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A formulais derived for determining the influence of temperature and loading rate on dynamic fracture
toughness of a high-strength low-alloy steel (HQ785C) from thermal activation analysis of the experimental
results of three-point bend specimens as well as by introducing an Arrhenius formula. It is shown that
theresults obtained by the given formula are in good agreement with the experimental onesin the thermal
activation region. The present method isalso valuableto describetherelationship between dynamic fracture
toughness and temperature and loading rate of other high-strength low-alloy steels.
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1. Introduction

It has been well known that, among the factors affecting
materia fracture characteristics, temperature and strain rate are
two very important external ones. Most brittle fracture accidents
with low stress occurred in stedl structures due to low tempera-
ture and dynamic loading condition. The mechanism of plastic
deformation and fracture of materials may change at different
temperatures and strain rates.! At present, it has been widely
investigated that the dynamic yield strength of steels varies
with temperature and strain rate.) However, the research of
dynamic fracture toughness of steels is mostly concentrated on
the study of the influence of temperature under some loading
conditions. Therefore, it is essential to systematically study the
combined effects of temperature and loading rate on dynamic
fracture toughness of steels in ensuring the safety application
of their structural parts.

2. Experimental Details

The material tested was a specia high-strength low-alloy
steel designated as HQ785C in the Chinese steel standard, the
chemical composition of which is listed in Table 1. The steel
plate was received as quenched and tempered in the form of
20 mm thickness plate, with its microstructure being tempered
martensite (Fig. 1). Its mechanical properties are given in
Table 2.

Three-point bend specimens and instrumented impact speci-
mens were machined from the plate according to GB4161-84
and GB2650-89 (Chinese National Standards, which are similar
to ASTM E399-91 and ASTM E636-83, respectively), respec-
tively.l®! The dimension of the three-point bend specimens is

L.C. Jian, L.S. Hua, and W.Y. Qing, Central Iron and Steel Research
Institute, No. 76 Xueyuan Nanlu, Haidian District, Beijing 100081,
Republic of China Contact e-mail: weldingli @263.net.

344—\Volume 10(3) June 2001

130 mm X 28 mm X 14 mm, as shown in Fig. 2. The instru-
mented impact specimens are 55 mm in length, 10 mm in width
and thickness, and 5 mm in crack length. Each of the specimens
was fatigue precracked on a servohydraulic Material Testing
System (MTS) according to the specifications of GB4161-84.
The fatigue precracking frequency was 92 Hz. During the test,
ethyl alcohol and liquid nitrogen were used to adjust the required
temperatures bel ow ambient for the experiment and an autoheat-
ing device was used to control the temperature over ambient.

Fracture toughness evaluation tests were carried out at a
series of temperatures ranging from 77 to 333 K by an MTS-
880 materials testing machine with crosshead speed of 0.01
and 50 mm/s and by a TINIUS-T84 instrumented impact
machine with an impact speed of 5540 mm/s. When the load-
point displacement rates, A, were 0.01 and 0.7 mm/s, a X-Y
coordinate recorder was applied to record the P-A (load-loading
point displacement) curve. When the rates were 50 and 5540
mm/s, a computerized data acquisition processing system
was used.

The K4 values in the lower-shelf region were determined
according to the method of GB4161-84 by Eq 1; in the ductile-
to-brittle transition and upper-shelf regions, Jyq, the critical J
integral values were measured based on the relation, Eq 2,
given by Rice et al.[4

PoS
Kig = BLV\P’ZY (%) (Eq 1)
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where B is the specimen thickness, W is the specimen width,
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Fig.1 Microstructure of tested materials
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Fig. 2 The dimensions of a three-point bend specimen

Tablel The chemical composition (wt.%)

C Si Mn P S Cr Mo \% Cu B

012 029 105 0017 0013 092 038 005 024 0.0015

Table2 Mechanical properties (as-received)

Axv (9)
(253 K) (233 K)

6uIt (M Pa) Eult (%)

6,5 (MPa)
735 785 18

49, 66, 53 31, 28, 27

aisthe crack depth, Sisthe span, U isthe area under the load-
loading point displacement curve until the crack extension point,
and Pg is the load as determined in GB4161-84.

