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Abstract: This research experimentally compared the correlations between fracture toughness and Charpy V-notch tests.
The fracture toughness tests are expensive, complex, and laborious. Therefore, researchers developed correlations to estimate
fracture toughness using Charpy V-notch tests, thereby structural integrity assessment. For the current work, nine different fracture
toughness correlations were selected using the existing literature, and most common Al alloys, including 2024-T4, 6061-T6, and
7075-T6, were chosen as testing materials. Tensile tests were utilized to determine the deformation behavior of the tested alloys.
Also, Charpy V-notch tests were carried out to obtain absorbed energy during the low impact conditions. Rupture strain, yield,
and ultimate tensile strengths of the alloys were determined by tensile testing. Charpy V-notch test results revealed that the energy
absorption ability of the 606 [-T6 Al alloy is roughly two times higher than the 2024-T4 and roughly four times higher than the 7075-
T6 Al alloy. The fracture toughness estimations resulted in a broad range of values. The experimentally obtained fracture toughness
values attained from the literature were used to define the error of each correlation. One of the tested correlation yielded the
lowest average error with an error percentage of 15.6%. Lastly, the ductile fracture of the 6061-T6 Al alloy tensile test specimens
executed at the quasi-static conditions was attributed to having a higher fracture toughness.

Keywords: Fracture toughness, Charpy V-notch test, Deformation behavior, 2024-T4 Al alloy, 606 |-T6 Al alloy, 7075-T6 Al alloy.

ble failure locus in the structures. They estimated the
fracture toughness of steel joints using Charpy impact
tests [8-10]. Similarly, Zhou and colleagues used Charpy
impact specimens to obtain fracture toughness and thus

minimum design metal temperature of irradiated steels
preferred in the nuclear industry [11].

l. Introduction

Design engineers decide the material considering its me-
chanical behavior: yield strength, tensile strength, fatigue
properties, creep properties, hardness, impact behavior,
and fracture toughness (K ). According to the linear elas-
tic fracture mechanics (LEFM), fracture toughness is

defined as the magnitude of stress intensity at the tip of  Moreover, Puppala et al. evaluated the fracture toughness

a crack where the strain in the body is elastic. In other
words, fracture toughness could be described as the frac-
ture resistance of a material with an intrinsic crack [1]. If
the crack tip zone of the materials is taken into consider-
ation, the stress field at the ductile metals is plastic, micro-
cracking in ceramics, and delamination and debonding in
composites [2]. ASTM E-399 standard [3] is commonly
used to determine the fracture toughness of the materials
in planar strain. However, the execution of the standard
fracture toughness experiments returns a high cost in ad-
dition to the complexity . Therefore, researchers searched
for other methodologies to determine the fracture tough-
ness of the materials, e.g., using Charpy V-notch tests

[4-7].

Scholars studied the fracture toughness correlations for
welded joints to determine structural integrity, a possi-

and Charpy V-notch tests of Inconel 625 parts fabricated
by metal additive manufacturing. They calculated the dy-
namic yield strength by using a general yield load. Next,
they estimated the initiation fracture toughness in terms
of absorbed energy. Also, they asserted that the crack tip
opening displacement fracture toughness values are simi-
lar to the welded Inconel 625 [12].

On the other hand, the studies on fracture toughness and
Charpy V-notch test correlations are limited for Al alloys.
Therefore, Hemmouche and co-workers [13] investigated
the effect of heat treatments on the fracture toughness of
the 2017A Al alloy. They carried out both the three-point
bending and Charpy impact tests to investigate the frac-
ture toughness and crack propagation of the alloy for T4,
T6, and T7 temper conditions. According to their study,
the fracture toughness was dependent on the hardness
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Table |. Fracture Toughness Correlations Evaluated in the Study

Ref. Authors Temperature Material Equation
CIE
[20] Rolfe-Novak-Barson Upper-shelf High strength steels K. = oy 10.64 (0— - 0.01)
Y
19 -0.54
[21] Kleinberg et al. Upper-shelf SA-533B steel K. =20+ 139 (F - 1)
CIE
[22] Rao and Achary Upper-shelf M250 maraging steel K. = gy |10.54 (U— - 0.02)
Y
[23] Sailors and Corten Transition-range High strength steels K. = 14.6VCIE
[24] Marandet and Sanz Transition-range A533B medium strength steels K. = 19vVCIE

