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ABSTRACT

Double Torsion (DT) is a powerful testing technique for fracture mechanics characterization
of brittle materials as, in principle, it provides a crack length independent test configuration.
However, several corrections have been proposed to address reported scatter of experimental
results from various laboratories. These correction factors address the validity of the DT
configuration and its crack length independent stress intensity. Never the less, there seems to
be no consensus in literature on the various corrections and the reason of reported scatter.
This paper presents a critical review of the DT technique and its proposed corrections through
an experimental analysis using the proposed corrections, a Finite Element model of the
geometry and Digital Image Correlation to measure out-of-plane surface deformations. It
focuses the validity of the constant stress intensity regime and the independence of crack
length using Polymethylmethacrylate in a critical evaluation.

Assessment of three un-grooved specimen geometry configurations demonstrated the
apparent regime of constant stress intensity, although a small but clear dependence of the
stress intensity on crack length was observed in all specimen configurations. This
dependence is attributable to significant load-point deflections and out-of plane deformations
that are not accounted for in the DT analysis. Revisions of the proposed analysis
methodologies show that a crack length independent specimen geometry can be achieved,
however at the cost of accurate data. Reliable data can be achieved with DT testing
configuration using an optimum specimen configurations.

Keywords: Double Torsion, review, PMMA, facture toughness, VK relationship, Digital

Image Correlation (DIC), out-of-plane deflections.
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Crack length

Crack surface area

Initial or final crack length during load relaxation tests
Notch length

Crack offset from specimen symmetry line

Crack front extension

Compliance relationship slope determined analytically
Compliance relationship slope found experimentally
Compliance

Crack front inclination (da /d)

Specimen thickness

Compliance relationship y-axis intercept found experimentally
Specimen thickness with notch

Young’s modulus

Shear release rate energy (Mode I)

Critical strain energy release rate

Chevalier’s correction constant

Effective stress intensity

Stress intensity factor for mode I and mode III respectively
Fracture toughness (mode I)

Specimen length

Sub critical crack growth constant

Chevalier’s correction constant

Sub critical crack growth index

Distance through specimen thickness (r=d at upper tensile surface)
Applied load

Critical applied load

Initial or final applied load during load relaxation tests
Time

Crack velocity

Specimen width

Moment arm / lever arm

Offset or error in moment arm due to misalignment
Cross head displacement

Cross head velocity

Crack front angle

Poisson’s ratio

Ciccotti’s correction function

Crack velocity averaging value

Ciccotti’s correction function

Thickness correction factor

Shear Modulus



1. INTRODUCTION

The Double Torsion (DT) technique is a powerful testing configuration, which allows the
investigation of fracture characteristics of highly brittle materials. One of the distinguishing
features of this technique is that the stress intensity factor (SIF) is said to be independent of
crack length. This feature is especially attractive as it enables the propagation of relatively
long cracks in a highly controlled manner in exceptionally brittle materials, such as graphite
for example [1]. Further, due to the way the DT specimen is loaded, the geometry allows for
easy crack tip observations at a constant crack driving force, useful for fracture process zone
observations in quasi-brittle materials [1, 2]. The technique is also suitable for testing
configurations where crack length measurements could be difficult to make, such as the
evaluation of opaque and non-reflective materials, or in high temperature and controlled
environments. Another advantage over other testing configurations, such as single edge
notch bend (SENB) or compact tension (CT), is the ability to easily generate slow crack
growth studies (the VK relation between stress intensity factor K and crack velocity V during

sub-critical crack growth).

The technique was first introduced by Outwater and Gerry [3] in the late 1960’s and the main
development of the DT technique may be attributed to Evans [4] and William and Evans [5]
and several good reviews are available in literature [6, 7]. The specimen configuration
essentially comprises of a rectangular thin beam supported in four point bend configuration at
one end where the crack propagates through the specimen’s length. A schematic diagram of
the DT specimen is shown in Figure 1, where: a is the crack length, a, the notch length, w,,
the applied moment arm with load P and deflection y at the load points. The specimen has
dimensions: length L, width W and thickness d. Grooves, aligned along the specimen length,
are sometimes used to constrain the crack path. These, however, can cause substantial stress
concentrations near the crack tip [7-9], whereby with careful alignment of the test specimen

in combination with a high-quality fixture the need for these grooves can be eliminated [7, 9].

The cornerstone of the DT methodology is the aforementioned feature of a crack length

independent SIF. According to Williams and Evans [5] the strain energy release rate G, and

hence an equivalent SIF (using K = VEG), is given by

du _ P?2dc _ whP?
dA  2dda  2uwd*y

GI = (1)



where U is the total strain energy, A the crack extension surface area, P the applied load, C
the compliance of the specimen, u the shear modulus and y a thickness correction given as a

function of W/d*.

The above expression, Eq. 1 is entirely crack length independent and has been derived from
the following assumptions.
— The specimen has two symmetrical, independent halves, subjected only to torsional
loading due to load P with moment arm w,,. The crack separates the two halves.
— The specimen is only subjected to small torsional deformations and the unbroken
ligament is assumed to remain rigid.
— The crack front or crack profile is assumed to remain constant throughout crack
extension.

— Fracture occurs in pure mode I.

