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Introduction
The plane-strain fracture toughness (KIC) and 

the fatigue threshold (∆Kth) are two very import-
ant parameters in the design of structural compo-
nents. The plane-strain fracture toughness (KIC) is a 
measure of a material’s resistance to crack growth 
under sustained monotonic loading conditions [1]. 

Abstract
The fatigue threshold (∆Kth) and fracture toughness (KIC) are key parameters used in the design of 
structural components to minimize the degree of crack propagation. There are well-established 
ASTM standards for evaluating these two parameters. However, these tests can be lengthy 
and often require multiple test specimens with different geometries. Therefore, it would be 
advantageous if a simpler and less time-consuming test procedure could be developed to 
characterize both ∆Kth and KIC.

Therefore, this investigation was undertaken to develop a novel single test method (STM) for 
determination of both the fatigue threshold (∆Kth) and fracture toughness (KIC). Tensile and 
compact tension specimens were prepared from an austempered AISI 4140 steel and tested 
using the developed STM procedure; in addition, additional samples were prepared and tested 
using the ASTM E-647 and E-399 procedures for comparison. The test results show that the 
values obtained by the proposed STM were in good agreement with the results obtained by 
standard ASTM test procedures. This indicates that the proposed STM is a valid method of 
determining both ∆Kth and KIC for the austempered AISI 4140 steel.

In addition, the validity of an analytical model relating the fracture toughness with the strain 
hardening exponent and yield strength was examined in this material. Test results indicate 
good agreement between the experimentally determined values and the values predicted by 
the proposed model.

During crack growth within a material, a plastic 
zone develops ahead of the crack tip; in this zone, 
when the local stress exceeds the fracture stress 
the crack propagates. Plain strain fracture tough-
ness is a condition where the plastic zone is small 
relative to the sample thickness. A singular stress 
distribution will arise, ensuring that the resulting 
fracture toughness value is a conservative mea-
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surement suitable for design purposes. Thus, struc-
tural components designed on the basis of plane-
strain fracture toughness are expected to survive 
in service without undergoing catastrophic failure 
during monotonic loading.

The fatigue threshold (∆Kth) is a second import-
ant parameter used to design fatigue-resistant 
and fatigue-tolerant structures exposed to cyclic 
loading. ∆Kth is formally defined as the stress in-
tensity range (∆K) at which the crack growth rate 
approaches a zero value under cyclic loading con-
ditions. Practically, ∆Kth is defined as the value of 
stress intensity range at which the crack growth 
rate (da/dN) reaches a value of 10-10 m/cycle [2].

Standard test methods for the determination of 
KIC and ∆Kth are well established and are available 
(such as those in ASTM E-399 [1] and E-647 [2]). 
However, these test procedures require multiple 
tests using samples conforming to specific sizes and 
geometries. In addition, it is currently not possible 
to determine the values of KIC and ∆Kth of any mate-
rial by a single test method. Thus, development of 
a single, reasonably simple test method would be 
very advantageous. This would yield a test method 
that would be allow for a more rapid determination 
of the two very valuable design parameters while 
minimize the expenses associated with material 
and sample preparation.

Thus, the primary objective of this investigation 
was to develop a single test method (STM) that is 
capable of determining both the plane-strain frac-
ture toughness (KIC) and the fatigue threshold (∆Kth) 
using a single test sample. The test data obtained 
by this new procedure would be compared with the 
fatigue threshold and fracture toughness obtained 
by the standard ASTM standard test methods. In 
addition, the study would provide the opportuni-
ty to assess the validity of a previously-developed 
model relating the fracture toughness with the 
yield strength and strain-hardening exponent [3].

