculation of notched impact strength value is as follows:

_ KV 3
KCV = N [Jlem~], (1)

0

where KV stands for impact energy and S stands for the cross section of a rod
at the point of the notch (A X b in cm_z).
1.3. Fractographic Analysis. The fractographic analysis of fracture surfaces

was carried out by means of a scanning electron microscope JSM 840 (JEOL),
while photographs were taken in digital format using TS 12211 (TESCAN) device.
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Fig. 1. Basic dimensions of a test rod (sample).

The fracture surfaces and distances were evaluated by means of a photograph
analysis also using TS 12211 device. The goal of the fractographic analysis was to
assess, in terms of quality, the influence of temperature on the character of fracture
surfaces obtained from the notched impact strength test [4, 5]. The morphology of
fracture was photographed on individual specimens in the axis of fracture
perpendicular to the notch, in the distance approx. 1/3 from the notch, applying
X 1000 zoom, and the greatest depth d of the ductile fracture occurrence under the
notch was subtracted.

2. Results and Discussion.

2.1 Notched Impact Strength. If KCV values determined experimentally in
temperature range —80°C to 0°C are compared with values obtained at temperatures
over 0°C (20, 40, 60, 80, and 100°C) in ARMOX 500T and ARMOX 600T steels
(Tables 3 and 4), it can be said that the KCV value decreases with the test
temperature being bellow 0°C. As far as ARMOX 500T steel is concerned, KCV
values apparently decrease at the temperature —40°C (by approx. 17.6 %), —60°C
(by approx. 25.5 %), —80°C (by approx. 32.7 %) if compared to the value of KCV
determined at the temperature 20°C [6, 7]. Similar decrease of KCV was identified
in ARMOX 600T steel (refer to Table 4). The KCV values decreased at the
temperature —20°C (by approx. 7.1%), —40°C (by approx. 8.2%), —60°C (by
approx. 12.9%), and —80°C (by approx. 23.5%) if compared to the value determined
at the temperature 20°C.

As follows from Table 4, the KCV values decrease slightly (by approx. 2.4%)
in ARMOX 600T steel at the temperature 80°C if compared to the KCV value
determined at the temperature 20°C.

2.2. Fractographic Analysis. As discussed above, more significant decrease
of the notched impact strength KCV value was identified in ARMOX 500T steel if
compared to ARMOX 600T steel, as in ARMOX 500T steel the decrease of the
KCV value at the test temperature —80°C was approx. 32% if compared to the
value determined at the temperature 20°C [8]. The failure mechanism in the lower
temperature range of test temperatures was transcrystalline quasi-cleavage, in both
steels. A different failure mechanism of the above-discussed steels was identified at
higher temperatures (transcrystalline ductile), but no influence on the notched
impact strength values has been proved. The results of the fractographic analysis
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Table 3
The Relationship between the Impact Energy KV and Notched Impact Strength KCV Values
and the Test Temperature (Steel ARMOX 500T)

Specimen | Test temperature | Impact energy KV 300 Notched impact strength KCV 300
No. (°C) KV, ] KCV, J/cm?
1 100 21.1 KV =207 52.8 KCV =519
2 20.8 52.1
3 20.3 50.8
4 80 19.9 KV =210 49.9 KCV =526
5 214 53.5
6 21.7 54.3
7 60 21.7 KV =210 543 KCV =526
8 212 53.5
9 20.0 50.1
10 40 212 KV =216 527 KCV =538
11 21.7 543
12 21.8 54.5
13 20 20.2 KV =207 50.5 KCV =517
14 214 53.5
15 20.4 50.9
16 0 20.6 KV =204 51.5 KCV =509
17 21.1 52.7
18 19.5 48.6
19 -20 20.4 KV =204 50.9 KCV =508
20 20.5 512
21 20.2 50.2
22 —40 18.4 KV =176 45.8 KCV =440
23 17.4 43.4
24 17.1 42.8
25 —60 16.1 KV =154 40.1 KCV =385
26 14.5 36.1
27 15.7 39.2
28 -80 11.5 KV =140 28.6 KCV =348
29 14.0 35.0
30 16.5 40.9

show that in the zone under the notch and in the sphere along the edges of the test
specimens only ductile dimple fracture mostly of shear character was identified. It
follows from the below-provided fractographic analysis photographs (Figs. 2—4)
that the degree of directing of fracture micromorphology grows (rolling direction
applies more) with growing test temperature in specimens of ARMOX 500T steels.
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Table 4
The Relationship between the Impact Energy KV and Notched Impact Strength KCV Values
and the Test Temperature (Steel ARMOX 600T)

Specimen | Test temperature | Impact energy KV 300 Notched impact strength KCV 300