The practical importance of these approximations, made necessary by the analytical
approach, is still unknown and several concerns around the actual crack length independence
arose independently from several different investigations [8, 10-17]. It has been shown that
the stress intensity factor could be a function of the crack length, indicated by a shift in the
VK relationship data [11-16] (discussed in section 4.5). As a result, various corrections have
been incorporated into Evan’s conventional methodology. These include Leevers et al’s
large deflection correction [18], Chevalier et al’s crack length dependent SIF correction [12]
and Ciccotti et al’s finite element based correction to account for crack length dependencies
in VK relationship data [19, 20]. These corrections, which are based on analytical, empirical,
or FE derivation aim to force the inherent crack length independent geometry. None-the-less,
there seems to be no consensus in literature on the various corrections and the reason of
reported scatter. It follows that although the DT technique offers significant advantages due
to its ability to propagate cracks controllably, there remains a concern about its inherent crack

length independence and other aspects such as the optimal dimensions and test procedures.

Given that question remains regarding the applicability of the crack length independent SIF
and the technique is yet to be standardised, this paper aims to critically assess the DT
technique and its correction factors. It intends to address the proposed corrections with

respect to the crack length independent SIF and investigating the importance of the



approximations made with respect to the analytical derivation. Considering that alignment is
critical in the DT configuration, the effects of misalignment are also investigated. The
evaluation is made via an experimental procedure of the various proposed corrections (Evans
[4], Leevers et al. [18], Chevalier et al. [12] and Ciccotti at al. [19, 20]), a finite element (FE)
analysis of the full DT specimen geometry accounting for crack surface interaction, and
measurement of the out-of-plane deflections of loaded samples by digital image correlation

(DIC).

2. ANALYTICAL ANALYSIS AND PROPOSED CORRECTIONS

The DT specimen comprises a rectangular plate which is loaded in a four point bending
configuration at one end across a starter notch (Figure 1). The specimen can essentially be
considered as two halves around the cracked portion, which deform independently.
Subjected only to small torsional deformations, the stiffness of each half is a function of its
cross-section and length. As a result, the stiffness of each half and thus the specimen is only
function of the specimen’s crack length. If assumed that the unbroken ligament remains

completely rigid, a linear compliance relationship is obtained [4]

2)

The crack front or crack profile is assumed as straight and perpendicular to the specimen
plane throughout crack extension. It is worth mentioning that this linear compliance
relationship provides the aforementioned crack length independent SIF. It has been shown
experimentally, that the compliance is indeed linear, however a scaling constant is included

to account for a shift in the compliance slope [4, 5, 14].

C(a) =%=BEa+DE 3

where, B is the slope and Dg is the y-axis intercept. The experimental compliance has been
shown to be in agreement with the analytical compliance [14], in which case Dg is assumed

to be zero and

By ~ 3w,,*/WdPu = By (4)



The crack profile in DT setup is curvilinear and therefore, a crack front inclination is defined
by ¢ = Ada, where Aa is crack extension difference between the upper and lower surface
(Figure 1). It has been contended that the crack front geometry is material specific [21] and
dependent on the slow crack growth exponent [22]. However, it has also been shown that the
shape of the crack front does not vary with crack length and therefore the assumption of

constant crack extension is still valid [5, 23].

2.1. Evans’ “conventional” methodology

Eq. 1 provides the elastic strain energy release rate for the DT geometry, obtained using
Irwin’s expression for Linear Elastic Fracture Mechanics (LEFM) in mode I rupture. For this
the crack front shape is assumed to remain constant through crack propagation, so thatdA =

d - da. Since LEFM conditions apply, G; may be related to the more commonly used SIF
by K; = /(E'G) where, E'=E/(1 —v?) and E' = E in plane strain and stress conditions
respectively (E and v being the Young’s Modulus and Poisson’s ratio). The expression for K;

is given in Eq. 5 for plane strain conditions

E _ 3
K (P) = Piin sy ©

where, u is the shear modulus and Y (d, W) a thickness correction factor, derived by Fuller

[14], to account for the interaction between the crack surfaces.

(1) =1 —0.63027 + 1.207e /= (6)

where t(d, W) = (2d/W). The validity of the thickness criterion was confirmed using tests
of a glass ceramic [24]. The SIF given by Eq. 5 is a function of the applied load, the test
specimen geometry and Poisson’s ratio but independent of crack length. It is this
characteristic that makes double-torsion testing most attractive. The independence of the SIF
however, is limited to a range of crack lengths due to edge effects, which can lead to a
deviation from the linear crack length-compliance relationship. Generally the middle half to
a third of the specimen is regarded as crack length independent [7]. The critical strain release
rate energy Gy, or fracture toughness, K;,, may be calculated by substituting P with the

critical load P, into Eq. 5.



2.1.1. Crack growth analysis

One of the most important characteristics of the DT methodology is the ability to measure the
rate of slow crack growth without having to monitor the crack length on a continuous basis.
For this, the sub-critical quasi-static crack growth or materials experiencing environment-

assisted cracking is defined by the relationship

V = BK," (7)

this may be reformulated as

log(V) = nlog(K;) + log (B) (8)

where, log(B) is a constant and # is the subcritical crack growth index. n may be evaluated

by the commonly used load relaxation technique or the constant displacement technique.