In instrumented impact tests, J,q values were measured over
al temperature ranges, but the term U in Eq 2 was replaced
by the area under the load-deflection curve up to the maximum
load because detection of the crack extension point wasdifficult.

The value of J,4 was then converted into K4 by the follow-
ing equation:
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Fig. 3 Result of experimental K4 values (the vaues calculated are
showninthedotted lines): (a) HQ785C steel and (b) 13Ni3CrMoV stedl

Kig = [EJo/(1 — VA)]¥2 (Eq3)

where E is the Young's modulus and v is Poisson’s ratio.

3. Experimental Results and Thermal
Activation Analysis

The curves in Fig. 3(a) show the experimental dynamic
fracture toughness, K4, of HQ785C steel versus temperature
at different loading rates. From Fig. 3(a), it can be shown that,
when temperatures are over 253 K for A = 0.01 mm/s and 273
K for A = 0.7 mm/s, K4 values have little dependence on
temperature, i.e., values are on the upper-shelf region. With the
decrease of temperature or increase of loading rate, K 4 values
are usualy reduced. When the temperature is lowered to a
certain critical temperature at some loading rate, approximately
153 K for A = 0.01 mm/s and about 213 K for A = 5540
mm/s, K4 valueswill not be reduced with the decease of temper-
ature, i.e., the lower-shelf region has been reached.

It has been widely shown that the plastic flow of materials
is governed by the thermally activated motion of dislocations
and the relation between dynamic yield strength and tempera-
ture and strain rate, which agrees with the Arrhenius equation
within some range of temperature and strain rate.l® In fact,
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judging from the essence, fractureisthefina result of materias
deformation to a certain degree, with dislocations continually
moving, gathering, and piling up under the action of external
forces. Dynamic fracture toughness gives expression to the
ability of materialsto resist fracture and mainly dependsontheir
ability to deform prior to fracture. Therefore, it is reasonable to
assume that a materials dynamic fracture toughness parameter,
such as K4, will aso be controlled by the thermally activated
motion of dislocations within certain ranges of temperatures
and strain rates. According to the Arrhenius equation,®

& = gy exp (— AG{/KT) (Eq 4)

where A G is the activation energy; ¢, is a frequency factor;
k is Boltzmann's congtant (k = 8.6112 mm X 107° ev/k); T
is temperature in Kelvin; and ¢ is strain rate relative to |, 1, t,
and A and can be calculated by the following formula:[”

p="00 (Eq5)
t-l

wherer is the radius of the slip band with the specimen being
bent, t is the slip bandwidth, | is the span (the distance between
specimen supports), and A is the loading-point displacement
rate. Substituting Eq 5 into Eq 4, one can obtain

A= % &0 exp (—AG{/KT) = X exp (—AG/KT)

(Eq 6)

where X = % &

Taking the logarithm for Eq 6, then Eq 6 may be rewritten in
the following form:

: AG
INA=nx-=>2.1

T (Eq7)

Equation 7 can be plotted in the In A-1/T coordinate by the
data from Fig. 3(a) at constant K4 levels (Fig. 4a). With the
same K4 values, the relation between In A and Tt is basically
linear. Furthermore, the lines are approximately parallel at dif-
ferent K4 levels. Measuring the slope in Fig. 4(a), one can
obtain the activation energy AG; = 1.02 ev. Figure 3(a) shows
that, with decreasing temperature and increasing loading rate,
Kiq values tend to a constant value at the lower-shelf region.
This value is not related to temperature and loading rate and
can be defined as an athermal activation component, K 4,, which
is 38.6 MPamY? by measurement from Fig. 3(a). In the transi-
tion region, the part relative to temperature and loading rate in
K4 values can be defined as a thermal activation component,
marked as Kg,. Then, the total dynamic fracture toughness,
Kiq, can be expressed as

Kig = Kign + Kiga (Eq 8)
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Fig.4 Relations between A and T~ at the different K,q values: (a)
HG785C steel and (b) 13Ni3CrMoV steel

Because In X is the intercept of the lines, Fig. 4 aso indicates
that In X decreases with theincrease of K4,. Hence, we presume
that there is an index relationship between K4, and In X; for
example,

