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The Effects of Impact Velocity on Tensile Fracture
Behavior for Weldable Structural Steel

By
Shigeru Kitamura*, Tadahisa NakamMUra** and Yoshikazu Ro**

Abstract

Mechanical properties of a weldable structural steel (JIS SM41A) have been studied over
wide ranges of the nominal strain rate from 3.79x 10~* to 1.82x10%sec™!, and the testing tem-
perature from 70° to —196°C. The fracture behavior of round bar and circumferentially notched
bar specimens was studied through tensile properties, crack opening displacement (COD), notch
sensitivity ratio, and fractography.

Fracture stresses of circumferentially notched bar specimens pulled at tensile rates of less than
0.5 mm/min showed a continuous decrease at temperatures ranging from —196° to 20°C. While
at rates between 5 to 200 mm/min, transition behavior of fracture stress was observed against
the temperature, and dynamical pulling transferred the transition temperature to the higher.

In the finite element analysis, the position where the longitudinal stress, ¢, took on maximum
value came closer to the notch root with the increase of the ratio of the net stress to yield stress.

The ratio of critical COD to yield stress, @/oy was illustrated by one curve on both static
and dynamic tests to the normalized stress. The values of @/oy from the experiment was the
largest in comparing the results calculated with both finite element method and BCS model. The
discrepancy among these results was discussed.

The notch sensitivity ratio (NSR) generally decreased to less than unity with decrease of
temperature and increase of tensile speed. However, because of the elastic constraint effect of
the notch, NSR in this paper is larger than unity for almost whole region of temperature and
tensile speed.
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Fig. 1. Dimension and shape of specimens.
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Fig. 2. General view of the impact tension testing machine designed by the
authors. 1 rotating disk, 2 rotating shaft, 3 brake, 4 torque converter,
5 main motor (50 HP, 4 P), 6 jaw, 7 test piece, 8 load cell, 9 anvil,
10 accessaries for connecting a test piece and jaw of rotating disk.
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Fig. 3. Block diagram of the system.
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Table 2. Explanation of symbols for tensile
speeds.
Strain rate st
Velocity | Symbol Round bar |Circumferetially
specimen | notched bar sp.
0.02 L 1.67%x107°
é 0.5 A 3.79%107* 4.17x 1072
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& | 10 00 | 1.82x10° | 2.0 x10*
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Fig. 4. Temperature dependences in fracture

stress, yield stress, percent cleavage
fracture, reduction of area and total
elongation of round bar specimen for
various strain rates. (strain rate 3.79
x 10~4~1.82 x 10° 51)
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Photo. 1. Fracture surface of round bar specimen for testing temperatures.
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Fig. 5. Relation between fracture stress, yield stress, percent cleavage
fracture and testing temperature for various strain rates in
circumferentially notched bar specimen. Arrows show ductile
brittle transition temperature. (Strain rate 1.67x1072~2.0

x 104 1)
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Fig. 7. Fracture surface and load time curve of circumferentially notched bar specimen

for testing temperatures.
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Fig. 8. Relation between fracture stress of round bar and notched specimens and strain rate for
testing temperatures.
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Fig. 9. Relation between NSR (Notch Sensitivity Ratio ¢¢ys/0rzs) and reciprocal of absolute
temperature. 0Ogys and gpg are net fracture stress of circumferentially notched bar
specimen and ultimate tensile strength of round bar specimen, respectively.
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Stress distribution and plastic zone at the notch root of

notched specimen calculated from finite element method for
various normalized stress, that is the ratio of net fracture
stress onet of notched specimen to yield stress @y, 7., o7,
and ¢y are longitudinal, tangential, and radial stress, re-
spectively. Corresponded crack opening displacement 2V, is
also shown. (P.Z.=Plastic zone)
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Fig. 15. Relation between the plastic zone size
calculated from finite element method
and normalized stress, that is the ratio
of nominal fracture stress of notched
bar specimen to yield stress.
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The results from finite element method
(FEM) and BCS (Bilby-Cottrell-

Swinden) model were also shown.
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Photo. 2. Fracture surface of the round bar

specimen by scanning electron micro-
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Photo. 3. Fracture surface near notch root of
the notched bar specimen by scanning
electron microscope. Arrow shows
the initiation point of cleavage frac-
ture. (5 m/sec, —50°C)
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Photo. 4. Fracture surface of the notched speci-

men by scanning electron microscope.
(10 mm/min, —51°C)
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Mt#%E 1. Round bar specimen.