According to the load relaxation technique, a pre-cracked specimen is loaded to just below
the expected fracture load (i.e. 0.9 fo 0.95 P.) and the crosshead displacement is fixed (noted
as subscript ). The increase in test specimen compliance with crack growth relaxes the load

with time and can be described by differentiating Eq. 3 with respect to time

a _ @ pp da
< = (Bga+ Dp) T+ PBp 5 9)

Since the DT geometry enjoys a linear compliance and the crosshead is arrested during a load

relaxation procedure, the initial and final loads may be equated

P;(Bga; + Dg) = Ps(Bgas + Dg) (10)

where subscripts ‘i’ and ‘f denote the initial and final during a load relaxation procedure.
Hence, by setting Eq. 9 equal to zero and rearranging it with Equation 10 an expression for

the crack velocity V'is given as

0= (5), = 072 (g +2) (2), an

where ¢ is a crack velocity averaging factor derived by Pollet and Burns [23], which is

required since the crack velocity varies along the crack front’s curved profile.



p@d) = (A [ sinlaGoDr) (12)

where 7 is the slow crack growth exponent and a is the function of the crack front angle to
the specimen’s surface. Other curved crack front corrections have been derived [4, 25, 26].
However Pollet and Burns’ averaging process is more widely accepted in the literature.

Fuller assumed that the ratio Dg/Bg, used in Eq. 11, may be excluded if significantly less than

ai‘f.

Another technique for slow crack growth determination using the DT technique includes the
constant displacement rate technique. The crosshead is moved at a constant rate and the load
value is allowed to reach a plateau (with dP/dt ~ 0), where the increase in load from
crosshead movement is balanced by relaxation of the test specimen load due to crack growth.

If the plateau load is given by P, Eq. 9 reduces to

. _ 1 fl) _ Yp
Ve0,0) = bo-(5) = din (13)
2.2. Leevers’ corrections

Leevers’ proposed a correction for the errors caused by large deflections at the load points
[18]. The large deflection correction (LDC) corrects for the decrease in moment (w,,) due to
the rotation of the loading contact points on the specimen’s surface as shown in Figure 2.

LD

This is defined as w,,“P¢ in this paper. Earlier work done by Hine et al. [27] provided a

different LDC, although this was since shown to generally under estimate the error [18].

2.3. Chevaliers’ correction

Chevalier and co-workers [12] reported a crack length dependence of the SIF in studies of
zirconia and alumina. They attributed a minor crack length dependence due to deflections of
the unbroken ligament and then proposed a correction for load relaxation tests that depended
on the sample dimensions and loading configuration. The crack length independent SIF was

then

m

K" (P,) = K (P) (&) (14)



where, m and k are constants for the test specimen geometry and material considered. The

crack length was estimated during load relaxation tests as

Pi'f(BEai'f+DE))_DE

a"(P) = ( r (15)

derived from the compliance relationship. Their correction results in a shift of the VK curve
and an increase of the stress corrosion index n [28]. Crack velocities are found using Eq. 11

or Eq. 13.

2.4. Ciccotti’s correction

Ciccotti and co-workers [19, 20, 29] performed a three dimensional finite element (FE) stress
analysis on a symmetric DT geometry model, including contact between the crack faces.
They concluded that appreciable deviations (as much as 40%) occurred from the classical
analytical solution for strain energy release rate, and that these were due to non-linearity of
the compliance relationship. They provided two correction factors ¢@(a) and é(a) for
calculation of K; and V to account for experimental variables such as crack shape, groove

width and depth, notch length and test specimen geometry

C%(a) = p(a)B,a (16)

K,“(P,a) = K,* (P)Jo(a) (17)
i _ §(ajf) apfPis (d

Ve(P,t,a) = —¢ Ta’;—ﬁz ! (d_i)y (18)

Both correction factors are a function of crack length, which may be estimated by

aCi (P) =Cc-1 (C(aii)Pi,f) (19)

The correction factors were derived from FE models with five different crack lengths for
three different specimen geometries. The functions for these correction factors were then
obtained by a 3rd order polynomial fit to these five data. It is important to note that the
recorded values are conditioned by the sample geometry. In cases where the sample

geometry differs, linear interpolation is used. Examples were published by the authors [20].



3. EVALUATION PROCEDURE
This evaluation aims to examine the aforementioned assumptions which the DT methodology
is based upon to achieve a crack length independent SIF. To do this, the evaluation consists
of three parts:
— An experimental evaluation analysed using Evans’ methodology and the corrections
proposed by Leevers’ Chevalier and Ciccotti using three specimen configurations.
— an FE simulation of the full specimen geometry, which includes crack surfaces
interaction, a realistic loading configuration and an assessment of misalignment.

— DIC observations to measure the out-of-plane deflections of the unbroken ligament.

3.1. Experimental Evaluation

Compliance tests, fracture toughness tests and VK investigations were undertaken using
Polymethylmethacrylate (PMMA) specimens. PMMA is a clear, homogenous, isotropic
brittle material that allows for easy observation of the crack tip. The material properties of
PMMA were taken as u=1.4 GPa for the shear modulus and E=3.7 GPa for the Young’s
modulus [30].

