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Abstract.

The Spiral Notch Torsion Test method, SNTT, allows the fracture toughness determination in pure torsion loading
condition, using a cylindrical specimen with a helicoidal V-notch with 45 °pitch angle. The objective of this work was
to evaluate the uncertainty associated with the Linear-Elastic Plane-Strain Fracture Toughness (Kc) value estimated
from analytical models. For this purpose, the Monte Carlo method was applied, considering an Inconel 718 test
specimen. It was concluded that the input variable "crack length" was the factor that showed the largest combined
standard uncertainty and the average fracture toughness value ratio, 0.59 %. The uncertainty values associated with
fracture toughness, when estimated analytically, were low, representing 1.1 % of the average value. This work brings
the necessary traceability imposed by the ISO/IEC 17025 standard, improving the research scientific rigor and,
therefore, in the publications in the area.
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1. INTRODUCTION

In the last decades, fracture mechanics has proved to be a powerful tool in establishing the structural integrity of
high responsibility mechanical structures and parts. Fracture toughness, which can be determined by different standards,
depending on the material type or specimen geometry. For metals, it is generally defined by ASTM E740-88 (ASTM,
2001), ASTM E399-90 (ASTM, 2017) or ASTM 1820 (ASTM, 2001) and it is understood as the property that
establishes the ability of the material to withstand a cracklike defect without failure. At the beginning of the 20th
century, several methods that aimed to estimate this property were developed, using specimens such as the compact
tension, C(T) the three-point bending, SE(B), among others, which were later standardized. However, these
conventional methods, eventually present some significant limitations, especially with respect to the specimen size,
which should be sufficient to ensure the plane stress state dominance at the fatigue pre-crack front (Wang et al., 2004).

As an alternative to the conventional method limitations, Wang et al. (2002) developed a method capable of
estimating fracture toughness: The Spiral Notch Torsion Test - SNTT. This method allows the fracture toughness
determination by applying pure torsion to cylindrical specimens with a V-notch with an angle of 60° and in a pitch
angle of 45°. This pure torsion establishes a uniform equibiaxial tensile field of tension/compression, thus effectively
developing a failure Mode | (aperture mode), as shown in Fig. 1. Thus, it is possible to obtain an intrinsic fracture
toughness value of the tested material, eliminating the specimen dimension effect and establishing a more reliable and
economical test. This test is still capable of having a consistent and stable crack propagation.
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Figure 1. Schematic of SNTT theory (Adapted from WANG, 2019).

Figure 2 shows a geometric comparison between the SNTT and a C(T) specimens. The C(T) specimen has been
widely used because its geometric configuration is the closest to what happens in practice with regard to the crack
nucleation and propagation. Consequently, the results of C(T) tests are accepted by the academic community as those
with greater reliability. Although it is the most reliable test, it has a very important simplification. Theoretical
conditions are never replicated when there are free surfaces at the ends of the specimen. It is worth mentioning that the
lower the specimen thickness, the greater the ends effect. This explains the limitation of conventional methods in
relation to the specimen dimensions. The major problem is that the thicker the specimen, the larger all its other

dimensions, consequently the greater quantity of material consumed and the larger the test system required (WANG,
2019).
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Figure 2. C(T) and SNTT specimen comparison and C(T) specimen size effect (Adapted from WANG, 2019).

According to Wang (2019), the specimen miniaturization is a fundamental goal of SNTT method. This is made
possible because the Kic values determined by the SNTT method are virtually independent of specimen size. By
analyzing the stress and strain fields on the surface of C(T) specimen, it is noted that the information needed to
determine the Kic value manifests in a region very close to the crack tip. Therefore, when performing a test on an SNTT
specimen, this region will extend along the entire notch, allowing the specimen miniaturization without the loss of
validity of the Kic value (Fig. 2).

Figure 3 shows the nominal dimension and geometry of an SNTT specimen with a 9.53 mm diameter. It is important
to note that all the other dimensions were defined as a function of the specimen diameter, including the notch pitch.
Additionally, it is noted the presence of a square section, which is responsible for passing the torque to the specimen.
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Figure 3. SNTT specimen with a diameter of 9.53 mm. All the dimensions are indicated in millimeters.

Wang (2019) obtained, by means of numerical simulations, equations to determine the material fracture toughness
using the SNTT method. It was used finite elements performing energy release rates at different crack lengths with the
respective torques and rotation angles. Figure 4 shows the evolution of the crack growth in the SNTT specimen with the
finite elements’ simulation, considering a specimen with a diameter (D) and a crack length (a). The ratio of the crack
length over diameter varies from 0.1 to 0.45. Thus, it is important to mention that these equations are valid only for this

range of a/D.
a/D=0.10 aD=0.15 a/D=0.20 a'D=025
a'D =030 a/D=035 a/'D=040 aD =045

Figure 4. Evolution of crack growth in the SNTT specimen using the finite elements’ simulation models (WANG,
2019).

