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a b s t r a c t

Spiral notch torsion fracture toughness test (SNTT) was developed recently to measure the intrinsic frac-
ture toughness (KIC) of structural materials. The SNTT system operates by applying pure torsion to uni-
form cylindrical specimens with a notch line that spirals around the specimen at a 45� pitch. The KIC

values are obtained with the aid of a three-dimensional finite-element computer code, TOR3D-KIC. The
SNTT method is uniquely suitable for testing a wide variety of materials used extensively in pressure ves-
sel and piping structural components and weldments, including others such as ceramics, their compos-
ites, and concrete.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The measure of fracture toughness is represented in terms of
stress-intensity factor. The mode I (tensile opening mode) stress-
intensity factor at the onset of rapid crack propagation under
plane-strain conditions is defined as fracture toughness, KIC, a con-
trolling reference parameter used in design to avoid catastrophic
brittle fracture. Adequate toughness is an essential attribute of
structure systems design. American Society for Testing and Materi-
als (ASTM) standard test methods, standard test method for plane-
strain fracture toughness of metallic materials (E399) [1], are
widely used to determine fracture toughness of metallic materials,
using compact tension and compact disk tension specimens having
thickness and volume sufficient to ensure the plane-strain condi-
tion at the crack front. Therefore, the accuracy and reliability of test
results may be questionable if the specimen becomes excessively
smaller than the minimum specimen size recommended by ASTM
standard. Meeting the requirements is difficult and impractical be-
cause structure systems materials to be investigated may be geo-
metrically unsuitable and/or have insufficient volume for making
the standard specimen. Therefore, use of small specimens for KIC

measurement is essential for application to nuclear reactor pres-
sure vessel safety surveillance because of the space limitation in-
side the reactor vessel. Clearly, there is a need of a new method
to obtain valid data using small samples. In current engineering
and regulatory practices, the fracture toughness safety margins
set forth in nuclear reactor pressure vessels surveillance program
are based on test results of Charpy V-notch (CVN) impact tests.
The indirect method will inevitably yield results with elements
of uncertainties; therefore, a large safety factor must be used to
ll rights reserved.
guard against unpredictabilities. If KIC values can be directly deter-
mined without interpretation, the uncertainty and safety factor
associated with current regulations on the safety assessment of
material properties can be relaxed in a rational manner. Direct
techniques to estimate in-service toughness degradation using a
variety of pre-cracked specimens are under active development
worldwide with emphasis on miniaturization.

Despite the international efforts on the development of small
specimen testing techniques, no methods currently exist for direct
measurement of KIC for small specimens without a concern for size
effect. Unlike the conventional test methods, the SNTT method is
capable of testing small rod specimens that bear no resemblance
to conventional compact tension specimens nor using conven-
tional mode of loading. Therefore, the SNTT method is unique
and innovative in both specimen design and loading concept.

Difficulties in testing of heat-affected zone (HAZ) and interpret-
ing precarious test data have frustrated researchers to derive
meaningful fracture toughness data [2–7]. The accurate determina-
tion of HAZ toughness will be immensely helpful to understand
material degradation or recovery occurring in the course of service.
Knowing chronological changes in HAZ toughness property will
lead to effective control and improve HAZ material properties
through proper processing and post-weld heat treatment. In weld-
ing processes, three zones of different material properties evolve,
namely, base metal, weld metal, and HAZ. In the safety surveillance
programs, the states of material degradation in all the three zones
are considered to be equally important to structural integrity since
they are inseparable. However, the HAZ is often evaluated differ-
ently from the other zones and even ignored from the integrity
evaluation. This is due to the lack of an effective means to analyze
the HAZ surveillance data, which often show inconsistent and se-
vere data scatter attributed to metallurgical heterogeneity of the
HAZ. Adequate test techniques to measure the KIC of complex
HAZ materials currently do not exist and are clearly needed.
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Fig. 2. Close view of SNTT set-up.
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Because the direction of crack growth is predictable, KIC values
can be reliably determined for functionally gradient materials and
metal–matrix composites, using the SNTT method. Therefore, the
SNTT method is a powerful technique for investigating the interfa-
cial material properties at HAZ and functionally gradient materials.