[25] Roberts and Newton Upper-shelf
[26] Kussmaul and Ross Upper-shelf
[27] Lucan et al. Upper-shelf
[28] Lietal. Upper-shelf

Bridge steels

20MnMoN!i5 steel

Ferritic structural steels

SA508-IIl steel

13.0858

o )’

(CIE)
CIE

K. =0y [1.23 (—— 0.0061)
Oy

E(0.53CIE128)(0.20-133CIEO#5%)
K. =
¢ 1000(1 — v?)

K. = oy

CIE
K. = O'YJO.3316 (— + 0.7)
Oy

*The units for the fracture toughness, yield stress, Charpy impact energy, Young modulus are given in the form of MPavm, Mpa, J, and MPa, respectively.

of the material. The highest fracture toughness value was
obtained when the peak-strength condition is reached.

Aluminum and its alloys have been used widely, espe-
cially in the aerospace/aircraft and automotive industries
[14-16]). During the design phase of a part, engineers de-
mand high strength considering safety factors and design
requirements. Nonetheless, manufacturing engineers pre-
fer high ductility regarding the material’s deformation be-
havior [17]. Within this context, age-hardened or, in other
words, precipitation-hardened Al alloys are favorable for
both design and manufacturing engineers. Therefore, the
three most common precipitation hardenable Al alloys in
the industry were subjected to the study: 2024-T4, 6061-
T6, and 7075-T6. 2024 and 7075 Al alloys are generally
preferred by the acrospace and aircraft industry [18]. On
the other hand, 6061 Al alloy is favorable for many en-
gineering applications, including aircraft, automotive,
high-speed train, and marine applications as advanced
structural components [19].

The aforementioned studies on the Charpy V-notch tests
and fracture toughness correlations were primarily in-
vestigated steels and welded materials. In fact, Al alloys
constitute a wide range of usage areas as a material in
the automotive, acrospace, and aircraft industries. The
paper compares the correlations between Charpy impact
energies and fracture toughness and defines the most ap-
propriate empirical correlations -proposed by different

a European Mechanical Science (2022), 6(1): |-8

researchers- for the most common Al alloys. The calcula-
tion methodology, depending on the material properties,
including Young modulus, Poisson’s ratio, impact energy
and yield strength, affects the results. This study presents
and compares with the fracture toughness values with the
existing literature.

In the present work, the theoretical methods to calculate
fracture toughness of the alloys using Charpy impact
energy values are given in Section 2. In Section 3, ma-
terials and the experimental methodologies, including
tensile testing and Charpy V-notch tests, are described.
In Section 4, the results of the tensile testing and Charpy
V-notch tests are shown. Further, fracture toughness esti-
mations using the proposed equations are represented. In
Section 5, the experimental results were discussed using
the fracture toughness values in the literature. Lastly, the
concluding remarks were exhibited in Section 6.

2. Theoretical Methods

There have been numerous studies in the literature to
calculate fracture toughness by using practical Charpy
V-notch tests. The correlations evaluated in the current
work between the fracture toughness (K) and Charpy
impact energy (CIE) of the materials are given in Table 1.
The yield strength of the material is defined as o, Young
modulus as £, and Poisson’s ratio as 17 in the Table 1. As
commonly known, there is a ductile-brittle transition
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temperature for the body-centric cubic material struc-
tures. The alloys show ductile fracture at temperatures
higher than the transition range, while they represent a
brittle fracture at the lower temperature values. However,
Al alloys do not demonstrate any ductile-brittle transition
temperature as apparent for most steels.

3. EXPERIMENTAL METHODS
3.1. Material

In the current work, commercially available 2024-T4,
6061-T6, and 7075-T6 Al alloys were used to compare the
fracture toughness correlations with the experimentally
obtained Charpy V-notch test results. The alloys’ chem-
ical compositions and temper conditions were received
from the distributor with inspection certificates (Table 2).