Three different specimen geometry ratios were considered, normalised with respect to the
width and notated as a length to width to thickness ratio (L : W : d). These are summarised in
Table 1. These were chosen from the dimensions previously used by Chevalier [12], Tait [7]
and Ciccotti [19, 29]. Starter notches were machined to lengths of a,=20mm or 40mm with a
crack front inclination of c¢=4 to closest resemble the curved crack front and to ensure
symmetrical crack initiation. Specimens were pre-cracked to length a, to achieve a sharp

fully formed curved crack front, unless the aim of the experiment dictated otherwise.

A DT fixture was constructed to reliably achieve symmetrical crack growth. This was found
to eliminate the need for side grooves to control crack growth. Non-symmetrical crack
propagation within the defined crack length independent SIF shown in Figure 1, (i.e.
deviation of the crack path from the centreline of the specimen) was recorded as a,y. The
crack length independent SIF region was regarded as 0.25<a/L<0.75, according to Tait et

al’s recommendations [7].
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The experimental tests were carried out in the Materials laboratory at the University of Cape
Town at room temperature using a Zwick tensile/compressive servo controlled, screw driven
testing machine with a 5 kN load cell. Crack length measurements, to an accuracy of 0.2
mm, used a Nikon SMZ10 microscope mounted on a sliding mechanism. Specimens were
pre-cracked to length a, at a low cross-head speed (> 0.1 mm/min, manually controlled), until
a fully formed crack front was established. Load, displacement and time were recorded
continuously. Compliance curves were thus determined according to Eq. 2, 3 and 16 for the
analytical, experimental and Ciccotti’s compliance, respectively. SIF values were then
calculated using Eq. 4, Eq. 14 and Eq. 17 for Evans’, Chevalier’s and Ciccotti’s
methodologies respectively. Fracture toughness tests were conducted at a fast cross head
speed of y = 4 mm/min sufficient to ensure unstable fracture [14] where the critical load P,
was used to calculate K;. VK data was determined using load relaxation and constant
displacement rate tests for comparative purposes using Eq. 11 and Eq. 13 for Evans’,

Leevers’ and Chevalier’s methodologies and Eq. 18 for Ciccotti’s method respectively.

3.2. Finite Element Model

A FE model of the DT geometry was constructed using ABAQUS/standard V. 6.7 [31]. The
FE model represented the full DT geometry and loading configuration under constant
displacement loading (Figure 3a). Most of earlier FE models assumed a symmetrical DT
geometry, in which the model only described half of the specimen, loaded in pure torsion [29,
32]. This was due to computational limitations that no longer apply. In those analyse the
cracks were treated as discontinuities with smooth and frictionless surfaces where mode 1
loading was assumed. However, if the crack surfaces offer frictional resistance due to sliding
in the DT configuration, a symmetrical assumption may lead to error. The modelling of the
whole specimen provides a more realistic configuration that can analyse the effects of load
misalignment and crack opening modes. Contact between the crack surfaces was defined by
the Coulomb friction law for rough surfaces, with an assumed friction coefficient of 0.5 [33-

35].

A concentrated mesh with collapsed elements at the crack tip was used (Figure 3a and b).
This allows a better description of the strain field near the crack tip and has been validated
against analytical solutions [32]. Mode I and III stress intensity factors along the crack front
were directly calculated by ABAQUS using the contour integral method [36]. Additionally,

the out-of-plane deflections of the ligament and the compliance relationship were extracted.
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The rotational loading was applied as a displacement to an analytically rigid body, tied to the
outer edge of the DT geometry (Figure 3a). This gave a four point bending loading
configuration with a moment arm length w,. This way, the torsional load configuration
incorporating the fixed support points (as a 4 point bend configuration) could be modelled
excluding any point load effects. 20 different specimen configurations were modelled.
These consisted of two specimen geometry ratios, each with two different crack front
inclinations, namely c¢=0 and c=4, at five crack lengths of 37.5, 56.25, 75, 93.75 and 112.5
mm respectively. The crack front inclinations were limited to a maximum inclination of c=4

so as not to distort elements internal angles below 10°.

Since non-grooved specimen geometries were considered, the effect of specimen
misalignment was modelled as a percentage difference in the applied moment on each
specimen halves torsion arm. This was believed to be an accurate representation of
misalignment since misalignment of the specimen in the loading jig would result in a shift of

the loading points and would cause an imbalance in the applied moment.

The models contained a total number of 7468 and 9465 quadratic brick elements for the
geometries with crack front ¢=0 and c=4 respectively. PMMA was defined as a linear elastic

material with the properties stated previously.

3.3. Digital Image Correlation

DIC allows full field displacement measurements to be obtained throughout the deformation
of material in two or three dimensions, depending on the camera system [37]. DIC operates
through the discretisation of an image into multiple interrogation windows, which are
correlated with the same features in the following images. Displacement vectors are obtained
for the change in position of each interrogation window, allowing strain distributions across
the full image to be calculated [38]. DIC allows sub-pixel displacement measurements [39].
The technique is independent of scale, with the quality of results depending on the image

capture camera, particularly its bit depth and resolution.

The Digital image correlation technique was employed at the University of Manchester to
analyse the out-of-plane deformation during cracking of PMMA DT specimens. The system

used two Davis ® Imager Pro X 4 Megapixel cameras and LA Vision DaVis software ver.7.2
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[40]. The two camera analysis was used as the DT specimen experiences some out-of-plane
deflections. These cause errors in single camera observations, and it was necessary to
measure the in-plane displacements accurately [41]. The displacement vector accuracy is
dependent on the interrogation window size, and best results were obtained by an
interrogation window size of 128 x 128 pixel window size with 75% overlap, which allowed
for around 0.01 pixels accuracy [40]. The large overlap provided a sufficient number of
displacement vectors. One pixel was approximately 50 um, for an imaged area of 100 x 100
mm. The DT specimens were tested at 4 mm/min constant displacement rate with DIC

frequency of 1Hz.