In real structures fracture failure seldom occurs in a single
mode, such as mode I in pure tension. Piping systems used in the
chemical and petroleum industries cannot be constructed without
curve-shaped components, such as elbows, U-bends and T-joints.
While these components are effective in providing system flexibil-
ity to mitigate flexural loading (mode I loading), they also create
torsional load (shear load known as mode III loading) to the piping
system. Fracture behavior under mixed mode loading (modes I and
III) is not well known partially due to the experimental difficulties
with the test method using a CT specimen. The SNTT method has a
significant advantage over the conventional methods to accom-
plish mixed mode fracture toughness testing by either using
different pitch angle of the spiral groove or applying various com-
binations of loads in tension and torsion to the standard specimen.

2. Spiral notch torsion test (SNTT) system

A new method, spiral notch torsion test (SNTT) system (see Figs.
1 and 2), was developed for determining fracture toughness values
for a wide spectrum of materials ranging from ductile to brittle
materials. Limited test results obtained for steel, aluminum, graph-
ite and mullite ceramic were compared and validated with those
reported in the open literature [8–11]. The new method appears
to be superior to existing test methods in terms of adherence to
theory and experimental methodology. Although the general con-
sensus has been supporting the method using compact-tension
specimens as a standard method, some deficiencies in full compli-
ance with the requirements of the classical theory of fracture
mechanics remain. The SNTT test system operates by applying pure
torsion to cylindrical specimens having a notch line that spirals
around the specimen at a 45� pitch angle. The pure torsion creates
a uniform equibiaxial tension/compression stress field on each of
concentric cylinders and the grooved line effectively becomes a
Mode I crack mouth opening. It is not difficult to visualize that
the rod specimen is a different manifestation of a compact-tension
Fig. 1. SNTT test set-up.
specimen having a width equivalent to the total length of the spiral
notch. Compact-tension specimen testing lacks a method to uni-
formly distribute applied load throughout the entire specimen
thickness because the stresses at and near the two free surfaces
are anomalous, resulting in shear lip formation often discernible
in fractured specimens. In contrast, the torque load acting on every
cross-section along the rod specimen is the same and directly mea-
surable. A plane-strain condition is achieved on every plane normal
to the spiral groove.

2.1. SNTT development goals

The motivations for developing the SNTT system are to:

� Generate intrinsic fracture toughness value.
� Eliminate specimen size effects.
� Establish a reliable and cost effective testing method.
� Generate consistent crack propagation.
� Minimize uncertainty in KIC determination.
� Enable mixed-mode (Mode I + Mode III) fracture testing.

A series of feasibility study successfully demonstrated that the
above six goals deficient in conventional testing methods have
been achieved. After analytical evaluation of a 3-D non-coplanar
crack front was completed, the fracture toughness was calculated
using an in-house developed 3-D finite element code, TOR3D-KIC
[12].

2.2. Basic theory of SNTT configuration

The SNTT test method uses a round rod specimen having a V-
grooved spiral line with a 45� pitch (Fig. 3(a)), subjected to pure
torsion. When the grooved specimen (Fig. 3(b)) is sectioned into
segments perpendicular to the groove line, defined as Z-axis, each
of the segments can be viewed as a CT specimen with a notch as
illustrated in Fig. 3(c). Since all the imaginary CT specimens are
bonded side-by-side seamlessly, the compatibility condition is
automatically satisfied in every XY-plane, which remains in place
before and after application of torsion loading.