3.2. Tensile Testing

Researchers incorporate yield stress into the correlations
between Charpy V-notch tests and fracture toughness, as
given in Table 1. Therefore, the yield stress values of the
selected Al alloys were obtained through tensile tests.
The tensile tests were accomplished in accordance with
ASTM E8-09: Standard test methods for tension testing
of metallic materials [29]. The testing machine used in the
tensile tests was Shimadzu Autograph (50 kN) with a vid-
co extensometer. Two CCD cameras recorded the elonga-
tion during the tests. The velocity of the ram was selected
as 3 mm/min, which corresponds to an initial strain rate
of 7.14x10* s'. Three individual waisted test specimens
were machined from the stock having a diameter of 9 mm
and a gauge length of 45 mm. The dimensions of the ten-
sile specimens are exhibited in Figure 1.

3.3. Charpy V-Notch Tests

Charpy V-notch tests were very practical experiments to
determine the relative energy absorption capability of the
materials. Within the study, Charpy V-notch tests were
carried out to determine the fracture toughness of the se-

12

Figure 1. Dimensions of the tensile testing specimen regarding to
ASTM E8-09 [29].

Table 2. Chemical Compositions of the Al Alloys.

lected Al alloys. The experiments were conducted only at
room temperature. Three individual V-notched test spec-
imens having a length of 55 mm, 8 mm ligament length,
and 45° angles of the notch were prepared, as shown in
Figure 2. The V-notched specimens were machined from
the stock.

4. EXPERIMENTAL RESULTS AND
DISCUSSION

4.1. Tensile Testing Results

According to the correlations given in Table 1, the fracture
toughness calculations require yield stress data. Therefore,
the correlations were mainly constructed on the yield
stress of the material and empirical coefficients. To de-
termine the yield stress of the 2024-T6 Al alloy, tensile
tests were carried out. Before the execution of the tests,
the waisted diameter of the specimens was noted down.
These values were then used to calculate the yield and ulti-
mate tensile strength of the metal. Figure 3 represents the
load-displacement curve of the tested material. Three dif-
ferent test specimens were consumed for the experiments.

According to Figure 3, for the same gauge diameter, the
highest tensile strength was observed at 7075-T6 among

the tested alloys. Nonetheless, 2024-T4 Al alloy demon-
strated the lowest tensile strength. Besides, the brittle
nature of the 2024-T4 and 7075-T6 is evident due to the
limited elongation after strain localization. After the ini-
tiation of necking, the materials demonstrate a modest
plastic deformation until rupture. On the other hand,
6061-T6 Al alloy has the highest ductility among tested
alloys. The decrease in the force after necking continued
for a significant displacement until rupture, as seen in
Figure 3. Also, the fractured tensile test specimens can be
seen in Figure 4. The reduction in the necked regions of
2024-T4 and 7075-T6 is scarce and agrees well with the

load-displacement curves. Nevertheless, the reduction in

>
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Figure 2. Dimensions of the V-notched Charpy impact test specimen
regarding ASTM E23-18 [30].

Alloy Al Mg Si Fe Cu In Ti Mn Cr Ir

"""" 2024 Bance 127 027 039 3% o0l 002 05 002 00l
6061 Balance 0.82 0.64 0.17 0.23 0.0l 0.02 0.15 0.08 -
7075 Balance 2.46 0.15 0.25 1.51 5.62 0.04 0.15 0.19 -
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Figure 3. Engineering Stress-Strain Curves for 2024-T4, 6061-T6 and
7075-T6 Al Alloy.

Figure 4. Fractured Tensile Test Specimens a) 2024-T4 b) 6061-T6 )
7075-T6 Al alloy.

the 6061-T6, as shown in Figure 4b, is apparent. This re-
duction was also expected due to the ductile characteristic
of the alloy that consistent with the deformation behavior

of the alloy.

The average ultimate tensile strength (UTS) and average
yield strength (YS) of tested specimens were represented
in Table 3. A statistical approach was used for a 95% con-
fidence level:

x=x+z"

(1)

Sl

0 European Mechanical Science (2022), 6(1): |-8

In Equation 1, x is the range of samples for a given confi-
dence interval, X is the average value of the samples, 2" is
the confidence level that is 1.96 for 95%, s is the standard
deviation of the samples, and 7 is the number of the sam-
ples. Table 3 shows the tensile properties of the tested Al
alloys.

