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properties from a quantitative point of view there are limited options in standards. In that sense, the standard
tensile test is the preferred alternative by the manufacturers, but this option limits the mechanical estimation
for the longitudinal direction of the tube-pipe product. Particular efforts have been made to design an
alternative mechanical testing procedure to characterize the mechanical properties in the hoop direction of
pipes and tubes. The Ring Hoop Tension Test (RHTT) was designed to fill this gap, but it shows limitations
related to the required tooling and the influence of the frictional contact between the tooling and the ring
specimen. In the nuclear industry, the Small Ring Test (SRT), a miniature test derivated from the RHTT, has
been investigated in recent years. In this investigation, a novel RHTT was designed to overcome the limitations
of SRT and RHTT, and a new procedure was implemented to estimate the yield strength of tubes and pipes.
Numerical FEM simulations were performed to reach an optimum estimation method for the yield strength with
the specific geometry of the SRT and a wide selection of pipe geometries with the RHTT. A set of hypothetical
materials were designed to perform these analyses, taking into account the influence of Young’s modulus,
proportional limit, hardening coefficient (based on the Ramberg-Osgood law), and presence of Liiders bands
straining. To verify the results obtained from this numerical FEM analysis, experimental tests (standard tensile
tests and RHTTs) and metallographic analysis were performed on aluminum Al 6063 T6 and copper C12200
R360 tubes, showing the capability of this optimized RHTT to estimate the yield strength in the hoop direction
for anisotropic tubes and pipes.

1. Introduction

Different challenges of the nuclear industry at the end of the seven-
ties motivated the searching of alternatives to the standard tests for the
characterization of radiation embrittlement (Manahan et al., 1981; Baik
et al., 1983) and alteration of the yield strength (Zhong et al., 2020;
Calaf-Chica et al., 2020), the ultimate tensile strength (Tantideeravit
and Kamaya, 2020; Simonovski et al., 2018), the elongation at frac-
ture (Kubik et al., 2018; Lee et al., 2021) and ductility of nuclear vessel
materials. These novel testing methodologies had to comply with a sin-
gular specification: a miniature geometry. The sense of this requirement
was based on the intrinsic limitations of the usable volume into the nu-
clear vessel, and the relationship between specimen volume and timing
for radiation embrittlement. Nowadays research on miniature testing is

mainly focused on the Small Punch Test (SPT; see Fig. 1(a)), but there
are many other alternatives (Hiyoshi et al., 2020; Nozaki et al., 2020;
Zheng et al., 2020), which show specific advantages and disadvantages
in comparison with the SPT. This miniature test implies the use of a
squared specimen of 10 x 10 x 0.5 mm or a circular specimen with a
diameter higher than 8 mm and similar thickness (0.5 mm). The SPT
specimen is clamped between two dies and punched until failure with a
hardened steel ball of a diameter of 2.5 mm. Punch load versus punch
displacement (SPT curve) is registered during the test. From the SPT
curve, specific data are obtained depending on different methodologies,
and the mechanical property is estimated by entering these data on the
corresponding empirical correlation equation. The comparison between
the stress field of a standard tensile test (mainly uniaxial) and the SPT
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Fig. 1. (a) SPT set-up, (b) SRT set-up.

(mainly biaxial) is a clear sign of the inherent and high differences
between both testing methodologies. This leads to moderate deviations
in the mechanical property estimation by the SPT. This is the main
reason that motivates the research of alternatives to the SPT and its
tricky correlation methods. In that sense, Kazakeviciute et al. (2019)
developed in 2019 a novel miniature technique for material stress—
strain curve estimation: the Small Ring Test (SRT). The SRT specimen
was a miniature ring with external and internal diameters of 11 mm and
9 mm respectively, and a width of 2 mm. This specimen is loaded with
upper and lower high strength alloy pins of 2.5 mm in diameter (see
Fig. 1(b)). Although this testing methodology is mainly dominated by
bending stresses, the stress field is mostly uniaxial. Thus, at first sight,
it seems that the SRT correlation with the standard tensile test should
be more appropriate than SPT correlation. In a recent investigation
of Rouse et al. (2020), the SRT was successfully used to estimate the
alteration of mechanical properties along an additively manufactured
volume of Ti-6Al-4V titanium alloy.

Although the SRT is a novel testing method in the field of miniature
testing, the estimation of mechanical properties of specimens with a
ring shape has extended research in the characterization of tubular
forms (Ktari et al., 2021; Aghamiri et al., 2020; Garrison et al., 2021;
Gurovich et al., 2020). Generally, the manufacturing process of tubular
forms generates anisotropic microstructures. This makes it necessary
to estimate mechanical properties in longitudinal and hoop directions.
Tubes and pipes can be tested longitudinally with standard tensile tests
(specified in ASTM E8 or ISO 6892), but it is difficult to define a reliable
testing procedure similar to the tensile test in the hoop direction. The
large curvature of the pipe in the hoop direction requires flattening the
sample, but the forming process could lead to modifying the material
properties.