In X = Xo(Kiga/Kigo)" (Eq9)
where X, and m are two material parameters independent of
fracture toughness and K4, is a unit fracture toughness. Taking
the logarithm for Eq 9, one can obtain

InIn X =1In Xy + mIn (Kiga/Kigo) (Eq 10)
Figure 5is aplot of In In X and In (K4/Kq0) by data from
Fig. 4(a). As a good linear relation between In In X and In
(K4a/Kido) is shown, the correctness of the assumption of Eq

9isaso verified. Measuring the slope and intercept of the line
in Fig. 5 givesm = —0.32 and X, = 215. From Eq 9 and 7,

one can obtain
1/m
. AG;
_l’_
(In A . T)] (Eq 1)

Kiga = Kido |:

X[
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Therefore, the total dynamic fracture toughness K4 can be
expressed as

1 AG\T"
Kig = Kian + Kigo [— (In A+ —fﬂ (Eq 12)

XO .
The K4 values calculated by Eq 12 at different loading rates
and temperatures are indicated by the dotted lines in Fig. 3(a).
They are in good agreement with the experimental results.
Hence, Eq 12 quantitatively describes the relationship between
the dynamic fracture toughness, temperature, and loading rate
for HQ785C steel.

The experimental values of the dynamic fracture toughness
of 13Ni3CrMoV steel at different temperatures and loading
rates were reported in Ref 8. Those test results were analyzed
by using the above method. Figure 4(b) shows the linear rela-
tionship between In A and T! at different K,y values of
13Ni3CrMoV steel. Measuring the slope gives the activation
energy A G; = 0.45 ev, and measuring the values in the lower-
shelf regionin Fig. 3(b) givesthe athermal activation component
Kign = 49.2 MPa m"2. Regressing the measured In X values
and corresponding K4, values in Fig. 4(b) gives the material
parametersm = —0.43 and X, = 292. Then, substituting these
material parametersinto Eq 12 and calculating K4 values from
Eq 12 with different temperatures and loading rates (dotted
lines in Fig. 3b), one can find that the experimental data are
also in approximate agreement with the K4 values calculated.
Thisalsoindicatesthat dynamic fracture toughnessis controlled
by the thermal activation of dislocations under a certain range
of temperatures and strain rates.

4. Discussion

In the brittle-to-ductile transition region, dynamic fracture
toughness of high-strength low-alloy K4 values can be divided
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into two parts. One part is a thermal component in K4 related
to the combined effect of temperature and strain rate. The
second part is an atherma component in K4 independent of
temperature and strain rate, which is determined by the linear
e astic fracture toughness controlled by effective surface energy
density.[¥ When the temperature is reduced to a certain critical
value under some loading rate, the thermal activation process
of material deformation is restrained, so that it is difficult for
dislocations to move away from the crack tip. Thus, the crack
can only extend aong the direction of the maximum principal
stress on the plane with the maximum strain energy density,
resulting in brittle fracture. With the increase of temperature,
the crystal lattice resistance for dislocation to move, i.e., P-N
force, and the resistance of point imperfections against disloca
tion sources decrease, so that plastic deformation easily occurs,
but dislocations still need thermal activation energy to overcome
barriers!*® The higher is the loading rate, the shorter the time
for dislocations to overcome the barriers by thermal activation.
Therefore, dynamic fracture toughness rises with increasing
temperature and decreasing loading rate. When temperature
increases to a certain critical value at some loading rate, i.e.,
the so-called upper-shelf region, the probability of dislocations
being activated increases, and dislocations have sufficient time
to complete thermally activated processes, so that dynamic
fracture toughness becomesinsensitiveto temperature and load-
ing rate.

5. Conclusions

« Theranges of K4 values of high-strength low-alloy steels
under different temperatures and strain rates can be divided
into three regions, i.e., upper-shelf region, thermal activa-
tion region, and athermal activation region.

* Inthethermal activation region, with the increase of tem-
perature and decrease of loading rate, dynamic fracture
toughness rises and may be quantitatively expressed as
follows:

/m
_ 1 . AG
K|d = Kldn + Kldo |:X0 (ln A+ K- T>:|
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