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Stress-Strain Relationship of Mild Steel under Impulsive Tensile Loading.
(Studies of tensile properties of steels under high speed impulsive loading—I)

Seita SAxuUl, Tadahisa NAKAMURA and Shigetomo NUNOMURA

Synopsis: )

Steels are subject often to an impact load or to a suddenly increasing load in service
conditions or in its manufacturing processes. Study on the behaviours of the materials under
such impulsive loading or under high rate of strain, which affects remarkably the strength
and the deformation characteristics, is not only theoretically interesting but also important
for practical purposes. The present authors designed and installed a new impact tensile
testing machine, that is equipped with a large rotary disk, by which the testing speed up to

- 140m/s could be obtained

In this paper, the impact tensile properties of a mild steel at a room temperature under
various test conditions were reported and the form of the observed load-time curve was dis-
cussed theoretically. The load-time curve was measured by a strain-gauge attached on a
load cell connected at the back end of the specimen opposite to the impact end. In this
measurement, as the impact speed is increased or as the specimen becomes longer, the form
of the observed load-time curve deviates from that of the conventional stress-strain. curve,
which is assumed to be similar to the form of the curve obtained in the static test. The
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impact speed than 20 m/s.

propagation theory of the elastic and plastic strain waves was applied to the interpretation
of the difference between the form of the observed load-time curve and that of the conventional
stress-strain curve. The load-time curve was divided into two portions, that is, the loading
and unloading ones, and the strain wave which corresponds to the latter portion was
assumed to propagate at a similar velocity to that of the elastic strain. Thus, it was found
that the form of the theoretical load-time curve derived from the conventional stress-strain
curve under the above-mentioned assumption was in good agreement with that of the curve
Tecorded experimentally. .

The impact tensile strength of an annealed mild steel was increased markedly with the
impact speed up to 20 m/s but the strength was kept unchangedin the test of the larger
The observed critical impact velocity of the same steel was consider-
ably smaller than the calculated one. This disagreerhent is due to a disregard of the strain

Tate effect in the calculation. Finally, the effect of the ferrite grain size of the specimen

on the impact tensile properties was reported.
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Fig. 2. Fidelity test of the impulsive load measurement
system---(1). (a) Oscilloscope photograph of 10kC square
into the terminals of wire strain gauge

wave put
elements. (b) Assemblies of load detecting
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BRap roEBEERBC LOKY, WEBCHT
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FirbbiEO—ITEHEEREV L EMM
5z ShEBEANEETHE &, BROB/NERZRDOE
BHFERIRATELEND.
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()KL X VskdER% Fig. 3(b) TFRT. ’
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system.

d}j@fq&ﬁﬁ».—?ﬁdﬁiparison of strain rates, loading speeds and impact velocities in this experiment.

M. \JTF T2 O uE ) |1n . _ i . ) 5 @
WN'“"MI—SJact ff@nglty). ) Strain rate (871) i Loadn;g speed (kg /mm?-S71)
. TR = . !
(m7s) G.L.=35 G.L.=20 G.L.=130 | G.L.=35 G.L.=80 G.L.=130
0 (7°5%107'9) [zi5X 1074 75X 1078 5x107% 3+0 1°5 1°0
240 R T 40 20 13 8:0x 10% 4°0X 105 26X 10%
50 H- 50 33 20X 108 1*0x 108 6°6X 10%
10°0 100 .67 4+0x 108 2°0X% 108 1-3x 108
20°0 200 133 8°0x 108 40X 108 27X 108
40°Q 400 266 16X 107 8:0x 108 5°3% 0%
60°0 600 400 24 x 107 1°2X107 80X 108
800 800 533 3°2X 107 1*6X 107 1°1Xx107
100°0 1000 667 4-0% 107 2°0x 107 . 1°3Xx107
120°0 1200 800 4-8x 107 244X 107 16107
140'0 1400 933 56 %107 2°8x 107 1°8x 107

Remarks: G.L.=gauge length of test pieces in mm.
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Fig. 3. The engineering stress-strain diagram

(a) and the propagation speed of strain
wave (b) of specimen S 3-2.
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H5.
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RO AD A FEE S ORESE x OB S(¢,x) &L
TEbLTZLMNTE, 22T Fig.3(2) OBDOAT
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B S (¢,x) & Fig.4(2) XS5 CERHFTD/ IR
F1(,2) LIRFERD VR fold,x) THRELTEXD.
AT AR R EWT
t <0 BLU t=t DEE S(1,0)=0
0ttty DEE S(£,0)=/1(t,0)
tn<t<ty DL E S(1,0)=/f2(t,0)+Q
b (QRBARE)IZIT fii o RThFhiBHE
B IUESEOEBEE TEHET 525,
BWTEFig. 4 (b)) Xdihkb
t<dx/co B X I=to+4Ax/co DL E
S (£, 4x) =0 «reeeerrereriennnn.

