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Abstract: Steels are the common high strength metallic materials used in various engineering applications. The
mechanical components in service have to bear severe stresses. This paper focuses on the study of behavior of
steels under tensile fracture and fatigue fracture. Centre notched cylindrical specimens of EN8 and EN31 are
used. The fracture toughness and crack growth rate of these materials are determined. It is observed that the
fracture toughness determined in tensile load (mode-I) and fatigue bending load (mixed mode) were in close
range. The stress intensity factor range in fatigue test resembles with the fracture toughness values of the test
material. The obtained crack growth rates are found to be in a comparable range of values. The scanning
electron micrographs (SEM) are also analyzed and support this conclusion.
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1. Introduction

Fracture mechanics is the branch of solid mechanics. It explains the mechanical behaviour of bodies having
cracks under different loading conditions. Varieties of steels are used in mechanical engineering applications.
The mechanical members used in severe loading conditions have to bear the stresses. If the structural member
contains a crack, then the component becomes weak and cannot be used upto its design life. There are different
reasons for fracture failures. Fracture may occur due to tensile loads or fatigue loads. The studies of fracture
properties in these both types of fracture failures are important to understand the material behaviour. This may
be useful for selection of suitable materials for suitable applications in machine design [1]. Number of
comparative studies of the various fracture toughness test methods and estimation procedures have been carried
out in the literature.[5-8]. Circumferentially cracked cylindrical bar specimens are used to find the fracture
toughness and crack growth rate by various researchers [7-11].

1.1. Materials: Alloys of Steel

Medium carbon steels find applications in the manufacturing of gears, axles, shafts, fasteners and other
similar components [14]. The extensively used steels such as EN8 and EN31 which are available commercially
are used. EN8 (BS970080M40) is a low carbon unalloyed steel. EN8 steel has superior tensile properties is
suitable for stressed pins, shafts and keys etc. The silver steel or EN31 (BS1407) is a high carbon alloy steel
which achieves a high degree of hardness [12]. The chemical composition of steels used for the tests are shown
in the following Table I.

TABLE I: The Chemical Composition of Steel Alloys (Wt. %)

Alloy C Mn Cr Si S P Ni Mo Balance
EN8 0.41 0.50 135 035  0.03 0.01 0.10  0.005 Fe
EN31 1.00 0.31 170 028 0003 0013 021 001 Fe
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2. Experimentation

2.1. Hardness

Hardness is an important mechanical property. Fracture properties of a material are closely related to
hardness of the material [2]. In the present investigation, experimentally determined Vickers hardness of each
test material and the tensile properties are tabulated as shown in the following Table I1.

TABLE II: Hardness and Tensile Properties of Test Materials Determined at Room Temperature

. Vickers Yield Strength uTS .
S.No. Material Hardness (MPa) outs (MPa) % Elongation
Number (VHN) s
1 EN8 132 537 721 13.62
2 EN31 146 512 717 15.25

2.2. Specimen preparation

The notched round bar with a V-groove of 60° has been cut to a radial depth of 1mm circumferentially at
the center of the cylindrical bar [8-10]. The specimen is machined to have good surface finish. The notch root
radius is machined to a close tolerance limit of £0.01 mm with a mean notch root radius p about 0.2 mm.

2.3. Pre-cracking

Precracking of the specimen at the root of V-notch is achieved using R. R. Moore rotating bending fatigue
testing machine. The precracking is done at a suitable bending load such that the maximum stress intensity
factor (Knax) should not exceed 60% of minimum expected fracture toughness K,c of the test material during
precracking.[3,4] Cyclic tensile-compressive load of equal amplitude is applied and the stress ratio being R
equal to minus one( R= -1). During precracking, the crack is allowed to grow only up to a finite radial length by
subjecting the specimen to undergo definite number of fatigue cycles at that initial load. Annular precrack
around the V-notch root is developed circumferentially. The following equation is used to determine the stress
intensity factor (K,) at the notch root of the specimen in fatigue bending [14].