Investigations published in the last decades regarding tube and pipe
testing have been focused on two ways:

1. Qualitative testing procedures (see Fig. 2). They point to the
loading capability of the pipe, without estimating any specific
mechanical property. These methodologies are also known as
technological tests. For the specific case of metallic tubular
shapes: flattening test (ISO 8492 ISO/IEC, 2013a), ring ten-
sile test (ISO 8496 ISO/IEC, 2013d), drift-expanding test (ISO
8493 ISO/IEC, 1998), flanging test (ISO 8494 ISO/IEC, 2013b)
and ring-expanding test (ISO 8495 ISO/IEC, 2013c).

2. Quantitative testing procedures (see Fig. 3). In this type of
test, one or more mechanical properties are estimated. Uniaxial
tensile test (ASTM E8 ASTM, 2021 or ISO 6892 ISO/IEC, 2019)
applies to the estimation of longitudinal mechanical properties,
but there are not any standards for hoop properties estimation.
This gap is filled by novel methodologies:

(a) Tube expansion test (Kuwabara and Sugawara, 2013;
Nazari Tiji et al., 2020; Korkolis et al., 2010). This is the
ideal test for mechanical properties estimation in hoop
direction, but the testing equipment is relatively complex
and it requires a secure design conception.

(b) Tube-end flaring test (Daxner et al., 2005; Jiang and
Wang, 2018). This is the quantitative adaptation of the
qualitative drift-expanding test (ISO 8493). Although this
methodology is simple in its definition, friction between
the flaring die and the pipe introduces biaxial stress fields
in the specimen.
Ring Hoop Tension Test (RHTT) (Jiang et al., 2008; Dick
and Korkolis, 2014b,a). This is the simplest methodology
and it requires a minimum amount of material. Set-up
is similar to the SRT designed by Kazakeviciute et al.
but with differences in tooling and specimen geometries.
There are set-ups with D-shaped pins with diameters
equal to the inner diameter of the specimen. It results in
no bending stresses during the test, but this methodology
needs specific tooling for each ring geometry. A simpler
set-up uses pins with a lower diameter. It expands their
use to many ring geometries, but it introduces bending
stresses in the specimen during the test. The influence of
pins diameter in the test results generates an uncertainty
that should be evaluated.

(c

~

Within the quantitative testing procedures, researchers have shown
notable interest and a significant publication rate in connection with
the RHTT. This results from the fact that RHTT has simple geometries
for tooling and specimen, and stress fields close to the standard tensile
test. But comparing with the testing set-up of ISO 8496 or the design
developed by Kazakeviciute et al. (2019), upper and lower D-shaped
pins have ad-hoc geometries that depend on the specimen geometry. In
that sense, ISO 8496 set-up is more flexible based on their small pins.
Moreover, the RHTT is more sensitive to the variation of the friction
coefficient between tooling and specimen, which is not the case for ISO
8496 set-up. This is why this investigation was focused on designing
a methodology to estimate mechanical properties with the ISO 8496
set-up (a quantitative version of ISO 8496). Therefore, an extensive
study of the set-up proposed by ISO 8496 and Kazakeviciute et al.
(2019) was performed. A numerical analysis using the Finite Element
Method (FEM) was developed to understand the behavior of the SRT
specimen during testing. This analysis was extended to the influence
of the mechanical properties and the tooling-specimen geometry on
the load—displacement curve of the Ring Hoop Tensile Test with small
pins. Finally, numerical results were validated with experimental tests
on aluminum and copper tubes.
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Fig. 2. Set-ups of qualitative testing procedures.
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Fig. 3. Quantitative testing procedures: (a) Tube expansion test; (b) Ring Hoop Tension Test.

2. Materials and methods

As mentioned in the Introduction section, numerical FEM analy-
ses and experimental tests were performed to design and validate a
methodology to estimate the yield strength of metallic thin-thickness
tubes and pipes with the set-up of SRT. This study was divided into
two sections or parts: (WP1), designing of an estimation methodology
for the specific specimen geometry of the SRT, and, (WP2), an extension
of this proposed procedure to other specimen geometries (alteration of
outer/inner diameters and width of the specimen), to design a versatile
testing procedure for thin tubes and pipes.

2.1. Estimation of the yield strength with the SRT (WP1)

Simulations of the SRT were performed with ANSYS Mechanical
2021 R1 software. As mentioned previously, the geometry of the SRT
specimen was outer/inner diameters of 11/9 mm and a width of 2 mm.
Upper and lower pins had a diameter of 2.5 mm. A 3D model was
designed considering the three symmetries of the SRT to reduce the
computing cost (see red faces of Fig. 4(a)). Meshing used quadratic

hexahedral elements and a minimum of 5 elements throughout part
thicknesses (see Fig. 4(b)). Pin-specimen contact was established with
Augmented Lagrange formulation and a frictional coefficient of y =
0.1, although a sensibility analysis for u value was included in the
simulation set.