e (3)

x=4dx T
T J AR

Ax/co=St<dxfc D& & S(t,Ax)=Py--":'g(ﬁI2}§:‘§Q

R L R dx/fcst<tytAx/cy D& E BARQ &, o0
2 A , - t- v - . -~ ] &N
FRES kOTuDQf) 5, 7 ENHETHRA S (¢, dx) =f1(—dx/c,0) errerrioercneenecen 453 3
Table 2. Chemical composition of specimen, tm+ dx/coSt<tm +dx/c DE & 0
in wt. %. S (t, 4%) = fi(t — 4x/c,0) + fo(t — 4%/C0, 0% gy
. U PPPRRYPPPRY ¢ LY
C Si Mn S P Cu . i X2\ Rl ( )
o L1 P o 59 o019 | : - tu+dx/c<t<te+dx/cy DEE 3
: i M S (2, dx) = fa(t — difemOp-+ QY-+ (4°5)
s . . . e B3 L
Table 3. Static tensile properties of the mild steel specimen used in this €Xperiment.
Annealing 'Tensile strength |Yield point| Yield |Elongation |Reduction-qf | Grain size
Steel temperature O : agg ratio a{_ea( o number
(°C) | (kg/mm?) (kg/mm?) | og/0 5 e (%) c (BN | (AS.T.M)
S3-1 %00 | 412 30°1 0°73 29°5 _ 724, 7°5
§3-2 1600 396 21*3 0°54 28°3 V- Ggig 55
S$3-3 1300 394 20°5 0°52 301 64°0 2°0

—_ 11 —

4



804 B & #@ 47 & (19]) FeF

— 9
Ly S ~éa
\\,. ~ ~
) )| ).
1 ]
~ ]
3 : ]
3(1 ! 1 do o
“ . ! - +
A . ) ] s e
| e .
m J
0 Lt (time) Of——t L ki
\!o (time) ‘:,F %o = ime)
£(,00N EAE2)
©) ) )
a  Q @ 9
2y a< 2
a2l p \g,\ af\@\
1 I
I }
{ I
| 1 !
= ' I : :k’ !
i : o :'éa | G
1 + 1 [ + 'R
[ 5 b 1 P
] L e =L t(tina) 0 . L tttize)
oo 3 EN N
Rlo +
< 3
. B
&
Fig. 4. Graphical solution of propagation of

stress wave under the fracture of test pieces.
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(c)
L =150mm
V =20m/s
£=38'2%

(d)
L =50mm
V =80m/s-
£=36'0%

(e)
L =150mm
V=80m/s
e=11"5%

Fig. 5. Comparison between estimated load-
time curves (B) -and their oscilloscope
photographs (C) recorded. on the im- -
pact tension test of S 3-2 under the
various test conditions (A).

HLEESRAROL v v e S 7FHT, WHICE
FTOMEED D5, PERVEBLZEREZTRL TV S,
HEUCRE-RFRBREEREOL v v o ¥5 7FEHO
MHREEL L CSH-BERPIEEECEREMR & Lz
L, B EUOU AT ST ORTA Ui L E X
P EREDHDTHSS.

HB S3-2 TR C OMBEEICE ST 70% REE

DfEEREEE = LT W 50 (B Fig.s), ESEEuE
130mm- DR/ T3 40m/s Ll L, Z£EEE 80mm
%;§3&mn@ﬁ%ﬁf@smwsut®ﬁ%ﬁﬁm
BWTELN - ME-REEET T CFig. 5(d), (e)
CRTTEL, BARED»D B2 bV BN % L7k
SHFMBEDRLEZRL TS, ZOBEEXFTROE L
EIREM LR L T/ b/, Fig.4 X Fig.5 o
HEFE-FHEBRC XS TEHIAT kv, 2o
LRSS Fig. 6 WRETERYROTH

Gauge 1 Gauge 2

—_—G - I . H - .