The evolution of the SNTT compliance and the energy release rates were evaluated with the variation of the crack
lengths. As a result, two non-dimensional parameters, the characteristic compliance, and the characteristic energy
release rates of SNTT were obtained in order to quantify the crack growth during the SNTT process in different
conditions and materials (Figs. 5 and 6). It can be noted that, regardless of the simulation conditions, the equations

obtained were the same (WANG, 2019).
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Figure 5. The scaled compliance evolution along the crack growth (WANG, 2019).
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Figure 6. The scaled energy release rates evolution along with the crack growth (WANG, 2019).

Considering the important role of fracture toughness in predicting the material behavior and in preventing the
occurrence of structural failure, it is inferred the need to obtain traceable toughness values. Metrological traceability
requires, among other aspects, the measurement evaluation and declaration. According to Désenfant and Priel (2017),
the measurement uncertainty declaration is as important as it is to report the measurement result itself. A measurement
result without an assessment of its reliability is completely useless. The comparison between different measurements of
the same measurand, as well as between a measurement result and a specification limit, are impossible to assess without
knowing the uncertainty (BIPM et al., 2008). Thus, the present work aims to evaluate the measurement uncertainty
associated with fracture toughness in SNTT tests. It is hoped to contribute to the traceability of results, as well as to
comply with NBR ISO/IEC 17025 (2017).
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2. METHODOLOGY

According to Wang et al. (2000), the value of the critical tension factor in the Mode | of loading (Kic) can be
estimated as given in Eq. (1).

Ky = ﬁ (1)

In Equation (1), E is the Young Modulus, v is the Poisson ratio and G is the energy release rate that occurs during
the test.

Wang et al. (2014) developed equations in order to evaluate the compliance evolution and the resistance of the
specimen during the SNTT test. The Equation (2) makes possible to obtain the energy release rate G.

2 4 3 2
G=l1o[1-2 | |-15456[ 2| +188.95) 2| —62.308) 2| +20.626( 2 |-0.4716 @)
A D D D D D

In Equation (2), A is the specimen cross-sectional area, a is the crack length observed after the failure, T is the
torque, @is the torsion angle and D is the specimen diameter.

From Equations (1) and (2) it is possible to notice that the fracture toughness is estimated as a function of seven
input variables (A, a, D, T, 6, E and v). Each of these variables depends on several factors, which contributes to the
fracture toughness final uncertainty. Thus, uncertainty assessment is a difficult task. Therefore, in order to evaluate the
uncertainty associated with fracture toughness and the energy release rate, the Monte Carlo method presented in the
JCGM 101 (BIPM et al., 2008a) was applied, whereas for the others measurands (A, a, D, T, 6, E and v) the GUM
method, proposed in the JCGM 100 (BIPM et al., 2008b), was used.

During the calculation, the data concerning of specimen made of Inconel 718 with a 9.525 mm diameter were
considered. For E and v, the values presented by Souza (2018), 209.5 GPa and 0.3, respectively, were considered.
Table (1) shows the measurement instruments used and the mathematical models proposed for the uncertainty
assessment using the GUM method. It is important to mention that the uncertainties associated with the Young Modulus
and Poisson coefficient were not estimated since their contribution to the final uncertainty should be minor. The
mathematical model proposed for uncertainty assessment for the input variables A, a, D, T and @are shown in Table 1.

Table 1. Measurement instruments and the mathematical models proposed for uncertainty assessment associated with
input variables.

Variable — x Measurement Instruments Mathematical models
Torque Torque transducer T=T+AR +AC
Torsion angle Encoder 0=0+AR+AC
Diameter Micrometer for external measurements D =D+AR+AC +AEP
Crack length Optical microscope a=a+AR+AC +AAL
Cross-sectionarea | - A" 52

In the mathematical models of Tab. (1), T, @, De @ represent the variability associated with the average values
obtained during measurements of each measurand, AR is the correction associated with the measurement system
resolution, AC is the correction associated with the measurement system calibration, AEP is the correction associated
with the parallelism deviation of the micrometer measurement faces and AAL is the correction associated with the
microscope lens magnification. Figure 7 shows the main sources of uncertainties and their respective probability
distribution considered during the assessment of the uncertainty associated with fracture toughness.
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Figure 7. Schematic of the evaluation of uncertainty associated with the fracture toughness.
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To determine the standard uncertainty associated with the variability average values, indicated by the: torque
transducer, encoder, optical microscope and micrometer for external measurement, t-Student distributions were
adopted, as indicated by Eq (3). The Equations (4) and (5) were used to determine the standard uncertainties associated
with the measurement system resolution and calibration, respectively. To evaluate the standard uncertainty associated
with the resolution, a rectangular distribution was adopted with infinite degrees of freedom.

u(x) =% @3)
U(AR) = % 4
u(AC) = @ )

In Egs. (3-5), s(X) is the experimental standard deviation of the measurements of each input variable; n is the number
of the measuring cycles performed in each measurement; R(x) is the resolution of each measurement system; U(C) is
the expanded uncertainty associated with the measurement system calibration and k is the correspondent coverage
factor.