Isotropic linear elastic model and multilinear isotropic hardening
model were used to simulate the elastic—plastic behavior of the spec-
imen material. A Ramberg-Osgood power law was applied follow-
ing Eq. (1) for the plastic behavior.

() -

where: K and n are the hardening coefficients, o is the true stress, ¢, is
the plastic strain, and ¢, is the proportional limit.

Twelve hypothetical materials were implemented (see Table 1) in
the SRT simulations in order to analyze the influence of each mechan-
ical property in the load—-displacement curve of the SRT. Pins were
simulated with a pure isotropic linear elastic model (see properties
in Table 1). Considering that material data for simulations needs the
stress limit between the elastic and plastic behavior (proportional limit)
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Fig. 4. 3D FEM model of the SRT (WP1): (a) Geometry; (b) Meshing. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 5. 2D FEM model of WP2: (a) Geometry; (b) Meshing.

Table 1

Mechanical properties of the hypothetical materials (WP1).
D E (GPa) % o, (MPa) n o, (MPa)
Pin material 200 0.3 N/A N/A N/A
WP1-HM1 200 0.3 200 5 229.7
WP1-HM2 200 0.3 200 10 214.4
WP1-HM3 200 0.3 200 30 204.7
WP1-HM4 200 0.3 500 5 574.3
WP1-HM5 200 0.3 500 10 535.9
WP1-HM6 200 0.3 500 30 511.7
WP1-HM7 200 0.3 1000 5 1148.7
WP1-HM8 200 0.3 1000 10 1071.8
WP1-HM9 200 0.3 1000 30 1023.4
WP1-HM10 150 0.3 200 10 214.4
WP1-HM11 100 0.3 200 10 214.4
WP1-HM12 50 0.3 200 10 214.4

and not the yield strength (which considers an offset strain), Table 1
includes the calculation of the yield strength (using an offset strain of
K = 0.002), based on the hardening law used in the simulations.

In order to evaluate the influence of the friction coefficient y in the
SRT, WP1-HM1 material was also simulated with a higher u value (u
=0.3).

From these simulations, load—displacement curves (SRT curves)
were registered, and a detailed analysis was performed to understand
the relationship between the SRT curves and stress—strain fields in
the specimen. From this analysis, a methodology to estimate the yield
strength with the SRT curve was established.

2.2. Methodology extension to other specimen geometries (WP2)

The applicability of the SRT is limited to a specific tooling-specimen
geometry. To extend this testing method to the estimation of hoop
yield strength of seamless tubing and pipes, a second study (WP2)
was performed analyzing the influence of geometry parameters on
the results obtained in WP1. A systematic FEM analysis was carried
out considering the following specimen input data: slenderness ratio
(D,;/t = [11,20,30,40]), thickness (+ = [0.5,1.0,2.0] mm), and width
(w = 1.0 mm). To reduce the computational cost of this numerical anal-
ysis, geometry was simplified to a 2D model (see Fig. 5). Plane stress
formulation was considered based on the non-significant constraining
along the specimen width direction. Table 2 shows the hypothetical
materials designed for these simulations, and Table 3 includes all the
geometry combinations, resulting in 96 simulations. To validate the use
of a simplified 2D model, two similar materials (ID WP1-HM9 and ID



J. Calaf-Chica et al.

Table 2

Mechanical properties of the hypothetical materials (WP2).
D E (GPa) v , (MPa) n o, (MPa)
WP2-HM1 50 0.3 50 5 57.4
WP2-HM2 50 0.3 50 30 51.2
WP2-HM3 50 0.3 500 5 574.3
WP2-HM4 50 0.3 500 30 511.3
WP2-HM5 200 0.3 100 5 114.9
WP2-HM6 200 0.3 100 30 102.3
WP2-HM7 200 0.3 1000 5 1148.7
WP2-HM8 200 0.3 1000 30 1023.4

700

w
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o
T
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True stress (MPa)
5
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with Ramberg-Osgood law
with Luders strain
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0 : :
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Fig. 6. Stress—plastic strain curves used in the analysis of the Liiders bands influence.

WP2-HM8) were compared with a 3D model and two 2D models, one
with plane stress elements and another one with plane strain elements.

In a final FEM analysis, the presence of Liiders bands straining and
its influence in the yield strength estimation procedure with the RHTT
was analyzed. A singular hypothetical material WP2-HM9 was designed
with E = 200 GPa, v = 0.3 and o, = 400 MPa, and three derivatives
for plastic behavior: with a Ramberg-Osgood law (n = 7.7), with a
Liiders strain of 0.01 mm/mm and subsequent hardening similar to the
previous one, and a limit case with an infinite Liiders strain, which is
equivalent to the use of a Ramberg-Osgood law with n = . Fig. 6
shows the stress—plastic strain curves used in this FEM analysis, which
used the geometry case WP2-G40-20.

