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ABSTRACT

The toughness of Boron steel (SAE 10B35), quenched and tempered at the three tem-
pering temperatures has been studied. Fracture toughness tests were carried out on
1/2 inch thickness compact tension specimens at four crosshead speeds: 0.1; 1.0;
10.0; and 100.0 mm/min. Jic was determined from the onset of slow crack growth ,
which was detected by the AC electrical potential method. The experimental results
show that Jy- values decrease with increasing strain rate, and can be correlated
with the fracture toughness at lower temperature.
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INTRODUCTION

The effect of loading rate or strain rate on the yielding characteristics of metals
has long been of interest, and has often been considered together with the effect
of temperature. Since the development of linear elastic fracture mechanics, the
effect of the rate of change in the stress intensity factor, K, on the fracture
toughness, Krc, has been studied (Crosly, 1976; Knott, 1973), together with the
effect of temperature (Kraft, 1963; Corten, 1967; Shabbits, 1970; Burns, 1973).
However, little work has been done on the effect of loading rate in nonlinear
elastic-plastic or fully plastic fracture mechanics, or on the critical J-integral,
Jig.

The purpose of this study is to show experimentally the effect of loading rate
on Jic values, and to discuss the relation to the effect of the low temperatures
and yield strength.

EXPERIMENTAL PROCEDURE

Boron steel (SAE 10B35) was used for these experiments, since the ductility of this
material can be widely changed by suitable heat treatments. The chemical composi-
tion of the 10B35 used is shown in Table 1. Half inch thickness compact tension
specimens were employed, as shown in Fig. 1, The specimens were machined to size,
a chevron-shaped saw cut made at the notch root, and a fatigue crack introduced by
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cyclic tensile fatigue loading. The heat B 64 A The JIC criterion was determined from the onset of slow crack growth, as detected
treatment was performed after the machining, _é electrically. AC current was used instead of the conventional direct current, and
but prior to the fatigue cracking. Speci- the electrical potential across the notch was measured with a 'lock-in amplifier"
mens were oil quenched from 850°C (30min.) (phase sensitive detector amplifier). The positions of the electrical leads are
and then tempered at either 200°C, 400°C

= i ig. 1. The AC i system is shown in Fig. 2.
or 600°C for 2 hours, followed by water chiég: IR shown in Fig e ACmeasuring sys g
1Y

: s . Following the fracture tests, the stretched zone width (SZW) was measured in the
quenching. The mechanical properties of scanning electron microscope, so as to determine Jyc by another method. Besides
the heat treated materials are shown in the room temperature tests, further tensile and fracture toughness tests were car-

Table 2. . L le 8 J2.79A red out at low temperatures, at about 0.2 mm/min crosshead speed. In these fx_‘acture
Fracture toughness tests were carried L 255 tests, the critical stress intensity factor Kic or K¢ was calculated according to
out on an Instron-type universal testing L 32 o ASTM E-399

machine at four levels of crosshead speed:
0.1; 1.0; 10.0; and 100.0 mm/min. Tensile 9(> lo=11.0mm
7

tests were also performed on Smm thick
tensile specimens, at the same crosshead
speeds.

For the determination of J, the follow-

EXPERIMENTAL RESULTS

Chevron notch
Tension test at room temperature and low temperatures

Fig. 1. Specimen geometry, showing

ing equations, proposed by Merkle and AC potential drop lead positions. The variation of yield stress, Oy, with strain rate and temperature is shown in Fig.
Corten (1974), was used: A: AC current source 3 and Fig. 4 respectively. From these the effects the strain rate and temperature
J = HA%CE B: Output to p.d. amplifier. can be seen, the yield stress of the 400°C and 600°C tempered materials increasing
with increasing strain rate, é, and decreasing temperature, T. The yield stress of
— 2(1+a) the 200°C tempered material, however, is not affected by strain rate, and hardly
l+a affected by temperature.
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Table 1 Chemical composition of 10B35 (w.t. %)
Fig. 3. Variation of yield stress Fig. 4. Variation of yield stress
C Si Mn P S Cu Ni Cr Al Ti B with temperature. with strain rate.

0.36 0.26 0.33 0.017 0.010 0.010 0.020 0.140 0.020 0.024 0.0009

Room temperature fracture toughness tests

Typical room temperature load, clip gage displacement and potential drop curves fc?r
each of the tempering treatments are shown in Fig. 5, Fig. 6 and Fig. 7, respectively.
The arrows on the potential drop curves indicate the onset of slow crack growth.

The area A in equation (1) is determined up to this point on the load-displacement
curve, and the resulting J value recorded as Jy¢ if it satisfied the following speci-
men size requirement:

Table 2 Material mechanical properties

Tempering temp. Oys o5} o] Elongation Reduction Vickers

of specimens kg/mm® kg/mm? kgfmm2 % in area % hardness Borb 3 25Uicloy).  =eee )
ioozc 1;2.0 172':’2’ lggg }iﬁ igg igg The variation of Jyc with € is shown in Fig. 8, where the crack tip strain rate €
688°E 170'2 1;9'9 61.4 22'; 48'5 276 is calculated from the equation

e =V/20, = 3)
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200°C Temp.

400°C Temp.

600'C Temp.

v

/
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Fig. 5. Room temperature Fig. 6. Room temperature Fig. 7. Room temperature
fracture toughness records fracture tuoghness records fracture toughness records

for 200°C tempered mate- for 400°C tempered mate- for 600°C tempered mate-
rial. 1mm/min crosshead rial. lmm/min crosshead rial. lmm/min crosshead
speed. speed. speed.

v being the crack tip opening velocity as calculated from the clip gage displacement
velocity, 6, and p is the equivalent crack tip radius. The value of p was here
taken to be 0.05 mm for the three tempered materials, since the fracture toughness
value measured in fatigue cracked specimens was equal to the fracture toughness in
notched specimens with an 0.05 mm notch root radius (Knott, 1973).