For this study, an AISI 4140 steel alloy was chosen. 
This alloy, which contains Cr and Mn as the prima-
ry alloying elements, was chosen as it is commonly 
used in many structural applications that must be 
designed to resist failure due to cyclic loading [4,5]. 
Austempering was chosen as the heat-treatment 
process. Austempering is an alternative heat-treat-
ment process to the traditional process of austenitiz-
ing, quenching, and tempering to obtain hardened 
steels [6-8]. This process has been result in to yield 

strengths similar to those observed for quenched 
and tempered steels [9,10]; in addition, the fracture 
toughness of the austempered steels can be supe-
rior to those in the quenched and tempered steel 
alloys [11,12]. However, a limited amount of infor-
mation is available in the literature on mechanical 
properties  austempered 4140 steels. Therefore, a 
need exists for fracture toughness data for austem-
pered AISI 4140 steels.

Proposed Test Method
The basic concept of the proposed single-sam-

ple test method (STM) is as follows:

1. Compact tension samples are used for fatigue 
threshold testing;

2. The fracture crack growth rates (FCGR) as a func-
tion of stress intensity factor can be determined 
from the fatigue threshold test data;

3. By extrapolating the FCGR data from the fatigue 
threshold tests to a crack growth rate of 10-10 m/
cycle, the fatigue threshold (∆Kth) can be deter-
mined; and

4. By extrapolating the FCGR data from the fatigue 
threshold tests to the value at zero cycles, the 
plane-strain fracture toughness (KIC) can be de-
termined.

Experimental Procedure
Material

The material used in this investigation is AISI 4140, 
a low-alloy steel that contains Cr and Mn as the pri-
mary alloying elements. The specific chemical com-
position of the material is reported in Table 1. The 
material was received in the form of a cold-rolled and 
annealed plates.

Table 1: Chemical composition of the AISI 4140 steel 
alloy examined in this study.

Element Wt.%
C 0.40
Mn 0.93
Si 0.33
S 0.031
P 0.025
Cr 1.12
Mo 0.18
Cu 0.02
Ni 0.17
Fe Balance
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selected sections were cut, mounted, and polished 
in accordance with standard metallographic pro-
cedures; A 2% Nital solution was used to etch the 
as-received samples, while a sodium bisulfate etch 
was used for the austempered samples. X-ray dif-
fraction (XRD) was performed using monochromat-
ic copper Kα radiation at 40 KV and 100 mA. A Riga-
ku rotating head anode diffractometer was used to 
scan an angular 2θ range from 42°-46° and 72°-92°; 
the scanning speed was of 0.25 degrees/minute.

Tensile testing
Tensile testing of the austempered samples was 

carried out in accordance with ASTM E-8 [13]. The 
tests were run on an MTS Model 810 servo-hydrau-
lic frame at a constant strain rate of 4 × 10-4/sec, 
at room temperature, and in ambient air. The Ul-
timate Tensile and Yield Strengths, % Elongation, 
and strain hardening exponent (“n”) were calculat-
ed from the load vs. displacement plots. 25 sam-
ples were tested.

Fatigue threshold testing
To determine the validity of using a single test 

method to determine both the fracture toughness 
(KIC) and fatigue threshold (∆Kth), each compact ten-
sion sample was initially pre-cracked in fatigue to 
produce a 2 mm sharp crack front in accordance 
with ASTM E-647 [2]. Subsequently, they were cy-
clically loaded at ∆K levels of approximately 20, 
22, 28, 33, and 38 MPa√m; at each ∆K level, five 
specimens were tested for approximately 2-3 
hours each at room temperature and in ambient 
air. These tests were carried out in a MTS 810 ser-
vo-hydraulic test system at 5 Hz using a constant 

Heat treatment
Austempering was chosen as the heat-treatment 

process for the as-received steel plates. The sam-
ples to be examined in this study were a subset of 
a larger study examining the effect of austempering 
temperature on the mechanical properties of AISI 
4140 steel. Thus, the as-received plates were first 
austenitized at 950 °C for 2 hours. The plates were 
then immediately transferred to a molten salt bath 
at 332 °C, where they were held for 1 hour. The aus-
tempering in the 332 °C temperature region was se-
lected to provide a fully lower bainitic structure. The 
specimens were then removed from the salt bath 
and allowed to air cool to room temperature.