Speed Strain rate Temp. Prax Onet C.F. R.A. T.E
No. mm/min

m/sec sec™! °C kg kg/mm? % % mm
S-1 0.5 mm/min | 3.79% 10™* 18. 1320 46.7 0 45.5 8.8
” o2 0.5 ” —196 2480 87.8 100 14.2 5.3
7 3 0.5 ” — 22 1400 49.5 0 42.5 8.9
7 4 0.5 ” — 51 1500 53.1 0 45.0 9.5
7 5 0.5 ” — 84 1580 55.9 0 43.3 8.8
7 6 0.5 ” - 79 1590 56.3 0 43.3 8.9
7 7 10 7.58x 1073 16 1370 48.5 0 45.0 8.9
7 8 200 1.52x 107! 17 1430 50.6 0 42.3 8.2
” 9 10 7.58x107% —196 2520 89.2 100 13.3 3.8
7 10 200 1.52x10™! —196 2520 89.2 70 31.7 3.4
7 11 10 7.58 %107 — 51 1540 54.5 0 40.8 9.0
7 12 200 1.52%x 107! — 51 1570 55.6 0 42.0 8.5
7 13 10 7.58%x 1078 —120 1710 60.5 0 41.5 9.4
7 14 200 1.52x 107! —120 1720 60.9 0 42.3 7.7
D-1 5mfsec | 2.27 X 10% 10 1830 64.8 0 41.3 9.9
72 10 4.55%10% 10 1790 63.4 0 42.6 10.2
r 3 20 9.09 x 10* 10 2050 72.5 0 41.3 11.5
7 4 40 1.82x10? 11 2470 87.5 0 41.3 12.4
7 5 5 2.27 x10% — 23 1640 58.0 0 42.1 10.2
7 6 10 4.55x%x 102 — 51 1910 67.6 0 42.4 9.6
” 7 10 4.55 % 10% — 24 1720 60.9 0 42.6 11.3
7 8 2.27 x10% — 55 1720 60.9 0 41.8 10.0
7 9 2.27%x10% — 78 1810 64.0 0 40.8 10.4
» 10 10 4.55x%10% — 78 2060 72.9 0 41.3 10.3
7 11 20 9.09x 10? — 22 1960 69.4 0 40.0 10.6
# 12 40 1.82%x10% — 21 2590 91.6 0 44.0 9.9
” 13 20 9.09x 10% — 51 2060 72.9 0 38.6 10.9
7 14 40 1.82x10° — 58 2530 89.5 0 41.3 10.3
7 15 20 9.09x 102 — 78 2290 81.0 0 41.3 9.9
7 16 5 2.27 x 102 40 1700 60.2 0 38.6 4.8
7 17 5 2.27 %X 10* 70 1510 53.4 Q 42.6 10.8
” 18 10 4.55x10% 40 1580 55.9 0 34.6 12.3
” 19 10 4.55% 102 70 1680 59.4 0 40.8 12.5
” 20 20 9.09x10? 40 1870 66.2 0 41.3 12.6
7 21 20 9.09 x 10? 70 1680 59.4 0 42.6 11.8
22 40 1.82%x10% 40 2540 89.9 0 44.0 12.7
7 23 40 1.82x10°% 70 2030 71.8 0 48.8 12.7
v 24 5 2.27 x10? —196 2940 104.0 100 26.6 3.6
7 25 10 4.55 %102 —196 3220 113.9 100 26.6 2.6
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f# 2. Circumferentially notched bar specimen.

17

Speed Strain rate Temp. Prmax et K COD C.F.