In the absence of the V-groove, the stress state of a generic ele-
ment in a round bar under pure torsion can be depicted as shown
in Fig. 3(d), having the XZ-plane in tension and XY-plane in com-
pression of equal magnitude. When a notch is introduced
(Fig. 3(c)), the lateral sides of the wedge along the notch opening
line will not contract because the stress in shaded area ‘A’ is re-
lieved. The disappearance of the tensile stress along the notch
opening will shift the burden to the root of the notch, where a
sharp rise will occur in the tensile ryy component. Since the un-



Fig. 3. Stress fields of a torsion bar.

Fig. 4. Singular prismatic elements.
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stressed area ‘A’ does not contract in the Z-axis direction, while the
material ahead of the notch root has a propensity to contract, a
tensile stress field will develop in the rzz component in the root
area of the notch. The transverse tensile stress rxx developing
ahead of the notch front is due to the radial constraint. Therefore,
a tri-axial tensile stress field will evolve in the neighborhood of the
notch root area (see Fig. 3(e)). This observation has been experi-
mentally and analytically validated from the feasibility study.

2.3. 3-D non-coplanar crack front

Due to the 3-D non-coplanar crack front of SNTT configuration
and the lack of close form solutions, KIC of SNTT method was eval-
uated using 3-D finite element analysis and derived from mini-
mum strain energy density criterion [13]. The strain energy
density criterion states that crack growth takes place in the direc-
tion of minimum strain energy density factor S. The 3-D energy
density factor can be written [14] as

S ¼ a11K2
I þ 2a12K IK II þ a22K2

II þ a33K2
III;

where the stress intensity factors, KI, KII, and KIII, are evaluated from
crack tip opening displacement (CTOD) of singular prismatic ele-
ments around the crack front (see Fig. 4, where CTODs are deter-
mined from a 3-D finite element analysis) and can be written as
[15]
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where g = 1 at corner node, l shear modulus, m Poisson’s ratio, and
L1 is singular element length.

The crack growth occurs when
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1� 2m
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Thus, KIC can be estimated as
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where h0 is the angle of crack extension.
In the SNTT configuration, the crack propagation orientation is

directed toward and perpendicular to the axis of the cylinder,
h0 = 0. The other alternative to obtain KIC is using J-integral ap-
proach based on domain integral method. Typically, a finite ele-
ment model shown in Fig. 5(a) is used for brittle SNTT specimens
with shallow crack front and Fig. 5(b) is for ductile specimens.
The SNTT FEM model normally contains about 8000 20-node qua-
dratic brick elements with reduced integration and 35,000 nodes.

2.4. FEM modeling

The TOR3D-KIC computer code was developed to simulate the
3-D spiral crack front and crack propagation orientation during
transition phases between fatigue crack growth and the final frac-
ture under pure torsion loading. TOR3D-KIC is used as a means to
calculate mode-I fracture toughness of solid materials, using a
round rod-specimen having a prefabricated spiral V-grooved line
with a 45� pitch on the specimen surface. Mixed mode fracture
toughness values in various combinations of mode I, II, and III,
are derived with different spiral pitchs.

TOR3D-KIC uses three-dimensional finite element techniques to
analyze the crack tip opening displacement (CTOD) occurring on a



Fig. 5. SNTT FEM models.
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non-coplanar 3-D spiral crack front. An iterative process is used to
update the boundary conditions of the finite element method
(FEM) and match the fracture load with imposed torsion load. 3-
D wedge singular elements adjacent to the crack front are used
to simulate the r�1/2 stress singularity at the crack tip. Based on
the input of the fracture load and final crack length, the CTODs at
the crack flange along the crack front are analyzed and then inte-
grated into a mode I fracture toughness formulation using mini-
mum strain energy criteria.