K; = UNW (%) 1)

_4M
T s

A (@) =s@({1-7)
¢ (%) B @) [1 +0.5 (%) + @) (%)2 + (1—56) (%)3 + (%) (%)4 +(0.531) (%)5]

Where M is the bending moment applied in fatigue, r is the radius at the notch root, R being the radius of
round bar.

ON

2.4. Notch Tensile Test

The specimen is loaded monotonically in tension on a 400 kN Universal testing machine with a crosshead
displacement rate of 0.5 mm/min until failure. The displacement is measured using two extensometers and
average value is calculated. The applied load acts in a direction perpendicular to the crack plane at the V-notch
root. It is nothing but opening mode or Mode-I loading. A minimum of four specimens of the material are tested
for fracture toughness. The maximum loads for all the specimens are tabulated.
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2.5. Fracture Toughness Calculations From Notch Tensile Test

The precracked specimen breaks at the root of V-notch when the stress intensity factor reaches critical value.
The fracture toughness can be determined using equation for stress intensity factor under mode-1 loading [1, 7,
10, and 14]. Knowing the maximum load P and the crack length, the fracture toughness (K,c) can be calculated
as,

K = {(D)L%} 172 (diff) — 1.27] )

The valid range for the use of above equation is 0.46 < (de/D) < 0.86 where d. is the effective ligament
diameter and D is the diameter of round bar. The average of experimental fracture toughness value of the given
test material is calculated. Fracture toughness of each specimen is calculated using (2) and results are tabulated
as shown in following Table Il and Table IV.

TABLE Il1 Fracture Toughness (K,c) Test Material: EN8
Bending Avg.Effective

Length of moment Crack Ligament Max. Load at le)rL?c;\lIJ‘\r:SS
S. No. precrack during pre- length a diameter deg  de/D Load failure g
R IC
as(mm) cr(a’\(ilfﬁ)g (mm) (mm) (kN) (KN) (MPavim)
1 0.40 9.81 2.80 9.20 0.767  58.00 52.50 42.91
2 0.50 9.81 3.00 9.00 0.751  59.00 52.50 45.79
3 0.70 9.81 3.40 8.60 0.717  54.00 52.75 46.37
4 1.10 9.81 4.20 7.80 0.650  49.25 48.75 51.56
Average value of Ki~ =46.66 MPaVm
TABLE IV Fracture Toughness (K;c)Test Material: EN31
Bending Avg.
Length of moment Crack E.ﬁ ective Max. Fracture Toughness
during Ligament Load at
S. No. precrack length di dett/D Load fail KN Kic
a (mm) pre- a (mm) iameter (kN) ailure (kN) (MPavim)
f cracking derr (MM)
(N-m)
1 0.16 14.72 2.30 9.70 0.808 63.00 62.50 41.15
2 0.27 14.72 2.50 9.50 0.792 54.50 53.50 37.38
3 0.53 14.72 3.00 9.00 0.750 48.00 47.00 37.37
4 0.64 14.72 3.30 8.70 0.725 47.00 46.50 39.41

Average Value of K. = 38.83 MPa\vm

2.6. Fatigue Crack Growth Test

On a standard R.R.Moore rotating bending fatigue testing machine, the precracked specimen is mounted
and allowed to rotate under suitable bending load till failure and number of fatigue cycles (N¢) are tabulated. The
radial crack at the notch root propagate radially inward towards its centre. The mean crack lengths and diameter
of final ligament at the time of fracture in the cracked surfaces are measured under optical microscope. The ratio
of crack length to the number of cycles to failure is calculated. This value of (da/dN) is the fatigue crack growth
rate. The ratio of average steady crack length (as) to the number of cycles to failure (Nf) in fatigue of the
precracked specimen is the crack growth rate.

da _ 45
= (m/cycle) ®3)

Kmin 1S the minimum stress intensity factor at the beginning of fatigue loading whereas the Kpay is the
maximum stress intensity factor at fracture. The difference of stress intensity factors gives the range of stress
intensity factor 4K. The crack growth rate of EN8 and EN31 steel are determined using five similar specimens
of each type of steel. The calculated values of 4K and (da/dN) based on the experimental results are tabulated as
shown in Table V.
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Table V : Fatigue Crack Growth Test R=-1
Average of SIF