Stress-strain properties of the tested Al alloys demonstrat-
ed yield and ultimate tensile strength in accordance with
the literature values [31]. Design engineers prefer 2024-
T4, 6061-T6, and 7075-T6 Al alloys as structural materi-
als in the aerospace industry, having high strength with a
relatively low density. Thus, the tensile testing results were
not surprising in terms of mechanical behavior.

4.2. Charpy V-Notch Test Results

Charpy impact tests were carried out to compare the frac-
ture toughness correlations presented in the literature.
Charpy V-notch tests generate a low impact on the spec-
imens, and the brittle characteristics of the alloys yielded
to a brittle fracture, as shown in Figure 5. The specimens
were separated into two pieces during the tests. The spec-
imens evinced very flat fracture surfaces, which is consis-
tent with the impact energy observed.

As commonly known, the outcomes of impact tests are
generally used to compare the metals’ energy absorption
abilities relatively. Thus,the energy absorption capability
of the alloy was tested by using a practical approach with-
in the study. According to the test results, the Charpy im-
pact energies of the tested alloys were tabulated in Table 4.
At least three different specimens were consumed for each
alloy, and the average values with a 95% confidence level
are given in Table 4.

4.3. Calculation of the Fracture Toughness
Correlations

The fracture toughness calculations were executed in ac-
cordance with the equations given in Table 1. The calcu-
lated values for fracture toughness results are given in Ta-
ble 3. According to the calculations, a broad range for the
fracture toughness values was observed. The lowest calcu-
lation results were obtained when the equation developed
by Roberts and Newton was utilized. On the other hand,
the method proposed by Li et al. resulted in the highest

values.

Estimated values for the fracture toughness calculations
by using Charpy impact energies were also displayed in
Figure 6. The fracture toughness values calculated by dif-
ferent approaches show that the 2024-T4 and 7075-T6 Al
alloys have similar values. On the other hand, 6061-T6 Al
alloy represents higher values except for the calculation
methodology of Li et al. Among the tested calculation ap-
proaches, the results for the equation proposed by Li et al.
are much higher than the average.

https://doi.org/10.26701/ems.9 13428
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Table 3. Yield and Ultimate Tensile Strength of the Tested Al Alloys.

Al Alloy Spe;:‘iren YS [MPa] UTS [MPa] RuptuE;ZlStrain Ave;:trgaeian[lQ;ure yAstrMaf:] U#;e{:ﬁ’ea :
"""""""""""""""" S e ams oa
2024-T4 | _9 237.4 3746 135 124+ 1.5 2484+ 12.7 3728+ 1.4
-3 266.2 371.3 13.1
4| 307.8 381.9 7.5

6061-T6 49 3204 3721 73 74+0.1 3169 £ 6.5 373.6 £ 6.3
4-3 322.6 366.8 7.5
6— | 455.8 595.2 4.1

7075-T6 6_2 4613 5946 43 44403 456.0 £ 4.2 5944+ 1.7
6-3 450.9 593.4 4.7

Figure 5. Fractured Charpy V-Notch Test Specimens a) 2024-T4 b) 6061-T6 c) 7075-T6 Al alloy.

Table 4. Charpy Impact Energy of the Tested Alloys Table 5. Fracture Toughness Estimations Conducted by Different
Equations
2024-T4 6061-T6 7075-T6
Charpy Impact Energy ][] 26.5+£ 0.9 50.3+ 6.4 13.1+ 1.0 Reference Authors Fracture Toughness [MPa+/m]

2024-T14 6061-T6 7075-T6

. 20 Rolfe-Novak-B 59.14 97.77 49.92
As it is commonly known, the fracture phenomenon cre- [20] clerovaieRarson

ates two new surfaces associated with surface energy. The (2] Kleinberg et al. 2980 7827 5348
increase in fracture toughness could be attributed to the (22] Rao and Achary 45.56 86.74 313l

resistance to crack propagation. Figure 6 displays that the [23] Sailors and Corten  61.25 103.55 5284
6061-T6 Al alloy is more resistant to crack propagation [24] Marandet and Sanz ~ 79.71 13475  68.77
having a high fracture toughness. Nevertheless, 2024- [25]  Robertsand Newton 1331 7249 803