2.5. SNTT specimen size reduction

The CT specimen, as shown in the upper area of Fig. 6, has been
widely used in existing fracture toughness test methods because
the general consensus indicates it is the next-best basic configura-
tion that nearly conforms to the strict requirements of the classical
theory of fracture mechanics. Despite the simplification, the
theoretical conditions (i.e., the conditions required to achieve uni-
formly distributed applied stress over the thickness and plane-
strain condition) can never materialize as long as the free surfaces
exist at both ends. The end effects will be further amplified when
the thickness decreases to a thin plate, as shown in Fig. 6. Another
dilemma is that an increase in specimen thickness will automati-
cally accompany an increase in specimen length and width in order
to maintain specimen rigidity under load.

To circumvent those problems, the SNTT System was developed
and predictions were evaluated for comparison with published
data to validate the method. In conforming to the stress and strain
constraints, which are conditions necessary to validate the use of
Fig. 6. Specimen size effect.
fracture mechanics theory, a round rod specimen is subjected to
pure torsion, as shown in Fig. 7. The pure torsion generates an equ-
ibiaxial tension/compression stress field on ±45�-pitched orthogo-
nal planes along the right conoids (radii emanating from the center
axis at a 90� angle), independent of the specimen diameter. A
plane-strain condition is maintained on every plane normal to
the spiral groove.

Because of the plane strain and axisymmetric constraint and the
uniformity in the stress and strain fields, the crack front must
propagate perpendicularly toward the specimen axis along the
conoids. Post-mortem examination verified the crack propagation
behavior (see Fig. 8). When a lobe of V-grooved spiral line with a
45� pitch is machined on the surface of the specimen, the grooved
line effectively becomes a Mode I crack mouth opening. Examina-
tion reveals that the rod specimen is a different manifestation of a
CT specimen having a thickness equivalent to the full length of the
spiral line (Fig. 9). It should be noted that the round specimen with
a helical notch also suffers the end effect at the notch line ends as
discussed earlier in the case of the CT specimen. However, with the
aid of Fig. 9, it is not difficult to illustrate that the load distribution
along the notch line on the round specimen is statically determin-
able in nature whereas the situation in the CT specimen is a stati-
cally indeterminate problem.

For the sake of discussion, the thick CT specimen is assumed to
be sectioned vertically in a number of equal segments, and the
round rod specimen is also cross-sectioned in a number of discs
having equal thickness, as shown in Fig. 9. Because the end seg-
ments in the CT specimen are anomalies that have a free surface,
the applied tensile load cannot be distributed evenly to all the seg-
ments. A statically indeterminate problem as discussed above is
theoretically somewhat complex but manageable, whereas it is
experimentally hopeless, if not impossible, to solve the problem.
When the rod specimen is subjected to pure torsion, all the discs
are subjected to the same torque load and the exact amount of
the torque load is known. It is a statically determinate problem.

Miniaturization is an important goal. This is made possible be-
cause the KIC values determined by the SNTT method are virtually
independent of specimen size. A cursory review of the stress and
strain fields in a CT specimen indicates that the key information
needed for determining the KIC values is manifested within a small
region near the crack tip; therefore, the rod specimen can be min-
iaturized substantially without the loss of general validity (Fig. 6).
The purpose of the vast volume of the material outside the critical
Fig. 7. Pure torsion.



Fig. 8. 7475-T7351 aluminum.

Fig. 9. Applied load distribution.

J.-A.J. Wang, K.C. Liu / Journal of Nuclear Materials 381 (2008) 177–184 181
zone in conventional samples is to poise the ideal far field of stress
and to provide a means to accommodate loading devices. This
redundancy is eliminated to the optimum condition in the round
rod specimen; therefore, the specimen miniaturization is
achievable.

2.6. Mixed-mode fracture toughness

In a recent study of mixed-mode fracture [16], utilizing a com-
plex test set-up with a specially machined CT specimen, test re-
sults indicate that mixed-mode (Mode I + Mode III) toughness
Fig. 10. SNTT specim
and tearing modulus reduced to 50% and 30%, respectively, com-
pared to those under Mode I only for some ductile materials.
Therefore, the synergistic impact due to the combination of flex-
ural normal stress (Mode I fracture) and the torsion shear stress
(Mode III fracture) to the fracture toughness of the materials used
in pressure vessel and piping (PVP) systems may need a review.