To determine the standard uncertainties associated with the parallelism deviation of the micrometer measurement
faces and the correction associated with the microscope lens magnification was considered the information stated on the
corresponding calibration certificate, as shown in Egs. (6) and (7).

U(AEP) = U(EP) (6)
EP
u(Al_) = w (7)
AL

In Egs. (6) and (7), U(EP) is the expanded uncertainty associated with the parallelism deviation of the micrometer
measurement faces and kep is the correspondent coverage factor; U(AL) is the expanded uncertainty associated with
microscope lens magnification and ka. is the correspondent coverage factor.

Given the combined standard uncertainties of each input variables, the Monte Carlo method was applied in order to
estimate the uncertainty associated with the G and, later, with the K,c. The simulation was carried out using Microsoft
Excel® 2019. In all cases, 1 000 000 iterations were performed. For both measurands, a histogram was constructed and
the values of Skewness and Kurtosis were calculated. From the simulation results, it was possible to obtain the average
and the standard deviation values associated with G and Kc. Finally, considering the criterion established on JCGM 101
(BIPM, et al., 2008a) that defines that if Skewness and Kurtosis values are close of zero and three, respectively, it was
possible to determine the value of the expanded uncertainty associated with each measurand as shown in Eqg. (8).

U (y) =2.00-s(y) ()

In Equation (8), U (y)is the expanded uncertainty associated with the measurand and s(y) is the standard deviation
obtained by the simulated values.

3. RESULTS

Table (2) shows the combined standard uncertainty values (uc (x)), the effective degrees of freedom (ver) and the
coverage factor (k) obtained during the evaluation of the uncertainty associated with all input variables present in Eq.
(1) and (2). It was possible to notice that the combined standard uncertainty values associated with the input variables
with respect to their respective average values were low, with the highest value being 0.59 % for the crack length
measurement.
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Table 2. Combined standard uncertainties values, effective degrees freedom and coverage factor for input variables.

. Ratio uc (x)/ Average
Input variable Uc (X) Vet k valfje)(i) g
Torque 0.278 (N.m) 4 2.78 0.28 %
Torsion angle 0.00006 (rad) 48 | 2.01 0.32%
Diameter 0.013 (mm) 5 2.78 0.13%
Crack length 0.017 (mm) 5 2.57 0.59 %
Cross section area 0.013 (mm?3) 5 | 278 0.02 %

The values of Skewness and Kurtosis were 0.007 and 3.000 for G, respectively, whereas for Kic these values
assumed 0.013 and -3.002, respectively. Thus, the hypothesis of normality and symmetry of G and K¢ distribution
could be confirmed. Figure 8 shows the distribution histogram of the G and the Fig. 9 of the K¢, both obtained by
Monte Carlo method.
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Figure 8. Normal distribution histograms of the values of G obtained by Monte Carlo method.
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Figure 9. Normal distribution histograms of the values of K,c obtained by Monte Carlo method.

The average value calculated for G by the Monte Carlo method was 54.280 kN.m™ with an associated expanded
uncertainty of + 0.552 kN.m™%. The result is satisfactory since these values represent 1.0 % the average value. On the
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other hand, the value of Kic was 111.787 MPa«/m with an expanded uncertainty of + 1.137 MPa~</m , representing
1.1 %.

Compared to the work of Sartori (2014), which obtained, by means of the CTOD method, the fracture toughness
value for the Inconel 718 equal to 118 MPa+/m , it can confirm that the fracture toughness estimation, by means of the

SNTT method, has a similar and therefore satisfactory value. The difference between the results was approximately
5.3 %.

4. CONCLUSIONS

The results obtained for the fracture toughness were satisfactory and coherent, besides presenting a considerably
low associated uncertainty, about 1.1 % in relation to the average value. Furthermore, it can be concluded that the
present equation in the literature to model the energy release rate by simulated SNTT tests on finite elements was
considered adequate to estimate the Inconel 718 fracture toughness value in this work, from considerations for the
measurement instruments involved in the SNTT test.
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