Sample creation
From the austempered steel plates, tensile sam-

ples were prepared as per ASTM E-8 [13]; The long 
axis of the specimens was orientated parallel to the 
rolling direction of the plate. A total of 25 tensile 
specimens as shown in Figure 1 were prepared.

Compact Tension (CT) samples were prepared 
as per ASTM E-399 [2]. The CT specimens had a “T-
L” orientation (rolling direction was parallel to the 
notch.) For these samples, the width of samples 
(W) was 50.8 mm while the thickness (B) was 19.05 
mm; the aspect ratio (a/W) was approximately 0.45 
in all of the samples. The large surfaces on each CT 
specimen was ground through 600 grit emery pa-
per before being cleaned and degreased with ace-
tone. A total of 35 CT specimens as shown in Figure 
2 were prepared and tested.

Microstructural analysis
To examine the microstructures of the samples, 

Figure 1: Tensile sample dimensions (all units in inches).
Figure 2: Compact tension sample dimensions [1] (all 
units in inches).
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amplitude sinusoidal waveform; The load ratio was 
chosen as R = Kmin/Kmax = 0.10. All samples were run 
under load control, at room temperature, and in 
ambient atmosphere. The samples were run until 
the crack was grown an additional 2 mm in length 
(approximately 4 mm in total length including the 
pre-crack); at this point, the test was suspended, 
and the sample was removed intact.

The individual crack lengths were measured on 
each specimen surface using an optical microscope 
and recorded as a function of the number of fa-
tigue cycles. As defined by ASTM E-647, the ratio 
of the change in crack length (da) to the number of 
cycles (dN) was calculated and plotted to obtain a 
graph of ∆K against da/dN. The multiple tests per-
formed at each ∆K level allowed for the creation 
of a well-defined curve for Region II. A power law-
based curve fitting was then used to yield a rela-
tionship between ∆K and da/dN, which was used to 
determine ∆KTH by extrapolating to a da/dN value 
of 10-10 m/cycles.

For comparison purposes with the data from the 
proposed single test method, ∆KTH was also deter-
mined by using the method detailed in ASTM E-647 
for these austempered samples. A total of 5 sam-
ples were tested to failure to get data for both Re-
gions I and II; these tests were conducted at room 
temperature, in ambient air, and took up to 15 days 
to complete. The Paris constants values were cal-
culated using the data points of da/dN vs. ∆K in the 
linear region.

Fracture toughness testing
The plain-strain fracture toughness was deter-

mined in accordance with the ASTM E-399 test pro-

cedure [1]. For these tests, the samples that had 
undergone fatigue threshold testing (as detailed in 
Section 4.6) were again placed in a MTS 810 ser-
vo-hydraulic MTS test machine and loaded in ten-
sion. By using a clip gauge placed in the knife edge 
attachment on the specimen, load-displacement 
diagrams were obtained. From these diagrams, the 
final fracture loads, P Q, were determined. From the 
obtained PQ values, the stress intensity values (K-
Q) were then calculated using the standard stress 
intensity factor calibration function for the CT 
specimens. Since the KQ values satisfied all of the 
requirements for a valid KIC test as per ASTM E-399, 
they were judged to be valid K IC values. A total of 23 
specimens were tested; the average, standard er-
ror, and standard deviation values were calculated 
using common statistical techniques.

For comparison purposes with the data from 
the proposed single test method, KIC was also de-
termined by using the method detailed in ASTM 
E-399 for these austempered samples. A total of 7 
samples were tested to failure.

Analytical calculation of fracture toughness
The purpose of the paper was to test the use 

of a single test method (STM) to determine both 
fatigue threshold and fracture toughness. There-
fore, the fracture toughness was determined from 
experimental STM data obtained from the thresh-
old testing (as detailed in Section 4.5) Using this 
data, a graph of Kmax was plotted against number of 
cycles. The parameter Kmax was obtained by using 
the following two equations: ∆K = Kmax-Kmin and R = 
Kmin/Kmax = 0.1; therefore, ∆K = (0.9) Kmax. A power 
law-based curve fit was then performed to devel-

A B
Figure 3: Typical microstructural features observed in the 4140 steel alloy. a) As-Received (Cold-Rolled and An-
nealed); b) Austenitized at 950 C for 1 Hour, Quenched, and Austempered at 322 C for 2 Hours.
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austenite (white phase) was also observed in the 
austempered 4140 alloy; however, no retained 
austenite was detected from the XRD study.