No. (°C) KV, ] KCV, J/em®

31 100 9.0 KV =90 223 KCV =224
32 9.2 22.8

33 8.9 22.1

34 80 8.1 KV =83 20.2 KCV =207
35 8.4 21.0

36 8.4 20.9

37 60 8.8 KV =89 21.8 KCV =221
38 9.3 23.1

39 8.6 214

40 40 8.4 KV =87 20.9 KCV =216
41 8.8 21.9

42 8.9 22.0

43 20 8.5 KV =85 21.1 KCV =211
44 8.5 21.1

45 8.5 21.1

46 0 72 KV =17 18.0 KCV =190
47 7.7 19.1

48 8.1 20.1

49 -20 7.9 KV =179 19.6 KCV =196
50 8.5 21.1

51 72 17.9

52 —40 8.3 KV =178 20.6 KCV =194
53 75 18.7

54 7.6 19.0

55 -60 8.9 KV =174 22.0 KCV =184
56 6.9 17.1

57 6.5 16.1

58 -80 7.0 KV =65 17.4 KCV =162
59 6.5 16.1

60 6.1 15.1

In ARMOX 600T steel, we can observe certain structure on the fracture surface
(“the degree of directing of fracture micromorphology grows”) with growing
temperature. The ductile character of fracture is more common with growing
temperature.
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Specimen 2 Specimen 5 Specimen 2

T, =100°C T, =80°C T, =-80°C
transcrystalline ductile transcrystalline ductile transcrystalline ductile

d =223 um d =291 um d =280 um

Fig. 2. Morphology of fracture in the distance approx. 1/3 from the notch ARMOX 500T steel.

Specimen 31 Specimen 36 Specimen 37

T, =100°C T, =80°C T, =60°C
transcrystalline ductile transcrystalline quasi-cleavage transcrystalline quasi-cleavage

d =213 um d =244 uym d =203 um

Fig. 3. Morphology of fracture in the distance approx. 1/3 from the notch ARMOX 600T steel.

Specimen 59 Specimen 56 Specimen 53

T, =-80°C T, =-60°C T, =—40°C
transcrystalline quasi-cleavage transcrystalline quasi-cleavage transcrystalline quasi-cleavage

d =166 um d =133 um d =160 um

Fig. 4. Morphology of fracture in the distance approx. 1/3 from the notch ARMOX 600T steel.
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As shown in Fig. 5, in ARMOX 600T steel value d measured at lower
temperatures —80 to 0°C was lower as compared to values determined at the test
temperatures 40 to 100°C, and at the temperature 80°C, when the failure mechanism
is transcrystalline quasi-cleavage, there is smaller portion of ductile failure. Value
d measured at lower temperatures —80, —40°C in ARMOX 500T steel is higher if
compared to the values measured at test temperatures 80 and 100°C. However, it
has been proved, based on the fractography, that at higher test temperatures, larger
structural formations of ductile failure occur than at negative temperatures. An
interesting phenomenon occurs at the test temperature 80°C, as there are larger
areas of ductile failure than at the test temperature 100°C, and the value d
determined is generally higher. The original hypothesis assumed that value d will
grow in direct proportion with growing temperature, but the measurements made
have disproved this hypothesis.

300
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>

150

d [pm]

100

50

0 T

-80 60 -40 -20 0 20 40 60 80 100
Test temperature [°C]

Fig. 5. The influence of test temperature 7, on the greatest depth d of ductile fracture occurrence
under the notch.

Conclusions. Part of the experimental programme was the determination of
impact energy and notched impact strength values for the evaluation of the share of
the above-stated quantities in the occurrence of degradation processes that directly
influence a material failure mechanism.

In the set of experimental data provided, following facts can be highlighted:

(i) the evaluation of ARMOX 500T and ARMOX 600T steels fracture
surfaces after the impact test proved the failure mechanism in steel ARMOX 600T
to be transcrystalline quasi-cleavage and in ARMOX 500T steel to be trans-
crystalline ductile;

(1) it follows from experimentally determined KCV values that the values
decrease significantly in both steels during experiments carried out under lower
temperatures (0 to —80°C). In ARMOX 500T steel specimens, it is by approx.
32%, in ARMOX 600T steel specimens by approx. 24%. Thus, the limits of
possible occurrence of a limit state can be assumed in temperature range —80 to
—40°C;

(ii1) based on the comparison of the results of fracture surface fractographic
analysis carried out for both steels and determined KCV values, the limit state
occurrence can be quantified in temperature range —80 to 0°C.
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Further research shall concentrate on the determination of brittle-fracture
characteristics under dynamic loading of ultra-hard low alloy steels. The goal of
the experiment shall be to identify the temperature ranges within which degradation
processes in the material researched evolve and develop.
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Czech Republic, Project No. FVT 0000404.

Pesome

Ha ocnoBi nanux ¢pakrorpadiqHoro aHanaizy OLIHEHO 3MiHYy MEXaHi3MiB pyHHY-
BaHHs BUCOKOMIITHMX MajiojieroBanux crajgeir ARMOX 500T ta ARMOX 600T y
3aJIeKHOCTI BiJl TEMIepaTypHu BHIIPOOYBaHb. B ekcriepuMeHTanbHO JOCHIHKEHOMY
TemreparypHomy intepBaii —80...100°C ycTaHOBIEHO BHCOKY IMOBIPHICTH JIOCST-
HEHHS TPAHMYHOTO CTaHy IIUX MaTepiajib.
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