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Investigation on dynamic tensile properties of an ultrafine grained D6A steel
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Abstract: In order to promote the application process of an ultrafine grained (UFG) D6A low-alloy medium-carbon steel in
semi-armor-piercing warhead shells, mechanical behaviors and microscopic deformation mechanism of the UFG D6A steel
under dynamic loading were studied. The UFG D6A steel (d = 510 nm) was prepared by using inter-critical rolling and low
temperature annealing process, whose microstructure features show that nanoscale spherical cementite grains are uniformly
distributed in the equiaxed ferrite matrix. Dynamic tensile experiments were performed with a rotating Hopkinson bar
apparatus at strain rates ranging from 500 s™' to 1000 s™'. Micromorphology of specimens before and after tensile loading was
observed by transmission electron microscopy. Combined with these observations, the dynamic mechanical properties of the
UFG steel under high strain rates were extensively studied. The results reveal that the UFG D6A steel achieves both excellent
strength and well toughness simultaneously with a dynamic tensile strength of 2 200 MPa and an average dynamic fracture
elongation of 13%. The dynamic tensile strength is obviously higher than the quasi-static tensile strength (approximately 2
times), while the toughness is lower than that under quasi-static conditions. It is observed that the cementite content increases
dramatically during the dynamic tensile experiment process, which can effectively restrict the movement of dislocations to
produce additional plastic deformation resistance. Consequently, grain refinement and the precipitation of nanosized carbides

are considered to play key roles for strengthening the steel. The severe plastic deformation reduces the average grain size and
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increases the density of grain boundaries within the material, which is considered to eventually lead to the decrease of dynamic
fracture elongation of the UFG D6A steel. The drops of yield stress were observed apparently during dynamic tensile process,
which is mainly due to the increase of the mobile dislocation density. These research results may give deeper insights into the
relationship between material microstructure and mechanical behavior of UFG steels, and provide a significantly experimental
and theoretical basis for the application of UFG D6A steels in the military equipment field.
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Table 1 Mass fractions of chemical compositions in the ultrafine grained D6A steel

w(C)/% Ww(Si)/% w(Mn)/% w(Cr)/% w(Mo)/% WAD/% w(Ni)% w(V)/% w(Fe)/%

0.43 0.17 0.73 1.05 1.01 0.02 0.61 0.09 95.89

1 Ak AN RGER 40 4 49 i SEM (transmission electron microscope) JE5i . H1 /&l 1(a) BT WL, JF AR HHL &
B0 W2 2 B R B AR O FIAN KB A (168 ZH I, W8 Al 1A 522 35 50 43 A1 (4 %R R 1] 1(b) 7]
D, R 0 A AN LA AR AR R AR I 32, B AR SRRtk 5B i B S AR, Ul P A B BT B AR
PV RIRS . Geit R, HAH A N B AR T 2 R ST 2958 140 nm. I IPP BAFRAS T P 24N 1 it ki
ROT AR A B, & 2 Fros o AU, 48465 (1 DOA T34 ik RS 2924 510 nm.
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Fig. 1 The SEM morphologies of annealing structures of the steels
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Fig. 2 Grain size distributions of the steels
12 (kB

R ELAN A DOA R i 10 T PG, LU RS RS 5 ) L b R RE R o 5 LA V) 31 Ak BRAS 2 1) A

RPN, SPABCAT M10 B2 k B 3 B2 S K4 — R, RIE e Sk S5 7 P o A o 7= A o
HAME A 3(a) Frs o

(a) Before tensile loading

(b) After tensile loading

P 3 AT DOA WAL AR A
Fig. 3 Photographs of the ultrafine grained D6A steel combined specimens
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Fig. 5 Engineering and true stress-strain curves of the ultrafine grained D6A steels at different strain rates!'"
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Table 2 Quasi-static tensile mechanical parameters of the ultrafine grained D6A steels at room temperature'"'!
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Table 3 Dynamic tensile mechanical parameters of

the ultrafine grained D6A steel at room temperature
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Fig. 7 Strengths and elongations of the ultrafine grained DA steel at different strain rates

350, R TEM SR VLI 1 w2 R0 3 25 57 W 205 1 B 4 3, A 8 v o AR T I
B, HERR SN EUR IR P AT T D i 9K ZGB B AA Fe,C, TIAE &5 A8 SR IRAT 1 i i 94 oK 05
BedAs b SCRR (7] TR, GAOKATT H AT A R TR R R, BIAT SR AR RN o A7 AR O RCR S5 17 AR Y
PRAR B, JURE RN BLHAH G, Gladman A8V 25 17 58 B8 8 5 4 AR A BR 20 BORIBURE RO 1 O &R
Ao =59f"/x-In(x/(2.5% 107%) 3)

K D AT IR T HAR, x=(2/3)"°D, £ B WA AL T AR TR 8. di =X (3) W, AR B A HohR

Y B
f-..-x!' YL

(c) After dynamic loading

(58 FHAMTh DA HIIMEHT)E Y TEM JES
Fig. 8 The SEM morphologies of the ultrafine grained DOA steel before and after loading
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