3. Results and discussion
3.1. Estimation of the yield strength with the SRT (WP1)

Fig. 7 shows the load-displacement curves (SRT curves) of the
hypothetical materials with similar Young’s modulus (E = 200 GPa).
The first zone of the SRT curves and its slope were common for all
of these materials, indicating that its initial pure elastic behavior was
in a direct link with the elastic modulus. Each set of colored curves
indicated three hypothetical materials with similar proportional limit
o, but different strain-hardening coefficient n. Thus, the more strain-
hardening capability had the material (low n), the higher SRT curve
slope was. Changes in curve color but similar curve format (solid,
dashed or dashed-dotted line) meant changes only in proportional limit.
As a result, an increment in the proportional limit extended the elastic
initial zone of the SRT curve and increased the slope of the plastic
zone of the SRT curve. There was a clear limit between the elastic
and plastic zones, similar to the standard tensile test. This is confirmed
in Fig. 8, where the curves represent the hypothetical materials WP1-
HM2, WP1-HM10, WP1-HM11 and WP1-HM12 which have a similar
proportional limit and hardening coefficient and dissimilar Young’s
modulus. It means that the elastic response of the rings should be

Mechanics of Materials 169 (2022) 104295
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Fig. 7. Load-displacement curves (SRT curves) for the hypothetical materials HM1 to
HM9 (WP1). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8. SRT curves for the hypothetical materials HM2 and HM10 to HM12 (WP1).

dissimilar and the plastic behavior should show overlapped in the load—
displacements curves, and Fig. 8 confirmed this assumption: curves
show dissimilar behavior in the first stages of the test and similar
behavior after a specific pins displacement. It shows the clear transition
between elastic and plastic zones in the SRT curve. In addition, changes
in Young’s modulus motivate changes in the initial slope of the elastic
zone (see Fig. 8). It means that this initial slope is sensitive to Young’s
modulus and insensitive to the plastic properties. Thus, the initial slope
of the SRT curve could be correlated with Young’s modulus of the ring
material.

Fig. 9 shows the Von Mises stress and the plastic strain at the end of
the initial straight zone of the SRT curve for the hypothetical material
WP1-HM4 (approx. 0.1 mm, see Fig. 7). The maximum plastic strain of
0.0026 and the non-significant yielded volume are signals of dominant
elastic behavior. Von Mises stress just in the pin-ring contact that is
close to the proportional limit (s, = 500 MPa) shows that the ring is
in the proximity of the transition between the pure elastic behavior
and the elastic-plastic behavior. Thus, the first zone of the SRT curve
is driven by the elastic properties, and just when the slope of the SRT
curve decreases, the plastic properties come into play. This is another
evidence of the clear elastic—plastic transition in the SRT curve.

Fig. 10 shows the correlation between the initial slope of the SRT
curves (Slope;,;) and the Young’s modulus of the hypothetical ma-
terials. The linear least squares method showed good R? values for
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Table 3

Geometry data for WP2 FEM simulations.
D Dyyer /1 ¢ (mm) w (mm) D Doer /1 ¢ (mm) w (mm)
WP2-G11.05 11 0.5 1.0 WP2-G30.05 30 0.5 1.0
WP2-G11.10 11 1.0 1.0 WP2-G30.10 30 1.0 1.0
WP2-G11.20 11 2.0 1.0 WP2-G30.20 30 2.0 1.0
WP2-G20.05 20 0.5 1.0 WP2-G40.05 40 0.5 1.0
WP2-G20.10 20 1.0 1.0 WP2-G40.10 40 1.0 1.0
WP2-G20.20 20 2.0 1.0 WP2-G40.20 40 2.0 1.0

557,71 Max 0,0025975 Max

500 0,0023089

43787 0,0020203

375,73 0,0017317

313,6 0,0014431

251,46 0,0011545

]?33; 0,00086584

o

2,9221 Min e o

(a)

(b)

Fig. 9. (a) Von Mises stress and (b) plastic strain at the end of the initial straight zone of the SRT curve for hypothetical material WP1-HM4.
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ini

and Young’s modulus.

this relationship, verifying the previous assumptions and obtaining the
correlation Eq. (2) for the Young’s modulus estimation with the SRT.
Thus, the SRT estimates the Young’s modulus in the same way that is
performed in the uniaxial tensile test.

E =123 - Slope;,; 2)

Similarities between the initial stages of the SRT curve and the
stress—strain curve of a tensile test suggested the use of a similar proce-
dure to estimate the yield strength with the SRT specimen. Following
the methodology of a standard tensile test, a yield load P, was obtained
from the crossing point between an offset line, parallel to the tangent
line to the Slope,,, and the SRT curve (see Fig. 11). Two variables
should be fixed in order to use this offset procedure: firstly, the offset
value; and secondly, the morphology of the correlation equation that

relates the yield strength with the yield load (s, = f (P,)).