Mechanical properties
The results from the tensile tests of the samples 

austenitized at 950 °C for 2 hours and austempered 
at 322 °C for 2 hours are presented in Table 2 [14-
16]. In general, the variation associated with the re-
sults are typical and normal for tensile tests. Table 
2 also shows a comparison of these results to the 
annealed condition. In general, the austempering 
process has increased both the ultimate and yield 
strengths compared to the annealed condition; as 
expected, the ductility of the austempered 4140 is 
significantly decreased compared to the annealed 
condition.

Table 2 also presents a comparison of the me-
chanical properties as a function of austempering 
heat-treatment for samples taken from the same 
heat of 4140 steel as that used in this study. As this 
tensile data shows, increasing the austempering 
temperature from 885 °C for 1 hour [15] to 950 °C 
for 2 hours will significantly decrease the tensile 
strengths of the austempered 4140 steel; in addi-
tion, the elongation is not significantly improved. 
This is thought to be a result of the increase in pri-
or austenite grain size associated with the higher 
temperature/longer time treatment. Upon cooling, 
the larger grain size will result in a coarser bainitic 
microstructure that, in turn, lowers the mechanical 
properties.

Additionally, Table 2 presents data comparing 
the mechanical properties from the current study to 
those of a 4140 steel that had undergone a conven-

op a relationship between Kmax and the number of 
cycles. Using this relationship, the value of KIC was 
obtained by extrapolating the number of cycles to 
zero.

Results and Discussions
Microstructure

The microstructure of the 4140-steel alloy in 
the as-received condition showed a mixed ferrite 
+ pearlite structure; very fine needles of pearlite 
were observed in the matrix (Figure 3a).

The microstructure of the austempered 4140 
samples is shown in the Figure 3b. The austem-
pered microstructure shows the presence of lower 
bainite (blue-colored phase) and a limited number 
of isolated pockets of martensite (brown-colored 
phase) in the microstructure. X-Ray Diffraction 
(XRD) confirmed the presence of the bainite and 
martensite in the austempered material.

The presence of the martensitic was not expect-
ed since the samples were austempered at a tem-
perature above the Ms (Martensite start) tempera-
ture of the 4140 steel. This was attributed to seg-
regation effects from the alloying elements present 
in the steel. The carbides of alloying elements like 
Cr, Mo, and Mn tend to segregate to the intercel-
lular regions. In these segregated regions, the bain-
itic reaction associated with the austenite decom-
posing into ferrite and carbide becomes sluggish; 
therefore, complete transformation does not take 
place during the processing time. Upon cooling, 
these untransformed regions can form martensitic 
structures.

Optically, a very small amount (< 1%) of retained 

Table 2: The effect of heat-treatment on the average mechanical properties of AISI 4140 steel alloy.

Austenitizing 
temperature and time

Austempering temperature 
and time UTS (MPa) YS (MPa) % Elongation Strain hardening 

exponent (“n”)
950 C/2 hours 322 C/2 hours 1286 ± 129 1011 ± 130 6.1 ± 3.0 0.15 ± 0.02
Annealed [14] 655 415 25 ---
885 C/1 hour [15] 349 C/1 hour 1527 1369 5.9 ---
885 C/1 hour [15] 322 C/1 hour 1646 1481 5.5 ---
850 C/40 min [16] Oil Quenched + 300 C/60 min 1720 1528 11.9 ---

Table 3: The effect of measurement method on the average fatigue threshold and fracture toughness of the 
austempered AISI 4140 steel alloy.