4. RESULTS AND OBSERVATIONS

52 PMMA specimens were tested in the experimental evaluation. This included 20 fracture
toughness tests, 20 VK investigations (limited to a maximum of three relaxations per
specimen), nine compliance tests and three DIC observations. Their respective dimensions

are reported in Table 1.

4.1. Correction Factors

Table 2 shows all the calculated aforementioned correction factors for the three specimen
considered specimen geometries, determined according their specified methodologies. The
LDC correction was found to be essential, as large deflections at the load points result in a
significant decrease of the moment arm w,,. An example is the decrease from /6 mm to /4.5
mm for the 4.0 mm thick specimen configuration. Failure to correcting for these large
deflections can result in an error in K; of up to 25% (Figure 4). The crack front inclination
was established at ¢ = Aa/d = 5, where the crack tip shape, once established, was found to

remain constant with crack length.

4.2. Compliance Relationship

Table 3 summarises the linear compliance relationships found experimentally, analytically
and through the FE model respectively. A good average correlation was found between these
relationships with less than 2% difference. It is worth mention, that the assumption that

Dp/Bg in Eq. 11 is significantly less than a; r (as commonly assumed), does not hold true

here, as Dg/Br has a magnitude of approximately 20 mm compared to a; s, which ranged from

13



37.5 to 112.5 mm. This becomes significant for the VK data plots and thus requires
experientially determined compliance in order to reduce a significant shift in VK relationship

data.

Since the crack length independence of the DT technique is dependent in the linearity of the
compliance relationship, it provides a tool for assessing the aforementioned assumptions.
This is shown in Figure 5, which compares the compliance relationships obtained from the
experimental, analytical, Ciccotti’s correction and the FE model for the 2.7W : W : 0.11W
configuration. The experimentally and FE determined compliance show similar behaviour
with a slight deviation from linearity at larger crack lengths. This observation was found in
all specimen configurations (most exaggerated with the thicker 2.7W : W : 0.11W geometry)
and thus suggests a crack length dependent geometry. Ciccotti’s corrected compliance,
which aims to provide a crack length independent geometry, did not agree with experimental

data.

The non linearity of the compliance has been attributed to the deformation of the unbroken
ligament [12, 28], which introduces error in the prediction of torsional deformation of the
broken ligaments. The observation of surface displacements obtained by DIC (2.7W : W :
0.11W geometry.

Figure 6) confirms these out-of-plane deformations. 2.7W : W : 0.11W geometry.

Figure 6 additionally confirms, in agreement with the FE model, that these deformations do
not remain constant with crack extension thus contributing to the overall non linearity of the
compliance data. This effect again is amplified by the thicker specimen configuration. This

is further discussed in section 5.

4.3. Crack length independence

To further investigate the effect of the non-linear compliance, the various proposed
corrections were compared by plotting the SIF, calculated according their methodologies,
versus the crack length. This is shown in Figure 7 for the 2.7W : W : 0.11W configuration.
Both Chevalier’s and Ciccotti’s corrections achieved the crack length independent SIF (i.e. a
constant SIF), however, a gradual decrease in the SIF with increasing crack length was
observed when using Evan’s “conventional” methodology with or without the LDC. These
findings are in agreement with the FE analysis (Figure 8), where a clear crack length

dependence on the SIF was found, especially for the thicker specimen configuration.
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Additional factors which can contribute to the overall validly of a crack length independent
geometry are the testing procedures. Similar to Figure 7, Figure 9 illustrates the variation of
the SIF with crack length for specimens with various crack propagations for the 3W : W :
0.08W configuration. Investigated were the effects of a fully pre- and symmetrically cracked
specimen, versus a non-pre-cracked or non-symmetrically cracked, or both specimens. Also,
Figure 9 clearly shows the effect of misalignment and the pre-cracking procedure. The
observations were the following:

— During the pre-cracking stage the curvilinear crack front develops. At this point the rate
of crack extension area dA is not constant, but increases until a fully formed crack front
has developed. This has been confirmed by Ricco et al. [42] who compared the load vs.
time relationship for PMMA specimens with the corresponding crack speed vs. time
recording, obtained from a video recording. Hence, the assumption made in Eq. 1 do not
hold valid and it follows that during the pre-cracking phase artificially high SIF’s are
obtained that lead to erroneous fracture toughness readings or unreliable VK relationship
data.

— During non-symmetrical or “skew” crack propagation the opposite can be observed. The
calculated SIF decreases with increase in crack deviation (a.g). The argument follows
that due to the non-symmetrical crack propagation the torsional stiffness changes in each
half. The ability to support the same torsional load, in the case of the reduced specimen
half, reduces and hence the ability to support the crack propagation weakens. This
argument is in agreement with Salem et al. [43] who tested non-symmetrical specimens
and concluded that specimen symmetry should be within 1%. This is further discussed in

Section 4.7.