All Jic values satisfied the validity equation (2). The results show that Jic
values decreased with increasing strain rate € in the 400°C and 600°C tempered mate-
rials, but in the 200°C tempered material were independent of strain rate. The re-
lation between Jrc and € can be expressed as follows:

Jic= +BIn(e/€0), el )

where o and B are constants, and € is the strain rate at the 0.1 mm/min crosshead
speed, used to normalize the strain rate €. The values of o and B are presented in
Table 3. It should be noted that the invariance of Jic with strain rate in the 200
°C tempered material is similar to the invariance of the yield stress with strain
rate, above.
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Table 3 Values of constants a and B E R 5
Pl T kEm
Tempering temp. & 8 o5l )
of specimens - a 200°C Temp
a . a-
200°C 3.14 0
400°C 8.41 -0.17 0 — & o —
° .0 .
600°C 12.34 -0.27 0.001 Strain rate. & (x/set)

Fig. 8. Variation of critjcal J-
integral value, Jic, with €.
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Stretched zone width and fracture toughness

The variation of the SZW at initiation with & is shown in Fig. 9. The stretched
zone width at initiation, s, is used to calculate J1c and Kic values from the follow-
ing experimental equations, proposed by Nakamura (1976):

J1c(SZW)=86Es
K1c(SZW)=EvB6s/ (1-v7),

where E is Young's modulus (kg/mmz) and v is Poisson's ratio.
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Fig. 9. Stretched zone width Fig. 10. Variation of differently

at initiation versus e. derived values of Kyc with € for the

200°C tempered material.

The values of Kyc as calculated from Jyc measured by the potential drop method , and
from the stretched zone width, are shown in Fig. 10, Fig. 11 and Fig. 12 as a func-
tion of €. In addition, the values of Kic, K¢ and Kpax obtained from ASTM E399 are
also plotted, where K¢ is the value of Kq if Kq is invalid, and Kpax is the K value
calculated from the maximum load.
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Fig. 1l1. Variation of differently Fig. 12. Variation of differently

derived values of Kic with  for the derived values of K¢ with for the
400°C tempered material. 600°C tempered material.
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Low temperature fracture toughness

RTQC -gfc  -120C -160°C
Fracture toughness tests were carried out  _ 2001C Temn
from room temperature to -160°C. The re- = il
sulting toughness values are plotted as a £ 00 PYSIN
function of 1/T in Fig. 13. The openmarks < * ¢
in this figure indicate valid K¢ values .
and the solid marks indicate invalid K¢ e TN
or Kpax values. All Kjc values for the < h
200°C tempered material in Fig. 13 fall oo
on a straight line, implying an Arrhenius 5 PR R 3
type equation. 04T CKY

DISCUSSION Fig. 13. Variation of fracture tough-

ness with 1/T in the low temperature
K1Cc values for the 200°C tempered material range.
are greatly affected by temperature, but
neither Jic, Kpc nor the yield stress of
the same material (Fig. 8 and Fig. 10) vary with strain rate. This indicates that
changes in the yield stress can show directly the effect of strain rate on Kic or
Jic values.

This can be seen in Fig. 14, where K[¢ values calculated from the room temperature
Jic values obtained at four strain rates, together with low temperature K values
at constant strain rate, are plotted against the yield stress measured under the same
temperature and strain rate conditions.

Fig. 15 shows the toughness values in Fig. 14 replotted against the inverse tem-
perature, 1/T, for the constant strain rate low temperature tests, or the inverse
equivalent temperature for the room temperature variable strain rate tests, where
the equivalent temperature is that temperature at which the yield stress as measured

in the constant strain rate tensile tests is equal to the yield stress at room tem-
perature at the given strain rate.

\ 0 200°C Temp.
A om 400°C Temp.
s00F 4 4 600°C Temp.
4 °
\ \ u} K(Jic)
\ a a
g1 %
"€ woF !
£ | \
g
= \ \
3 xmv*.\ \ °
= oo 3
< % 3
< \ \ |
|
00k | 9
| L
b \
| |
v o
1 L
50 100 750 200
Oy (kg/mm?)

Fig. 14. Variation of fracture toughness with
yield stress.

Open marks indicate valid Ky values and solid
marks invalid Kg or Kpax values. Half-solid
marks indicate Kic values calculated from Jic.

2343
ALl Kpc values now fall on three straight lines, corresponding to the 200°C, 400°C
and 600°C temtered materials respectively. That is, Jyc values at different strain
rates which were obtained using a smaller specimen size than is permissible under
ASTM E399 still obey the same Arrhenius equation as valid Kyg values measured at

constant strain rate at low temperature, if the effect of the strain rate is normal-
ized by using the equivalent temperature.
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Fig. 15. Variation of fracture toughness with

inverse temperature or inverse equivalent temperature,
including Kyc values at four strain rates.

Symbols as for Fig. 14.

CONCLUSION

The following results were obtained:

(1) Jrc values were found to decrease with increasing strain rate, and could be
expressed as follows:

Jrc=a+B In(e/€0)

where, o, _B:constants
:strain rate
£o:standard strain rate.

(2) Jic values at high strain rates can be correlated with the fracture toughness
at low temperature by means of the equivalent temperature, which can be derived from

a comparison of the yield stress at various strain rates and the low temperature
yield stresses measured at a constant strain rate.
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3 2
Conversion into SI unit; lkg/mm?=9.807 “W/m? lkg/mm? =0.3101 MV/m2 .
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