 Fatigue threshold 
(MPa√m)

Fracture toughness 
(MPa√m)

Calculated from proposed method 6.1 57.6
Experimentally determined from conventional ASTM method 5.5 +/- 2.9 62.4 +/- 6.6
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of 5.5 +/- 2.9 MPa√m obtained from the standard 
ASTM E-647 test method. Statistical analysis found 
that there is no statistically significant difference 
between the two fatigue threshold values (the con-
ventional and the proposed STM).

Therefore, since there is no difference between 
the two fatigue threshold values, this indicates that 
the proposed single sample test method is a rea-
sonable approach for determining the value of ∆Kth 
in austempered 4140 steel.

The Paris constants were also determined by 
plotting the graph of da/dN against ∆K. The con-
stants were found to be C = 2.765 × 10-13 and m = 
3.65. These results are reasonable when compared 
with those reported in [14].

Fracture toughness
The results from the fracture toughness tests 

performed on the austempered 4140 samples for 
the proposed STM are presented in Figure 5. From 
this plot, standard curve-fitting techniques were 
again applied to determine the best-fit relationship; 
from this, the following equation was obtained:

Kmax (MPa√m) = 29.04 e-5.883e-05*N + 28.53 e-1.41e-06*N (2)

This relationship was observed to have a coef-
ficient of determination (R2) value of 0.9993, in-
dicating that the double-parameter exponential 

tional quench and temper heat-treatment process 
[16]. As this comparison shows, the conventional 
quench and temper process yields tensile strength 
and elongation values significantly greater than 
those from the austempering process. However, it 
should be noted that the austempering process can 
result in much lower levels of distortion. Thus, in 
certain applications, austempering may be a more 
optimum process for achieving high strengths.

Fatigue threshold
The results from the fatigue thresholding tests 

performed on the austempered 4140 samples for 
the proposed STM are presented in Figure 4. The 
threshold value for the tested samples was deter-
mined by first plotting ∆K against da/dN. From this 
plot, standard curve-fitting techniques were ap-
plied to determine the best-fit relationship; from 
this, the following equation was obtained:

∆K (MPa√m) = 1724(da/dN)0.2451         (1)

The relationship was observed to have a coeffi-
cient of determination (R2) value of 0.9970, indicat-
ing that a power law relationship was an excellent 
fit to the data. By extrapolating this relationship 
to da/dN = 10-10 m/cycle, the value of ∆Kth for the 
proposed STM has been calculated and found to be 
6.10 MPa√m (Figure 4). As Table 3 shows, this value 
was very close (10%) to the fatigue threshold value 

Figure 4: The fracture toughness data for the austempered AISI 4140 steel. (Dashed line represents the extrapolation to 
10-10 m/cycle, which shows the projected fatigue threshold value as per the proposed single test method technique).
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[3]. A plot of KIC
2 vs. the parameter σy

*(Cγ 
* Xγ)

1/2 was 
found to be well-modeled by a linear line, indicating 
that a relationship between microstructure and frac-
ture does exist in an austempered ductile iron.

There was a desire to see if the fracture tough-
ness of the austempered 4140 steel could also be 
modeled as a function of measurable microstruc-
tural parameters as well. Given that the volume 
fraction of the retained austenite (X) in the austem-
pered 4140 steel was essentially zero, the model 
based upon KIC

2 α σy 
*(Cγ 

* Xγ)
1/2 was no longer valid, 

and a new approach needed to be developed.

Principles
Crack propagation requires a force with suffi-

cient amount of energy to cause a crack to grow 
and have an incremental increase in area. Follow-
ing Irwin’s correction to the LEFM approach to 
crack growth for a through-thickness crack growing 
in an infinite plate, this can be represented by the 
following equation:

G = dU/dA = dU/(B * da)          (3)

where G is the crack extension force or energy 
release rate (units of N/m), dU is the change in en-
ergy per unit volume to propagate a crack (J), dA is 
the incremental increase in crack area (m2), B is the 
material thickness (m), and da is the incremental 
increase in crack length (m).

decay relationship was an excellent fit to the data. 
Thus, by extrapolating the number of cycles (“N”) 
to zero, Equation (1) yields a fracture toughness 
(“KIC”) equal to 57.6 MPa√m. As mentioned earlier, 
for comparison purposes, the fracture toughness of 
the austempered AISI 4140 steel was also evaluat-
ed by the conventional ASTM E-399 test [2]. Using 
this method, the fracture toughness of the austem-
pered AISI 4140 steel was determined to be 62.4 
+/- 6.6 MPa√m.