No. . — NSR
mm/min sec™! °C kg kg/mm? |kgv/mm/mm?| mm %

S-1 0.5 4.17x1072 18 540 76.4 0.36 1.63 0
72 0.5 4 —196 990 140.1 138.8 0.29 1.57 100
7 3 0.5 ” — 21 590 83.5 0.34 1.67 0
7 4 0.5 ” — b2 640 90.6 0.39 1.71 20
L 0.5 ” — 85 660 93.4 0.40 1.64 80
L 0.5 ” — 84 660 93.4 0.38 1.64 70
7 7 10 8.33x107t 16. 590 83.5 0.34 1.72 0
[ 200 1.67x10 17 610 86.3 0.30 1.71 0
7 9 10 8.33%x107t —196 520 73.6 72.9 0.13 0.83 100
7 10 200 1.67%x10 —196 400 56.6 56.1 0.093 0.64 100
7 11 10 8.33x 107! — 51 640 90.6 0.29 1.66 40
7 12 200 1.67x10 — 51 650 92.0 0.36 1.64 0
7 13 10 8.33%x107t —115 850 120.3 0.29 1.97 100
7 14 200 1.67x10 —120 630 89.2 88.3 0.27 1.45 100
7 15 0.02 1.67x107° 16. 590 83.5 0.30 1.78 0
” 16 500 4.18x10 16. 380 53.8 0.25 1.05 0
7 17 0.02 1.67x1078 —196 770 109.0 108.0 0.12 1.22 100
»7 18 5 4.17x 107t —196 590 83.5 82.7 0.13 0.94 100
” 19 0.02 | 1.67x107® | —155 740 104.7 103.7 0.38 1.43 100
7 20 0.5 4.17 %1072 —155 800 113.2 112.2 0.35 1.58 100
» 21 5 4.17%x10™t —155 780 110.4 109.4 0.20 1.54 100
” 22 10 8.33x 107t —155 930 131.6 130.4 0.25 1.84 100
» 23 200 1.67%10 —155 660 93.4 92.5 0.25 1.31 100
v 24 5 4.17x 107! 17 580 82.1 0.39 1.69 0
7 25 0.02 1.67%x107% —196 900 127.4 126.2 0.17 1.43 100
” 26 0.5 4.17x107% | —122 765 108.3 0.42 1.67 98
27 200 1.67x10 —120 650 92.0 91.1 0.31 1.50 100
r 28 0.02 1.67x 1078 — 85 660 93.4 0.38 1.64 80
7 29 5 4.17x 107t — 86 710 100.5 0.32 1.75 90
7 30 200 1.67x10 — 85 650 92.0 0.34 1.58 100
7 31 10 8.33x 107t —120 765 108.3 0.28 1.77 100
7 32 10 8.33%x 107! —155 845 119.6 118.5 0.38 1.68 100
7 33 200 1.67%x10 —155 710 100.5 99.5 0.28 1.35 100
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Mtz 3. Circumferentially notched bar specimen.
No. Speed Strain rate Temp. Pryux Cnet 7K COD NSR C.F.
m/sec sec! °C kg kg/mm? |kgvVmm/mm?| mm %
D-1 5 2.5% 102 10 975 138.2 .285 2.13 70
v 2 10 5 x108 10 960 135.8 .275 1.89 80
7 3 20 1 x10* 10 740 104.7 .175 1.46 85
74 40 2 x10* 11 600 84.9 84.1 .17 1.03 90
7 5 5 2.5%x10% — 23 815 115.5 .26 1.99 85
7 6 10 5 x10% — 52 680 96.2 95.3 .21 1.42 95
v 7 10 5 x108 — 20 — — — — — 100
7 8 10 5 x10% - 20 700 98.7 .185 1.65 98
7 9 5 2.5%x10% — 50 735 104.2 103.2 .235 1.73 100
7 10 5 2.5% 108 — 78 670 95.1 94.2 .19 1.50 100
# 11 10 5 %108 — 78 610 86.3 85.5 .105 1.20 100
7 12 20 1 x10* — 21 740 104.7 .145 1.52 98
7 13 40 2 x10* — 21 540 76.4 75.7 .12 0.89 98
7 14 20 1 x10* — 50 570 80.7 79.9 .11 1.12 100
7 15 40 2 x10* — 55 470 66.5 65.9 .075 0.79 100
7 16 20 1 x10* — 78 570 80.7 79.9 .08 1.00 100
» 17 5 2.5%x 108 40 880 124.6 .405 2.13 0
» 18 5 2.5%x10% 70 910 129.1 .405 2.48 0
7 19 10 5 x10% 40 985 139.4 .28 2.38 0
7 20 10 5 x10% 70 935 132.3 .415 2.26 0
7 21 20 1 x10t 40 1060 150.0 .255 2.31 60
” 22 20 1 x10* 70 1220 172.7 .295 2.95 0
7 23 40 2 x10* 40 1110 157.1 .345 1.79 70
7 24 40 2 x10* 70 1115 158.0 .365 2.99 5
7”25 5 2.5%10% —196 320 45.3 43.0 .065 0.42 100
” 26 10 5 x10% —196 340 48.1 45.0 .07 0.41 100
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