(mm)

0 0.1

0.2

0.3

0.4

0.5

Pin displacement (mm)

Fig. 11. Offset methodology for the yield strength estimation with the SRT.

Fig. 12 shows the correlation between the yield strength and the
yield load for an offset of 0.05 mm and simulations performed in
WP1. This followed a linear correlation by Eq. (3) with a correlation
coefficient a = 2.548 mm~2 and R? = 0.9974.

0, =2.548 - P, 3

A wide range of offset values was used to calculate the a; coefficient
per each i material of Table 1. A mean value a (Eq. (4)) and a
standard deviation o (Eq. (5)) were calculated per each offset, searching
for the offset value which showed the minimum deviation. Fig. 13
represents the mean value @ and the standard deviation ¢ per each
offset, obtaining the minimum deviation for a value of @ = 2.136 mm™2
with an offset = 0.15 mm. Table 4 shows the estimated yield strength

with the simulations of the SRT and using Eq. (6) and an offset =
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Table 4

Estimated yield strength for offset = 0.15 mm and « = 2.136 mm~2.
D o, real (MPa) P, (N) o, estimated (MPa) Error (%)
WP1-HM1 229.7 114.7 245.0 6.6
WP1-HM2 214.4 102.9 219.7 2.5
WP1-HM3 204.7 95.1 203.1 -0.8
WP1-HM4 574.3 282.0 602.4 4.9
WP1-HMS5 535.9 252.2 538.7 0.5
WP1-HM6 511.7 233.2 498.1 -2.6
WP1-HM7 1148.7 560.2 1196.5 4.2
WP1-HM8 1071.8 494.5 1056.3 -1.4
WP1-HM9 1023.4 454.1 969.9 -5.2
WP1-HM10 214.4 102.5 218.9 21
WP1-HM11 214.4 101.4 216.7 1.1
WP1-HM12 214.4 99.9 213.4 -0.4

0.15 mm

212 o
_ i=1 %i
a= (€]
12
12 _\2
o= Yl (@ —a) )
12
oy, = 2.136 - Py (6)

As mentioned in the methodology section, FEM simulations of the

SRT for the hypothetical material WP1-HM1 were performed with
two different values of the friction coefficient u, p = (0.1,0.3), for
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the contact between pins and ring. Fig. 14(a) shows the comparison
between both simulations, where SRT showed no significant sensibility
to the friction coefficient. The sense of this behavior was based on the
small contact surface between pins and ring during most of the test (see
Fig. 14(b)). Small contact surface means small affected ring volume
to constraining due to contact sticking (high friction coefficient) or
free sliding (small friction coefficient), and small affected ring volume
means small alterations in the load—displacement curve.

3.2. Methodology extension to other specimen geometries (WP2)

The aim of WP2 was the obtaining of a correlation equation to the
estimation of the yield strength with the RHTT (Ring Hoop Tension
Test) considering the influence of ring geometry. This WP2 was based
on 96 FEM simulations of the RHTT with different geometries and
hypothetical materials. In order to reduce the computational cost of this
analysis, a simplified 2D FEM model was used instead of the 3D FEM
model of WP1. Before the systematic launching of these simulations, a
comparison was done between results obtained from both models for
similar geometrical and material data. Fig. 15 represents three RHTT
curves for the ring geometry of SRT (ID WP2-G11.05 of Table 3 with
w = 2.0 mm) and material ID WP2-HM8 (see Table 2). Similarity
between RHTT curves for 3D FEM model and 2D plane stress FEM
model validated the use of the simplified 2D plain stress model for
the WP2 analysis. The reason for the similarity of the plane stress
2D model and the 3D model was based on: (i) the absence of any
restriction (boundary condition) to through-width deformation of the
ring during the test, and (ii) the uniform circumferential deformation
along the width direction of the ring. These two facts ensured the
absence of any significant stress along the ring width compared with
the circumferential stress.

The RHTT considered in this investigation used pins diameters
lower than the inner diameter of the ring. To reduce the complexity
of RHTT tooling, the set of pin diameters needed for testing a variety
of ring geometries should be kept to a minimum quantity. Thus, the
sensitivity of RHTT curve to the pin diameter should be non-significant.
Fig. 16(a) shows the RHTT curve for material ID WP2-HM8 and ge-
ometry ID WP2-G40.20 with two pin diameters: 10 mm and 21 mm.
RHTT curves followed similar shape until a pin displacement of around
10 mm. Thus, if the crossing point obtained from the offset method
had a pin displacement lower than 10 mm, similar yield load P, would
be obtained, and pin diameter would not influence the yield strength
estimation. This transition between similar load—displacement curve to
dissimilar curve is based on the deformation stages of the RHTT. This
ring test is a bending test that is gradually transformed to a uniaxial
tensile test (see Fig. 16(b)). Bending stiffness of the non-deformed ring
is much smaller than uniaxial tensile stiffness in the final steps of the
RHTT. Thus, transition between both scenarios corresponds with the
exponential increment of the slope in the load—-displacement curve of
the test. The necessary pins displacement to reach the uniaxial tensile
behavior has dependency with the pin diameter: big pins shorten the re-
quired pin displacement and small pins extend this pin displacement to
reach the bending-tensile transition. Before this transition, pin diameter
does not influence in the load—-displacement curve because the contact
surface does not show significant changes from one pin to another.