There is an important observation to note; since the measure of fracture toughness is only
dependent on the peak load and crack deviation is always small at short crack lengths
(provided the starter notch is machined on the symmetry line), the consequence of misaligned
specimen in the fracture toughness is small. The effect of misalignment, however, becomes

adverse in VK investigations since continues SIF is required over larger crack extensions.

The FE analysis provides additional insight into the SIF’s independence with crack length.

Visual inspections have shown that the crack tip front remains similar in shape over the

15



middle section of the specimen. The SIF distributions along the specimen depth for two
considered crack lengths, namely 37.5 mm and //2.5 mm are shown in Figure 10. Since an
angled crack front was assumed (¢ = 4), the SIF profile is not representative of a real crack
front, which is curved. However, it can provide insight into any variations of the profile with
crack length. Observed in Figure 10 was a small overall decrease between the two profile
curves (with increasing crack length). This is in agreement with the experimental

observations where a similar trend was observed.

One of the difficulties associated with the double torsion technique is whether it is
appropriate to describe the mode of failure as mode 1. Fuller [14] believed that the fracture
mode is indeed mode I since the loading configuration and specimen geometry are
symmetrical about the crack plane. The contention that there is a mode III (shear) component
appears to depend on the relative amount of axial to through thickness crack driving force
[14]. The FE analysis conducted in this paper shows that indeed some mixed mode fracture
is present suggesting a mixed mode loading configuration as shown in Figure 10. The
analysis shows a mixed mode facture is less than 2% and no thickness dependence could be
established between the two considered geometry configurations. The error induced by the
assumption of pure mode I failure seem negligible considering experimental error and
comparative results with other techniques show that the mode I is in fact applicable for

materials which have much larger K; than Ky values [5, 14].

4.4. Fracture Toughness

Table 4 shows the results of 20 fracture toughness tests, which were undertaken at a constant
crosshead displacement of y = 4 mm/min. Excellent agreement was found between the
toughness values obtained from the Evans methodology and the FE model. Chevalier’s and
Ciccotti’s corrections are strictly speaking derived for load relaxation tests, however, since
the fracture toughness is obtained as a maximum, the use of their correction methodologies is
possible. In agreement with Madjoubi [28], Chevalier’s correction generally gives an
overestimation in SIF due to the exponent value. Ciccotti’s results on the other hand show a
decrease in SIF, which may be attributed to the fact that specimen ratio of 2.7W.: W : 0.117W
was not entirely satisfied. No dependence on specimen geometry ratio was observed within

each analysis method.
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4.4.1. Direct calculation of Fracture Toughness

To validate the aforementioned calculated fracture toughness, an alternate approach was
utilised, which directly calculates the fracture toughness using the Irwin relationship and
specimen compliance. This method is similar to Albuquerque and Rodrigues determination
of R-curves using the DT geometry [44] and is based on the assumption of linear elastic

fracture mechanics (LEFM).

The direct method makes use of consecutive loading and unloading curves, generated by
loading and unloading the specimen with some crack propagation. The compliance C; at
crack length a; was calculated as the slope of the loading curve. This procedure was repeated
for a second cycle, C; and a;. A schematic is shown in Figure 11. Gj. and hence Kj. were

calculated using the following equation

G =) = £ (22) @

az—a;

The advantage is that this methodology does not assume a linear compliance relationship, and
hence the SIF is calculated directly from the energy required to propagate the crack. Since
this methodology requires crack length measurement to be taken at each loading cycle, it
cannot be used for load relaxation tests to investigate slow crack growth behaviour.
However, it may be of use for constant rate of displacement tests, where the plateau load at a
set displacement rate maybe be used to verify points on the load relaxation technique
obtained VK curve. Excellent agreement was found between Evans, the alternate

methodology and the FE model which is also documented in Table 4.

4.5. VK Relationship

Figure 12 shows the VK plots obtained using Evans’ method, Chevalier’s and Ciccotti’s
correction respectively. The results are summarised in

Table 5. The reproducibility of VK relationship data using Evens “conventional”
methodology, where several relaxation tests were conducted on a single specimen, shows a
transverse shift in the VK data. This effect has been discussed before [7, 8, 12, 29, 44] and is
believed to be a consequence of a non - crack length independent SIF. Figure 13 compares
the relative scatter of VK relationship data as a function the y-axis intercept log(B) deviation
(which quantifies the shift in VK data lines) and specimen configuration. Chevalier’s

correction achieved the best reproducibility for all configurations, where Evans method
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showed an increased error with the thicker specimen configuration. Ciccotti’s correction

could only be utilised for the 2.7W : W: 0.11W geometry with relatively good reproducibility.

4.6. Specimen Geometry

The double-torsion specimen can be regarded as a thin plate with typically the proportions of
a microscope slide [7]. However, there do not appear to be standard specimen proportions. A
review of DT specimen sizes presented by Tait et al. showed that the relative proportions are
popularly three times the width and a thickness between 1/6 and 1/15 of the specimen width
[7]. They recommended that specimen proportions should be of the order of 3W: W: 0.12 to
0.08W. The use of longer specimens (L>3W) reduces the edge effects however it can be
difficult to achieve symmetrical crack propagation if un-grooved specimens are used. This
work has shown that side grooves are not necessary and symmetrical cracking can be

achieved by careful alignment.