. Kimi K Average value of crack growth rate
Material i i range AK
(MPaVm)  (MPaVm) (Mga ) da/dN  (m/cycle)
EN8 6.553 55.81 49.26 0.862E-07
EN31 7.806 47.046 39.24 0.216E-07

3. Results and Discussions
The test results are summarized and reported in the Table VI.

TABLE VI: Summary of Test Results

1 2 3 4 5 6 7 8
Fracture Fracture Average
Yield UTS % Toughness by  Toughness by  value of crack
Material  VHN  Strength MPa  Elonaation Tensile Fatigue growth rate
MPa g Fracture Fracture da/dN
(MPaVm)  (MPaVm) (m/cycle)
EN8 132 537 721 13.62 46.66 49.26 0.862E-07
EN31 146 512 717 15.25 38.83 39.24 0.216E-07

It is observed that ENS8 steel is stronger and less ductile than EN31 from its tensile properties. The
unstable fracture occurs when the SIF at the crack tip reaches a critical value which is called as fracture
toughness Kic. Column 7 is the fracture toughness in mixed mode fracture. It is because in fatigue
bending load at the V-notch root, the crack experiences opening (mode-1) due to bending load and also
tears due to rotation (mode—I1l) once the radial crack propagates half the way. It can be seen that the
values of fracture toughness (Kc)values obtained from tensile test(column 6) of Table 6 and SIF
range(4K) obtained through fatigue fracture( column 7) of Table 6 are in a comparable range. The
crack growth rate in tougher material is less than that in brittle material. It is true by the results obtained
as seen in column 8.

3.1. Micrographs
A. Material: EN8 steel: The overall cross sectional views and SEM pictures of fractured surfaces of the
specimen in tensile fracture and fatigue fracture are shown in Fig.1 and Fig.2 respectively where; a) The
microstructure of precracked surface b) Surface due steady crack growth ¢) Surface of sudden fracture.

Fig.1.SEM views of Tensile Fractured Surface of EN8 Fig.2.SEM views of Fatigue Fractured surface of EN8

B. Material: Silver Steel (EN31): The overall cross sectional views and SEM pictures of fractured
surfaces of the specimen for tensile fracture and fatigue fracture are shown in Fig.3 and Fig.4
respectively, where; a) The microstructure of precracked surface b) Surface due steady crack growth
and c¢) Surface of sudden fracture.
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Fig.3.SEM views of Tensile Fractured Surface of EN31

Fig.4.SEM views of Fatigue Fractured Surface of EN31

3.2. SEM analysis

Microstructures influence the fracture properties of materials. The fine grained structure improves fracture
toughness [15, 16]. Unstable fracture at the end produces a different surface morphology. Fractographs at higher
magnification revealed features of locally ductile and brittle mechanisms. In the circumferential zone a shear
mode fracture is seen. But at the centre, a fibrous region due to final unstable sudden fracture is observed. The
overall sectional views of fatigue fractured surface show smooth surface finish. Bright regions are observed
where the structure is different from the surrounding phase. The SEM study of the fatigue fractured surface
reveals the presence of micro cracks with inclusions which is an important root for the stress concentrations.
More striation like features were seen in region (b) may be because of lower crack growth rate during steady
crack propagation.

4. Conclusions

Notch tensile test of round bar specimens is conducted to get the fracture toughness (K,c) in tensile fracture.
The experimentally obtained fracture toughness values are within the comparable range of K¢ values of low and
medium carbon steels. The values of stress intensity factor range (AK) determined through fatigue tests resemble
with the fracture toughness values obtained in notch tensile test. This is true for both the tested materials EN8
and EN31 steel alloys. The SEM of tensile fractured and fatigue fractured surfaces also resembles closely in the
three regions namely, a). in precracked regions, b). in steady crack growth region and c). in sudden fracture
region. The fatigue fractured surfaces are smoother than the tensile fractured surfaces.
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