3. Experimental procedures and results

Torsion tests were performed on a closed-loop controlled, elec-
tro-hydraulic, biaxial testing system shown in Fig. 1. Shear strain
was measured using a biaxial strain extensometer and a Rosette
strain gage (shown in Fig. 2) for cross calibration. Pure torsion
was achieved with a zero axial force in control. Pre-cracking for
metallic specimens was accomplished with cyclic torsion using Ha-
ver sine wave form. The maximum torque used in pre-cracking
varies with materials and must be determined experimentally. In
the case of an A302B steel sample with 0.075 in. notch, 60–80%
of the torque that generates the shear stress of 300 MPa around
the specimen diameter will suffice, yielding a DK in the range of
20–25 MPa

p
m. The fatigue crack growth was measured by post-

mortem examination.
Fig. 10 shows the geometry of the specimen used in KIC mea-

surements of metallic alloys. The specimen has a uniform gage sec-
tion on which a complete lobe of spiral V-groove with a pitch of 45�
is shown for mode I testing. The pitch angle can be tailored for a
mixed mode test. The squared end sections were made to transmit
torque and the threaded ends for zero axial load control. The size of
the test specimen is optional depending on the availability of the
material. Specimens were fabricated from a 2-in. thick plate of
7475-T7351 aluminum alloy and a block of A302B steel. Observa-
tion of the fracture surface of 7475-T7351 aluminum specimen
indicates that crack propagation orientation is toward and perpen-
dicular to the central axis of torsion specimen. The reader is
referred to Ref. [9] for experimental details and test results of
metallic materials.

3.1. Ceramic material testing

Ceramic materials are usually available in a small volume, and
small round rods are most common. Mullite ceramic material
was selected in this experiment. A straight mullite ceramic rod,
having each end bonded with epoxy adhesive to a square-ended
metal holder of the same design used in the metal specimens,
was used in the experiment. Fatigue precracking can be waived
for KIC evaluation by using SNTT on brittle materials. For the test
en configuration.



Fig. 11. SNTT mullite sample.

Fig. 12. The SNTT A302B specimen.
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on mullite ceramic, a shallow spiral V-groove with a depth of
0.5-mm on the uniform gage section of 17-mm diameter was suf-
ficient. The specimen failed at 49.67 N m torque at room tempera-
ture. Postmortem examination indicates that the failure mode is a
brittle fracture along the helix (Fig. 11). The KIC was estimated as
2.21 MPa

p
m obtained by SNTT and reported as 2.20 MPa

p
m in

ORNL report [17].
Fig. 13. Plot of torsion test results from (a) load cell and st
3.2. A302B steel testing

The A302B specimen (Fig. 12) has a uniform gage section of
20.3-mm diameter and 76.2-mm gauge length. A A302B specimen
having a spiral V-groove with a depth of 1.9-mm was tested. An
exploratory fatigue precrack procedure was used to control crack
growth with reference to the change in slope of the load–displace-
ment curves. The specimen (Fig. 12) fractured at 519.7 N m torque
at room temperature. Test results obtained from the strain gage
and biaxial extensometer are shown in Fig. 13(a) and (b), respec-
tively. Postmortem examination indicates that the final failure
mode is brittle fracture.

A recent effort on developing fatigue precrack protocol for using
miniature SNTT samples of A533B steel was successful. A compar-
ison of fractures obtained from the prototype and miniature test
specimens is illustrated in Fig. 14.

3.3. MA956 inconel alloy

Because of limited availability of alloy MA956, four small SNTT
samples with diameter of 3.8 mm (0.15 in.) were used for explor-
ing fatigue precrack and fracture behavior for the as-received
(non-oxidized) alloy. Three SNTT MA956 specimens were used
for evaluating the fatigue precrack procedures. This fatigue pre-
crack procedure was then used to precrack some of the SNTT base-
line samples. The sample of MA956 was fractured at 32 N-m with a
0.06-in. deep crack. The estimated toughness of the as-received
MA956 material was about 68 MPa

p
m. The fracture SNTT samples

are shown in Fig. 15.