Following similar analysis steps of WP1 for each WP2 geometry
(see IDs in Table 3), different offset values were used to obtain the
correlation coefficients «; per each hypothetical material (see Table 2).
A mean value @ (Eq. (4)) and a standard deviation ¢ (Eq. (5)) were
calculated per each offset and WP2 geometry. Offset that showed the
minimum « deviation was selected and appointed to the Table 5.

Fig. 17 represents the offset values (red dots) registered in Table 5
in correlation to the geometrical data (slenderness ratio D,,,/t and
thickness 7). Eq. (7) was obtained with a non-linear least squares
method based on a polynomial surface fitting. Mesh surface plotted in
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Fig. 14. (a) SRT curves for material WP1-HM1 with two different friction coefficients; (b) contact surface and affected ring volume due to sticking—sliding behavior.

Table 5
Offsets resulted from the WP2 simulations.
D Offset (mm) @+o (mm2) D Offset (mm) @+ 0 (mm™2)

WP2-G11.05 0.050 9.51 + 0.58 WP2-G30.05 0.240 28.5 + 1.95

WP2-G11.10 0.100 4.76 + 0.29 WP2-G30.10 0.485 14.2 + 0.98

WP2-G11.20 0.185 2.39 + 0.13 WP2-G30.20 0.895 7.16 + 0.46

WP2-G20.05 0.140 18.2 + 1.11 WP2-G40.05 0.375 38.7 + 3.27

WP2-G20.10 0.305 8.98 + 0.56 WP2-G40.10 0.745 19.4 + 1.64

WP2-G20.20 0.590 4.49 + 0.26 WP2-G40.20 1.380 9.75 + 0.80

with w was introduced in Eq. (8).
4000 ' ' ' 7 o= 2 - 0054 (ﬁ -1 789) ®
WP1-HM9 (3D FEM model) e Py t-w t '
----- WP2-HM8 (2D plane stress FEM model) i
3000 F [----- WP2-HM8 (2D plane strain FEM model) - The yield strengths of the hypothetical materials of WP2 were
— ' estimated using Eq. (8), and were compared with the real yield strength
< ," introduced in the simulations. Fig. 19 shows the estimation error (see
§ 2000 F ot A Eq. (9)) in a histogram bar plot, where a negative skewness is shown in
- o / the frequency distribution. Nonetheless, for most cases, the estimation
o L s error of the yield strength was between + 10%. This was a good result
1000 e . 1%t . considering the wide selection of mechanical properties introduced in
R e il the WP2 simulations.
b pestimated __ real
0 L 1 1 error(%) = <y—y> x 100 9
0 1 2 3 4 opeal

Pin displacement (mm)

Fig. 15. Comparison between RHTT curves of 3D and 2D FEM models for geometry
ID WP2-G11.05 with w = 2.0 mm.

Fig. 17 represents this correlation. The R? = 0.9934 obtained by this
fitting procedure showed the goodness of Eq. (7).

D
offset = ¢ (o.ozos%“ - 0.13> @)

The yield load P, of each WP2 geometry and WP2 material was cal-
culated using the offset deduced from Eq. (7). Correlation coefficients
a were deduced from a = 5,/ P,, and Fig. 18 shows the correlation of «
with ring slenderness D,,,/t and ring thickness z. Mesh surface plotted
in Fig. 18 represents the non-linear least squares polynomial surface
fitting that leads to Eq. (8) with R? = 0.9837. All these FEM simulations
were done with a ring width of w = 1.0 mm. Thus, dependency of «

Fig. 20 shows the RHTT curves for the Liiders bands FEM analysis,
where three hypothetical materials with different Liiders straining were
used. Considering the selected geometry (ID WP2-G40.20), and using
the Egs. (7) and (8), the offset was equal to 1.38 mm and the correlation
coefficient was @ = 9.656 mm~2. Table 6 shows the yield loads P,
obtained from the RHTT curves, and the estimated yield strengths.
These estimated yield strengths should be compared with the real yield
strengths that would be estimated from the stress—strain curves with the
rules included in standards of the uniaxial tensile test (ASTM E8 ASTM
(2021) or ISO 6892 ISO/IEC (2019)). Table 6 includes the use of ISO
6892 for the calculation of the real yield strengths of each hypothetical
material and the error of the estimation procedure with the RHTT. The
maximum error that was generated by the presence of Liiders straining
was equal to 4.9%.