It has been revealed in this analysis that the geometry configuration can influence the validity
of the crack length independent SIF. The general observed trend was a decrease in the SIF
with increasing crack length consistent with a smaller change of out-of-plane deformations.

Best repeatable data was achieved with the thinner 3W : W : 0.08W configuration, which
showed least SIF deviations with increasing crack length. The thicker and shorted
configuration (2.7W : W : 0.11W) showed a poorer constant SIF resulting in reduced VK
relationship data repeatability. It appears applicable to mention that if plane strain
contentions are assumed the plane strain thickness condition should be considered when

sizing specimens.

4.7. Alignment

Poor crack plane alignment relative to the specimen symmetry line causes the crack to curve
to one side rather than extending along the specimen centreline. The effect of this on the
SIF’s crack length independency was shown in Figure 9, where poor alignment results in

lowered SIF readings.

Additionally, considerable variations in Dg (the compliance y-axis intercept) were attributed
to the symmetry of crack growth. An experimentally determined relationship between Dg
and a,y (Figure 14) was established. From this a 95% confidence in Dg was established when

aoyis less than 1/8W. The shift of the compliance curve indicates a more compliant specimen
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configuration with increasing crack offset. This can be attributed the reduced stiffness of the
broken specimen ligament due to the reduced in torsional load carrying capability. Values of
Br and Dg were compared to a,, ap, aop, a.y and d, where no further relations between Dg or Bg

could be established

There is however an additional consideration that contributes to the way fracture occurs in a
misaligned specimen. Figure 15 represents the effect of misalignment on the DT geometry
with respect to the calculated SIF’s from the FE model. Shown is the effect of mode III
contribution to fracture with increasing misalignment. A misaligned specimen results in
significant contributions of mode III fracture of up to 20% mode III in severely misaligned
specimen configuration. With the aforementioned crack path offset threshold of a,y = 1/8W,
it may be argued that an equivalent imbalanced load configuration has mixed mode fracture

contribution of less than 6% Kjj.

S. DISCUSSION

This evaluation of the DT technique used an experimental, a full 3D FE model and digital
Image correlation to assess the underlying assumptions that make the testing geometry crack
length independent. A small but clear dependence of SIF on crack length was shown for all
specimen configurations, especially for the thicker 2.7W : W : 0.11W geometry. It follows
that the geometry is not entirely crack length independent, validating the need for a correction
if a crack length independent geometry indeed is required. The evaluation has shown that
this can result in scatter of fracture toughness data and will cause non-reproducibility of VK

relationship data.

These discrepancies can be attributed to marked non-linearity of the assumed linear
compliance relationship. The assumptions that only the torisonal deformations of the broken
ligament halves contribute to the compliance does not hold. DIC showed, in agreement with
the FE model, that the assumed rigid unbroken ligament does deform considerably. Further,
it was shown that this deformation does not remain constant, but increases with increasing
crack length, thus resulting in a crack length dependency. Additionally, large deflections at
the loading points result in added non-linearity as lever arm length decreases with increasing

deformation.
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There is an interesting point to consider though. The deformations of the unbroken ligament
have shown opposite effects on the compliance relationship to those of large deflections at
the load points. The changes in the loading configuration due to large deflections at the load
points result in a continuously decreasing compliance and the deformations of the un-cracked
ligament result in a continuously increasing compliance. This makes the DT configuration
complex and it may well be that both the large deflections at the load points and the
deformation of the unbroken ligament, in some cases, cancel to form a linear compliance and
a truly crack length independent system. Indeed, some investigators have obtained repeatable
data with Evans’ conventional method using a thin long specimen with a 3W : W : 0.8W
configuration. This also further suggests that the validity of the crack length independent DT
technique thus depends on the loading configuration, the specimen geometry and material

stiffness.

The various corrections established in the literature are intended to account for these effects.
Both Chevalier’s and Ciccotti’s corrections achieve a crack length independent specimen by
correcting for the non-linear compliance. Chevalier’s adjustment constants m and k are
geometry specific, where a clear dependence of m on the specimen thickness was established.
According to their method, thinner specimens require less correction, with almost negligible
correction for the specimen with dimension ratio 3W:W:0.08W. Ciccotti’s work shows a
great deal of attention to geometrical factors such as side grooves and starter notches,

however, no variations in the thickness parameter were modelled.

6. CONCLUSIONS

— The evaluation of the DT technique using a 3D FE model has shown a small but clear
dependence of the SIF on crack length for all specimen configurations. It has been
shown that the validity of the common assumption of crack length independence is
dependent on the loading configuration, the specimen geometry and material.

— Significant deflections at the loading points and the deformation of the unbroken
ligament were measured using 3D Digital Image Correlation system. These result in a
non-linear compliance relationship that causes the SIF to become crack length

dependent.
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— The corrections proposed by Chevalier and Ciccotti achieved a crack length independent
configuration, which enables reproducible fracture toughness and VK relationship data to
be obtained for various specimen geometries. However, it was found that Chevaliers’
correction overestimates and Ciccotti underestimates the calculated SIF by up to 10% in
the geometries studied.

— Evans’ conventional methodology with a large deflection correction can obtain valid
fracture toughness and VK relationship data in some geometries; For example, un-
grooved DT specimens with dimensions resembling 3W : W : 0.08W. The middle half of
the specimen’s achieves an almost crack length independent regime (within 2%),
provided the crack tip remains within a,;<1/8W of the centreline for VK investigation.