3.4. Graphite material

A pilot study of applying SNTT to graphite material was also car-
ried out. A shallow spiral groove was machined on the SNTT sam-
ple, no further precrack was provided to the SNTT graphite
samples. The estimated fracture toughness of SNTT graphite sam-
ples is 1.0 MPa

p
m, and the fracture SNTT samples of 15-mm and

25.4-mm diameter are shown in Figs. 16 and 17, respectively.

3.5. Fracture toughness evaluation

A summary of KIC value for A302B steel, 7475-T7351 aluminum,
mullite ceramic, MA956 alloy, and graphite are stated in Table 1.
rain gauge, and (b) load cell and biaxial extensometer.



Fig. 14. SNTT specimen miniaturization.

Fig. 16. Fractured graphite SNTT samples, 15-mm dia.
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The reader is referred to Ref. [9,10] for details of fracture toughness
evaluations (see Figs. 18).

Due to the limited experimental data obtained, no uncertainty
analysis was carried out. However, the long crack front and the
stringent plane strain condition should yield less uncertainty com-
pared to conventional test methods. The characteristic features of
the uniform crack fronts discerned in tested torsion samples ap-
pear to support the above statement.
Fig. 17. Fractured graphite SNTT samples, 25-mm dia.

Table 1
SNTT KIC evaluation

Materials KIC (MPa
p

m)

SNTT Method conventionala

A302B steel 55.8 55.0 CT
7475-T7351 Al 51.3 51.0 Vendor/CT
Mullite ceramic 2.21 2.20 3P
MA956 Inconel 68 Not available
Graphite 1.0 1.0 Vendor/CT

a In TL orientation and at room temperature.
4. Conclusions

A new torsion bar testing method, SNTT, has been developed for
estimating the opening mode fracture toughness, KIC. A round-bar
specimen having a spiral V-groove line at 45� pitch is used, sub-
jected to pure torsion. Commercially available mullite ceramic,
graphite, MA956 Inconel, 7475-T7351 aluminum, and A302B steel
were tested. The KIC values for the materials were estimated with
the aid of a 3-D FEA code (TOR3D-KIC) based on the fracture load
and final crack length data. Predicted values derived from SNTT
were compared with ORNL CT data, those reported by vendors,
and those available in the open literature. Results show that KIC

values estimated from SNTT are nominally higher than those from
vendor’s data by 0.2% for mullite material, 0.8% for 7475-T7351
Fig. 15. Fractured MA956 SNTT samples.

Fig. 18. SNTT graphite test set-up.
aluminum, and 1.6% for A302B steel. The vendor’s CT data in the
TL orientation (crack propagate in the rolling direction) [1] is com-
parable to the torsion data. Agreement between the SNTT data and
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data reported in the literature is remarkable, in view of possible
material variation, inhomogeneity, and anisotropy, indicating the
proposed method is a reliable technique.

The unique features of the proposed testing method are:

� It conforms to the classical theory of fracture mechanics.
� It is not limited by sample size or volume.
� It can test multiple modes of stress (e.g., flexural normal stress

and torsional shear stress) simultaneously.
� It controls crack propagation and thus produces consistent

results.
� It can test a wide variety of materials, such as metals and alloys

(including the heat-affected zone of welds), ceramics, compos-
ites, polymers, carbon foam, and concrete.

� It does not require fatigue precracking of brittle samples.
� It has a potential for use to determine the KIC values of interface

of inhomogeneous material [18] and mechanical properties of
HAZ.

The SNTT technique is envisaged to offer new opportunities for
use in material research, particularly in the field of welding tech-
nology, and as an effective and economical tool for nuclear PVP
system surveillance use.
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