Again, statistical analysis was conducted on the 
data from the conventional ASTM tests and the 
proposed STM. This analysis found that there is 
no statistically significant difference between the 
two KIC values. Thus, since there is no difference 
between the two, this indicates that the proposed 
single sample test method is a reasonable approach 
for determining the KIC value for austempered 4140 
steel.

Proposed Analytical Model
The fracture toughness of a material strongly de-

pends on the microstructure present. In a study on 
austempered ductile iron, the width of the ferrite 
(which affects the yield strength, σy), the carbon con-
tent of the retained austenite (Cγ), and the volume 
fraction of the retained austenite (Xγ) were quan-
tified and compared with the fracture toughness 

Figure 5: Kmax vs. Number of cycles for the austempered AISI 4140 steel. (Dashed line represents the extrapolation to 0 
cycles, which shows the projected fracture toughness value as per the proposed single test method technique).
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where the units are in MPa2m.

There have been a large number of detailed in-
vestigations focusing on the relationship between 
fracture toughness, crack opening displacement, 
and the mechanical properties in a large number of 
metallic alloy systems [17-20]. From these studies, 
it has been found that the critical value for the term 
(2 * COD) = (C” * η2)1/2, where C” is a material-depen-
dent constant, η is the strain hardening exponent, 
and the units are in meters. Assuming this rela-
tionship is valid for the 4140-steel examined in this 
study, substituting it into Equation (10) will yield:

KIC
2 = (2 * (C’’ * η2)1/2 * m * σy 

* εf 
* E)/(1-ν2)      (11)

This is very similar to the relationship developed 
in [21], in which the relationship was found to be 
within ± 30% of the measured KIC value. Gathering 
the terms that will remain constant for the given 
material will result in the following relationship:

KIC
2 = C’ * η * σy or KIC = C * (η * σy)

1/2      (12)

This equation indicates that the fracture tough-
ness should be proportional to the square root of 
the product of the strain hardening exponent and 
the yield strength.

In ductile materials (like 4140 steel alloys), the 
majority of the crack extension force that drives 
crack growth is dissipated in extending the plastic 
zone in a given material. Since the energy required 
to deform a unit volume of the given material is 
represented by the area under the stress-strain 
curve, the critical energy (or work) to deform a unit 
volume of material to fracture can be written as:

Wc = σy 
* εf            (4)

where Wc is the critical work of deformation 
to fracture per unit volume (N/m2), σy is the yield 
stress of the given material (N/m2), and εf is the 
plastic component of the true strain at fracture (di-
mensionless).

The critical crack extension force can be de-
termined by calculating the critical volume of de-
formed metal associated with the extension of a 
crack by da. This can be written as:

Vc = 2 * COD * B * da          (5)

where COD is the crack tip opening displace-
ment (units of m).

To calculate the critical crack extension force, 
let us assume that dUc can be approximated by the 
product (Wc * Vc); therefore:

GIC = dUc/(B*da) = (Vc 
* Wc)/(B * da)         (6)

Substituting Equations (4) and (5) into (6) yields:

GIC = 2 * COD * σy 
* εf          (7)

Under plane strain conditions, the yield strength 
will be elevated due to triaxiality at the crack tip; 
therefore:

GIC = 2 * COD * m * σy 
* εf          (8)

where m is the yield strength elevation factor (usu-
ally between 1.6 and 2.0 for metallic materials).