Experimental tests were performed in order to validate the corre-
lation equations deduced numerically in this investigation. Two pipes
of aluminum alloy 6063 T6 and copper alloy C12200 R360 were
tested with tensile tubular specimens following the standard ISO 6892
and RHTT specimens with the ring geometry included in Table 7.
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Fig. 16. (a) Comparison between RHTT curves of material ID WP2-HM8 and geometry ID WP2-G40.20 with two pin diameters: 10 mm and 21 mm, and (b) Von Mises stresses
for different pins displacements (pin diameter of 21 mm).

Table 6
Parameters obtained from RHTTs of the Liiders bands influence analysis and yield strength estimation.
Material Real o, (MPa) P, (N) Estimated ¢, (MPa) Error (%)
With Ramberg-Osgood law 437.4 45.9 443.2 1.3
With Liiders strain 400 41.3 398.8 0.3
Limit case 400 39.4 380.4 4.9

[ Equation (7) I Equation (8)
® Simulations WP2 ® Simulations WP2

Lo 50
El 40
£ 13 7
§ g 30
Ejo:: 0.5 3 20
10
0.l 0
2 40
0.5
30 40 1
1.5
5 g 20 D/t 10 2 t (mm)
Fig. 17. Offset in correlation to ring slenderness and ring thickness. Fig. 18. « in correlation to ring slenderness and ring thickness.
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Fig. 19. Histogram of error in the estimation of the yield strength of WP2 simulations.

140 T T T T
with Ramberg-Osgood law
120 1 with Luders strain y
Limit case
100 4
z
g 80 7
In}
ne)
c 60 [ T
o
40 7
2r .
0 L L L 1
0 5 10 15 20 25
Pin displacement (mm)
Fig. 20. RHTT curves of the Liiders bands influence analysis.
Table 7
Geometry of experimental RHTT.
Material D, /t t (mm) w (mm)
Al 6063 T6 21.46 0.92 4.00
Cu C12200 R360 25.88 0.85 4.00

Experimental RHTT set-up used pins of stainless steel of diameter
6.0 mm and tooling to guarantee the self-alignment of the ring-pin
contact during testing (see Fig. 21(a)). Displacement measurement in
RHTT was done with the crosshead displacement signal of a universal
testing machine. In order to eliminate the contribution derived from
tooling and pins deformation, a calibration test was performed. The set-
up for the calibration test consisted of crossed pins in contact with a
circular disc plate of high-strength steel with a thickness of 2 mm (see
Fig. 21(b)). Fig. 22 shows the calibration curve.

Fig. 23 represents the engineering stress—strain curves of the exper-
imental materials obtained from standard tensile tests in the longitudi-
nal direction of the pipes. Table 8 includes the mechanical properties
estimated from these tests. It should be pointed out that mechanical
properties obtained for Al 6063 T6 matched with values included in
ASM Handbook for aluminum alloys (ASM International, 2019). Thus,
non-significant strengthening by cold-working was expected in the
manufacturing process of this pipe, as a sign of isotropic properties.
This conclusion was supported by metallographies of transversal and
longitudinal sections of the pipe (see Fig. 24), where isotropic grain
structure denoted another sign of isotropic properties. By contrast,
copper alloy metallurgical state R360 indicates an extremely cold-
hardened material. The tensile test of C12200 pipe is coherent with
this metallurgical state ID, showing extremely low elongation and
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Fig. 21. (a) Experimental RHTT set-up; (b) Calibration test of RHTT.
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Fig. 22. Calibration test of the RHTT.
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Fig. 23. Engineering stress—strain curves for tube tensile tests.

strain-hardening. Fig. 25 shows metallographies of transversal and
longitudinal sections for this copper alloy, confirming an anisotropic
grain structure.

Fig. 26 shows the RHTT curves registered for ring specimens of
both aluminum and copper pipes. Using the Egs. (7) and (8), yield
strengths were estimated with offsets and P, obtained from RHTT
curves of Fig. 26. Table 9 includes the estimated yield strengths and
the error which is calculated in the comparison with the mechanical
properties deduced from tensile tests. Yield strength was similar in
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Fig. 25. Metallographies of Cu C12200 R360 (etchant: distilled water and nitric acid; 25 ml and 25 ml): (a) longitudinal section; (b)

Table 8

Mechanical properties obtained from tensile tests.
Material E (GPa) o, (MPa) o, (MPa)
Al 6063 T6 69.5 208.8 241.5
Cu C12200 R360 117.0 367.5 368.5

Table 9

Parameters obtained from experimental RHTTs and yield strength estimation.
Material Offset (mm) P, (N) o, estimated (MPa) Error (%)
Al 6063 T6 0.285 77.65 209.8 0.5
Cu C12200 R360 0.340 89.10 319.1 -13.2

Table 10

Mechanical properties obtained from tube tensile tests.
Material E (GPa) o, (MPa) o, (MPa)
Cu C12200 R360 117.0 367.5 368.5
Cu C12200 R360 + Annealing 117.0 285.0 305.8

the case of aluminum pipe. This is coherent with the isotropic grain
structure and mechanical properties obtained by tensile tests for this
aluminum series and heat treatment. In the case of copper pipe, the
estimated yield strength by RHTT was 13.2% lower than the obtained
value by tensile testing. This difference could be originated by the
anisotropic behavior assumed by its cold-formed metallurgical state
and anisotropic grain structure. In that sense, the RHTT showed the
lower mechanical capabilities of this copper pipe in the hoop direction.