— P —

Fig. 6. Fidelity tes

~ ment system. (2). (a): Assembles of load
detecting system. (b) and (c): recorded
oscilloscope photographs from the gauge 1|

'and 2 in (a) respectively. (d): Oscilloscope

. photograph recorded from an annealed
copper specimen.
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Fig. 7. Schematic load-time curve recorded
in-the neighbourhood of the yield point or
the proportional limit.
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“LRSEE B SR®D B T X TER V. AF OEIIAER
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BHHBREE X VRO LN BRETECRETDICE T
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AF {5 \vix AF") OE%ERHNCHRD B T & XEE
G Do, % OFWALEAME L TEEDOEHE

DL DEERDDH. 20— Fer T OLED, Zhik

IUEEECHE LT EO=ZRMBRILT 5.
mv2/2=4F . 4AL/2 crareirien e (7))
AL=AF + Lo/E-A «oovivereeienimnncienn(8)
v=1/2.603=1/2.COF/E.A .................. (9)
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Fig. 8. Effect of gauge length of test piece

on the impact tensile properties of steel
§ 3-2. Suffix shows the gauge length of
test piece in mm.
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Table 4. Effect of grain size on the impact tensile properties of mild steel.
Steel S3-1 i S3-2 $3-3
Testing s ‘»‘ € | @ P : € @ 0B P : @
velocity ! b !
(m/s) i‘(kg/mmz)T (%) (%) “‘(kg /mm3 (%) (%) j(kg /mm2) (%) (%)
-
Static test{‘; See Table 2.
. | 4l0] 34°1 000 L — — —_ — S
251 gy 287 69°7 § — — — — - =
5.0 | 482 3744 71°6 | 52°3 35°2 658 553 3071 | 64°0
. 48°2 285 1 692 | 49°3 337 67°5 | 55°9 29°4 597
100 | 549 256 | 712 i 538 318 65°8 [ 52'3 30°7 60°3
. 547 29°5 | 7274 ;‘ 53'8 35:2 61'9 | 52-3 340 |, 63°0
200 . 549 29°2 71°4 1 52+7 389 67°5 Il 51-4 28°7 | 63°5
538 | 311 72'9 | 54-4 37*5 675 548 340 | 628
40°0 51°1 23%1 703 & 5777 31°6 66°5 | 52°3 19°2 0 622
4947 - 18°3 69°3 i 540 295 68°1 5747 337 | 628
600 : 555 9:2 + 71°8 | 52°8 162 6674 || 50°3 168 T64t4
o= 7°6 | 72°0 | sag 18*5 669 49-8 151 603
s0-0 | 550 7°2 72°0 51°5 11*5 67°5 52°3 13°4 603
0= - i = 45°5 115 65°8 566 L6 640
' 53n IR, FE-FREE oM X 0T AE MR
AL 75 RE kDD & E 3T FETH 5.
- 1 A\ (532 (2) T -FERE AR DAEIR o070 DfeiE kA~
2 ' #hds X CIRTFERIC G ST HTER S 2 A L 7.
N 1AV s ZH & DB DN HEE - 12 55
I B\ N — —
3 % |x DR E X <—F Ll Tha bR e
Sm . L OBFRETHD T AL, AR
j/ FELT JIS 4 2RBI L EDL .
S (3) [CH-EREFREEERER & Haatic
BNWTKREDHD L ENFHLN, TSR
7 = i o ?f\'@f:wﬁ&j}“zﬁéﬁ%lﬁ@fﬁﬁ& L TER#b
. Breaking Distance trom breaking

point peent (mm)

Fig. 9. An example of strain distribution of test pieces -

fractured in impact tensile test.
(Impact velocity : 20m/s)
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Ovservations of Aluminum Nitride in Steel by Electron Microscopy.

(Study on aluminum nitride in steel—1I)

Synopsis:

Shigeo HASEBE

Aluminum nitride precipitates in low-manganese steels, an aluminum-killed low-carbon steel

and a medium-carbon steel were directly observed by carbon extraction replica. The steels .
contained 0°005~0°02% N and 0°03~0°12% Al . _

1) AIN precipitates extracted from a forged and normalized steel were hexagonal in struc-
ture, and rectangular and of thin sheets in shape.

2) AIN precipitates in the steel heated at the 1200°C or above for 6h after solution-treat-
ment, were of a large rod shape. At 1000~1100°C the precipitates were lengthened, and
some of them reached to be distributed into 5S¢ or over. At 900°C many AIN precipitates.
shorter than luz were seen to be scattered. The less the content of N and Al in the steel,
the smaller the AIN precipitate. They were 0*1p long or shorter and scattered on large
numbers.

3) AIN precipitates were arranged along the grain boundary of austenite.

4) Isothermally treated after solution-treatment AIN precipitates were present on the sub-
grain boundaries of ferrite, but not in the austinite. The precipitates at the 700°C heating
for 2h were 0°02~0"1x¢ long. ‘

5) SisN, precipitates. were found mixed with the AIN precipitates in the ferrite. The former
were granular and of different shape from the latter. By electron-diifraction pattern the
former were determined to be SizN, precipitates. :

6) FeC particles seemed to become the nuclei forming AIN and promoted the its precipi-
tation.

7) AIN precipitates extracted from an aluminum-killed low-carbon steel subject to anneal-
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