— The DT methodology is a unique testing methodology which allows for the
characterisation of the fracture characteristics of highly brittle materials and the authors
believe that efforts should be focused on the standardization of this test method. It would
prove useful to establish relationships between approximate material properties and

specimen dimensions.
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Figure 3b: Finite Element mesh for the 2.7W : W : 0.11W geometry with a crack front
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Figure 4: Percentage error in the calculation of K; for three specimen thicknesses when
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2.

Figure 5: Comparison between the various found compliance relationships for the 2.7W :
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Figure 6: Out-of-plane deformations of on the specimen surface at crack length a= 76mm
obtained through the DIC analysis and the relative load point deflections at the
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Figure 7: Comparison of crack length independency. Plotted are Evans’ model, Evans’
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Comparison of crack length independency obtained from the FE analysis. Plotted
are specimen dimensions 2.7W : W:0.11Wand 3W : W : 0.08W.

Investigation of the crack length independency for four identical specimen
configurations. Shown are: i) a pre-cracked specimen with ‘“skew” crack
propagation, ii) a pre-cracked specimen with symmetrical crack propagation, iii)
no pre-crack with symmetrical crack propagation and iv) no pre-crack with
“skew” crack propagation. A crack length independent setup is identified by a
horizontal fitted line.

SIF profile for mode I and mode II through thickness r/d at crack length a = 37.5
mm and 112.5 mm. r/d = 1 at upper tensile surface.

[lustration of the direct method to determine G, from the measured compliance
at several loading and unloading curves.

VK curves obtained by successive relaxations using 1) Evans’ methodology with
specimen ratio 3W:W:0.08W, 2) Chevalier’s methodology using 3W:W:0.08 W
specimen geometry and 3) Ciccotti’s methodology using 2.7W:W:0.11W
specimen geometry.

Relative scatter in VK relationship data as a function of log(B) (y-axis intercept).
Relationship of D¢ and a;. A a,:.< 1/8 # limit was established.

Effect of misalignment on K.; shown on left y-axis and the contributions of Kj,

Kj; and Ky on K on right y-axis.
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TABLES:

Table 1:
Geometry (L: W:d) notch a, Used for
. . . recommended by
dimensions (mm) ratio (mm) Exp FE DIC
20 X X .
150:50:4 3.0W:W:0.08W X Chevalier [12]
40 X
20 X .
150:50:5 3.0W:-W:0.10W Tait [7]
40 X
20 X
135:50:5.5 2.7W:-W:0.11W X X Ciccotti [19, 20]
40 X
Table 2:
CO(I;IE(;I::;IS(I) n Eol;i:i?::; gz;l: Leevers Chevalier Ciccotti et al. ¢(a) or &(a) = X a® + X,a% + X;a + X,
o(a) ¢(a)
(L:W:d) a, Y() é(a,d) S m k| X X, Xy X, X, X, ¥
10 10° 10°* i 107 107* 1072 i
20 1.89 3 47
3W:1:0.08W 0.861 0.143
40 1.89 3 47
20 1.83 2 47
3wW:1:0.10W 0.874 0.143
40 1.83 2 47
20 1.74 1.2 48 | -7.8 0.12 931 073 | 1.82 -5.1 4.75 -0.47
2.7W:1:0.11W 0.882 0.143
40 1.74 1.2 48 | -25 -2.7 023 0.67 | 191 5.4 5.04  -0.57
Table 3:
Compliance Compliance Compliance constants (Finite Element)
Geometry
constants constants Crack front inclination
(L:W:d)
(Experimental) (Analytical) c=0 c=4
Bg Dg B, Brg Drg Brg Drg
-107° -1073 -107° 1075 -1073 -107° -1073
3W:W:0.08W 7.5 3.0 7.86 7.90 2.17 7.63 2.67
3W:W:0.10W 9.7 1.8 10.12 - - - -
3W:W:0.11W 12.0 1.0 13.02 13.11 0.71 12.21 0.92
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Table 4:

Geometr S (U8l 58 equivalent K;, (MPaVm)
(L:W: g) 3W:W:0.8W 3W:W:0.10W 2.7W:W:0.11W 3W:W:0.8W
Gt 472 £50 468 £56 471 £70 1.64 +0.5
G Erpe 421 15 422 +30 419 £50 1.48 0.2
G* 973 +40 953 +44 923 £50 2.21 0.5
G,+pe 879 £20 845 £30 822 +45 2.09 +0.3
(;IC/Z 484 +18 488 +20 481 +25 1.70 £0.3
GIC/“LDC 436 £10 432 +11 437 £12 1.53 £0.2
G,° 426 +19 1.50 £0.2
G,CHHipe 387+ 8 1.36 £0.2
G," 419 9 421 +10 420 +10 1.48 £0.2
G 419 418 1.48
Table 5
sub critical y-axis intercept
Analysis method ((ieo$et12/) crack growth exponent constant
o n log(B)
27W:W:0.11W 32+4 2.27
Evans’ method .
3W: W:0.08W 33+3 9.4
27W:W:0.11W 3543 5.87
Chevalier’s correction .
3W: W:0.08W 3542 6.2°
Ciccotti’s correction 2TW:W:0.11W 3643 1.87
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