T4 and 7075-T6 Al alloys demonstrated similar fracture [26] Kussmaul and Ross ~ 86.60 13731 76.07
toughness values, although they have different stress- 7] Lucan et al. 3216 5879 27.06
strain properties. (28] Lietal 199.93  169.11 22416

European Mechanical Science (2022), 6(1): -8 https://doi.org/10.26701/ems.9 13428 °
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5. Discussion

In the literature, researchers experimentally determine
the fracture toughness of the selected alloys. These val-
ues were used to compare the calculations. Xing et al.
determined the fracture toughness of 2024-T4 Al alloy
as 35 MPaym [32]. Also, MacMaster and colleagues ob-
tained the fracture toughness of 6061-T6 Al alloy as 48.7
MPavm [33]. Lastly, Wang et al. revealed that the 7075-
T6 Al alloy has a fracture toughness of 33 MPavm [34].
The experimental findings in the literature were utilized
as reference values, and Figure 7 was generated. In Figure
7, the error of each alloy is represented with different col-
ors, i.e., blue for 2024-T4, black for 6061-T6, and red for
7075-T6 Al alloy. The sum of the total error percentage is
demonstrated as a primary axis title. Besides, the average
error for each equation was calculated as an average of er-
rors for a specific equation, e.g., the average error value for
2024-T4 Al alloy was calculated, dividing the total error
percentage by three.

According to Figure 7, it is clear that the lowest total error
percentage and average error value were obtained when
the equation proposed by Lucan et al. was employed. The
average error for Lucan et al. was determined as 15.6%.
The main difference of Lucan et al. is their calculation
methodology depends on the Young modulus and Pois-
son’s ratio as an alternative to yield strength.

Then, the methodology proposed by Rao and Achary
resulted in a 37.8% average error percentage. Also, their
methodology estimated the fracture toughness of 7075-
T6 Al alloy with an erm;Eof less than 5%. Their correla-
tion was based on the — ratio rather than the Young
modulus and Poisson’s ratio.

The equations proposed by Li et al. yielded an incredi-
bly high error. This high percentage of error could be at-
tributed to the correlation coefficients. Also, correlation
of Charpy impact energy and fracture toughness, not in-
cluding the yield strength, Young modulus, and Poisson’s
ratio, resulted in higher error according to the existing
values in the literature.

During the deformation of the engineering alloys, strain
localization occurs, follows by a loss in the load-carrying
capacity in the alloy. Figure 3 and Figure 4 represent that
the necking, or in other words, strain localization in the
6061-T6 was significant when compared to 2024-T4 and
7075-T6 Al alloys. This could be explained by the higher
fracture toughness values of the 6061-T6 Al alloy. More
energy was needed to release to form new surfaces in
6061-T6 Al alloy during the nucleation of new voids and
the growth of the intrinsic voids.

6. Conclusion

Within the study, nine different correlations to estimate
fracture toughness of the 2024-T4, 6061-T6, and 7075-T6

Al alloys using Charpy impact tests were compared, and

° European Mechanical Science (2022), 6(1): |-8
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Figure 7. Total error for fracture toughness calculations considering
different equations.

*The total and average error percentages indicate absolute values.

the following conclusions were drawn:

o The reduction in the necked region of the 6061-T6 Al
alloy was apparent as an indicator of the ductile na-
ture of the alloy.

e Charpy V-notch tests revealed that all of the tested
alloys were divided into two parts with a bright sur-
face, thereby representing a brittle fracture under low
impact conditions.

e 6061-T6 Al alloy has the highest Charpy impact en-
ergy and also the highest fracture toughness values
among the tested Al alloys.

e The correlation proposed by Lucan et al. provided the
least error when the calculations were compared with
the experimental fracture toughness values.

e The correlation dependent on the Young modulus
and Poisson’s ratio resulted in a minor error when
compared to the equations based on the ““/£” and
only ‘CIE". o
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