To confirm the assumptions related to the differences found between
longitudinal yield strength obtained from the tensile test and hoop
yield strength estimated from RHTT for the copper pipe, an annealing
treatment of 400 °C and 1 h was applied to soften the material,
reducing the cold-working strengthening and its anisotropic behavior.
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Fig. 26. RHTT experimental curves.

Fig. 27 shows the metallographies of transversal and longitudinal sec-
tions of the copper pipe after the annealing process. The longitudinal
section showed less directionality in the grain morphology, a sign of
less anisotropy. Fig. 28(a) is a comparison of tensile tests for the as-
received copper pipe and the annealed one. This testing verified the
softening of the material after the annealing treatment, motivating
the reduction of anisotropic behavior. Table 10 shows the mechanical
properties deduced from the tensile tests. Fig. 28(b) represents the
RHTTs for both as-received and annealed copper pipes. Egs. (7) and
(8) were applied to obtain the offset, P,, and estimated yield strength
for the annealed condition. Table 11 includes the mentioned RHTT
parameters and correlation results. The annealed ring specimen showed
an estimated hoop yield strength virtually identical to the resulted
value in the longitudinal tensile test.
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(a)

(b)

Fig. 27. Metallographies of Cu C12200 R360 after annealing at 400 °C and 1 h (etchant: distilled water and nitric acid; 25 ml and 25 ml): (a) longitudinal section; (b) transversal

section.
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Fig. 28. Cu C12200 R360 pipe, as received and annealed at 400 °C and 1 h:
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(a) standard tensile tests; (b) RHTTs.

Table 11

Parameters obtained from experimental RHTTs and yield strength estimation.
Material Offset (mm) P, (N) o, estimated (MPa) Error (%)
Cu C12200 R360 0.340 89.10 319.1 -13.2
Cu C12200 R360 + Annealing 0.340 79.60 285.1 —-0.02

4. Conclusions

The manufacturing process related to metallic tubular parts moti-
vates that, in many cases, they show anisotropic mechanical properties.
The standard testing procedures to characterize the yield strength are
generally focused on the standard tensile test, but this is limited in these
parts to longitudinal characterization. Taking into account that tubes
and pipes are designed to support pressure loads, the most interesting
testing direction is the hoop ones. This fact motivates the interest of
researchers in the Ring Hoop Tension Test (RHTT) as an alternative me-
chanical characterization test for tubular parts. This investigation was
focused on the applicability of an RHTT using simplified pins instead
of D-shaped pins, in order to estimate the yield strength of metallic
materials. After numerical FEM analyses and experimental tests, a novel
RHTT was designed and the next conclusions were reached:

(a) Novelties for Small Ring Test:

(i) A correlation methodology for the estimation of the yield
strength was designed based on the offset method of the
standard tensile test.

From this numerical FEM analysis, the offset value with
the lowest scattering was equal to 0.15 mm, and a cor-
relation equation was obtained to relate the yield load
P, obtained from the SRT curve with the estimated yield
strength o,. This correlation equation showed non-

(ii)

ye

12

significant dependency with other mechanical properties
(Young’s modulus, proportional limit, hardening coeffi-
cient, or the presence of Liiders bands straining).

(b) Novelties for Ring Hoop Tension Test:

(1) The use of simplified pins instead of D-shaped pins mo-
tivated an important reduction in the dependency of the
yield strength estimation with the frictional coefficient in
the pin-ring contact.

The correlation methodology designed in the SRT, an
offset method, was extended to other ring geometries
with numerical FEM analyses and experimental tests, ob-
taining a correlation equation that took into account the
influence of slenderness, thickness, and width of the ring.
Experimental tests on aluminum and copper pipes with
different mechanical properties and ring geometries were
performed in order to validate the previous equations
and methodologies. The error level in the estimation of
the yield strength in the case of the aluminum pipe was
equal to 0.5%. The copper pipe, which was extremely
cold-formed, showed an error of —13.2%. This error was
related with the anisotropic behavior based on its cold-
formed state. In order to verify this assumption, the cop-
per pipe was annealed, obtaining a new yield strength
estimation error of —0.02%. These results validated the

(i)

(iii)
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proposed correlation equations for the estimation of the
yield strength of tubular parts in the hoop direction.
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