From experience, it is known that structural 
steels can be poorly modeled by LEFM alone; this 
is due to the blunting of the initially-sharp cracks 
during propagation. In the case of small-scale yield-
ing in front of the crack under plain strain condi-
tions, the following relationship between GIC and KIC 
was developed:

GIC = KIC
2 (1-ν2)/E           (9)

where K is stress intensity factor, E is the modu-
lus of elasticity and ν is Poisson’s ratio. Substituting 
Equation (8) into (9) and rearranging yields:

KIC
2 = (GIC 

* E) /(1-ν2) = (2 * COD * m * σy 
* εf 

* E) / (1-ν2) (10)

Figure 6: Linear plot between the fracture toughness and 
the microstructural-based features of a 4140 austempered 
steel.
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parameters affecting the strain hardening rate and 
yield strength also affect the fracture toughness; 
thus, the model has validity in providing a first-or-
der approximation of the fracture toughness. Fur-
ther, the current test results indicate that a com-
bination of both very high strength and moderate 
fracture toughness is obtainable by improving both 
strain hardening exponent and yield strength of the 
material. However, it should be stressed that ad-
ditional correlations need to be performed, as this 
paper only examined a single material with a con-
stant microstructure in one heat-treated condition.

Conclusions
In this investigation, the viability of a novel sin-

gle test method for determination of both fatigue 
threshold and fracture toughness was explored in 
austempered AISI 4140 steel. This new proposed 
test method is simpler, less time consuming, and 
uses fewer samples. In brief, the proposed test 
method is based upon samples where a crack 
is grown approximately 2 mm in length in a pre-

Experimental correlation
As part of the present study, the validity of the 

model in the austempered 4140 steel was also ex-
amined. Figure 6 is a plot of the experimentally-de-
termined values of KIC against the parameter (η * 
σy)

1/2, where  = 0.15; Table 4 shows the individual 
values. As Figure 6 illustrates, a linear relationship 
with a coefficient of determination (R2) of 0.9331 
can be fit to the data. This yields a value for the 
constant “C” (in Equation 12) of 6.1.

To assess the predictive value of the mathe-
matical relationship KIC = 3.1 * (0.15σy)

1/2, the yield 
strength values shown in Table 4 were placed into 
the equation. From this, a calculated value of KIC 
was obtained which could be compared to the ex-
perimentally-determined KIC value. As the data in 
Table 4 shows, the experimental and calculated 
values averaged only a 3.3% difference; for all of 
the samples, the difference was less than 10.4%.

This strongly indicates that the microstructural 

Table 4: Values used in the calculation of the model relating the fracture toughness with the microstructural 
features in bainitic steels (η = 0.15).

Sample #
Values of:
Yield strength 
(MPa) (σy*η)1/2 KIC from 

experiment
KIC calculated from Eq. 
12 (C = 3.1)

% Difference in KIC 
values

1 843 18.1 53.3 56.0 5.1%
2 867 18.3 53.9 56.8 5.4%
3 871 18.4 55.2 56.9 3.1%
4 882 18.5 55.6 57.3 3.0%
5 896 18.6 56.5 57.7 2.2%
6 903 18.7 58.2 58.0 0.4%
7 907 18.7 58.2 58.1 0.2%
8 907 18.7 58.3 58.1 0.3%
9 914 18.8 58.5 58.3 0.3%
10 917 18.8 59.7 58.4 2.1%
11 931 19.0 60.0 58.9 1.9%
12 985 19.5 60.1 60.6 0.8%
13 987 19.5 60.9 60.6 0.5%
14 1053 20.2 61.6 62.6 1.6%
15 1094 20.6 63.5 63.8 0.5%
16 1110 20.7 63.9 64.3 0.6%
17 1118 20.8 66.5 64.5 3.0%
18 1119 20.8 68.1 64.5 5.2%
19 1151 21.1 68.4 65.5 4.3%
20 1157 21.2 71.1 65.6 7.7%
21 1166 21.2 73.5 65.9 10.4%
22 1213 21.7 73.6 67.2 8.7%
23 1271 22.2 75.7 68.8 9.2%

#: Number.
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a decrease is observed in the elongation, fracture 
toughness, and fatigue threshold. Thus, austem-
pering is a process by which it is possible to obtain 
both high strengths and fracture resistance at the 
same time.
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