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Abstract

A new method is proposed to determine fracture toughness of structural materials
according to the test data of non-standard small-size chevron-notched specimens. Dur-
ing the tests, loading diagrams and photographic images of the specimens taken in time
intervals are obtained. The crack length is measured in the process of its initiation and
propagation. The analytical expressions are obtained being based and derived from the
constitutive equations of engineering fracture mechanics to determine the crack-driving
force (specific fracture energy) and the stress intensity factor. The method allows us to
exclude the periodic unloading of the specimen applied under standard test conditions
to determine the change in specimen compliance, which is taken into account in consti-
tutive equations at crack length increase. All necessary calculation parameters are deter-
mined according to the experimental data. The method allows us to certify fracture
toughness of the material without restrictions regarding the amount of plastic deforma-
tion and in front of the crack tip and in the specimen as a whole. The examples are given
to calculate the fracture toughness criteria for a number of structural materials charac-
terized by the ability to plastic deformation and by the Young’s modulus value.

Keywords: fracture toughness, non-standard small-size chevron-notched specimens,
analytical expressions, specific fracture energy, stress intensity factor, compliance

1. Introduction

Various methods for determining fracture toughness of materials are well-known and widely
used when testing standard specimens with induced fatigue crack [1-3], when testing the Charpy
notched specimens for fracture toughness [4], by the micro indentation method [5-7], et al.

An essential feature of these methods is that the characteristics of loading diagrams and the
existing fracture length are measured, and then fracture toughness characteristics of the mate-
rial are calculated by the semi-empirical formulas. As a rule, the critical stress intensity factor
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(SIF) of the 1st kind Ky, (for cleavage crack) is taken for the main fracture toughness character-
istics of the material. The plane strain state condition of the loaded specimen is required in the
experiments. In this regard, standard tests are conducted on specimens at least 10 mm thick.

Disadvantages of used methods are as follows:

1. There is no possibility to assess the fracture toughness of the material when testing the
small thickness specimens;

Complexity of the mechanical processing and manufacturing of specimens;
Requirement for the fatigue pre-cracking on the notch;

Availability of special test equipment;

LN S

Use of significant amount of the complex-shaped specimens (cut out by layers, holes,
notches);

6. Need for the high power load device;
7. High steel intensity of test specimens.

8. Need for periodic unloading of the specimen to determine the change in specimen com-
pliance under loading.

9. Availability of phenomenological constants in constitutive equations, taking into account
the geometric shape and boundary loading conditions.

As a rule, during a fracture toughness test of small-size specimens, the chevron-notched
specimens are used [7-11]. The specimens with this configuration do not require the prelimi-
nary fatigue crack. When testing the small-size chevron-notched specimens, many of the
above-mentioned problems are absent.

This chapter proposes a new method for fracture toughness determination of structural mate-
rials using the small-size chevron-notched specimens. The method allows us to determine
fracture toughness characteristics without severe restrictions on the specimen ability to plastic
deformation. There are no phenomenological dependencies and empirical constants in the
calculations.

The fracture toughness characteristics comply with the conditions of continuous loading of
specimens, without using the “loading-unloading” operation.

The important calculation works were carried out associated with the use of chevron-notched
specimens during testing.

2. Fracture toughness calculation of straight-through notched specimens
To determine the global failure conditions, irrespective of the material state and geometrical

dimensions of the specimen, the energy approach is appropriate [12]. The key point of the
energy fracture criterion in fracture mechanics is formulated as follows: the crack growth can
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occur if the system can release energy required to initiate crack propagation to the elementary
distance dl. The energy needed for crack growth, appears only due to the elastic deformation
energy that occurs in-side the material under the applied external force.

The reliable fracture toughness characteristic is the critical value of the elastic energy release
rate (ERR) during the crack propagation G.. In the two-dimensional version, this characteristic
is equivalent to the value of the J-integral [13, 14]. For brevity, the value of G will be called
specific fracture energy. The specific fracture energy (SFE) is defined as energy that is spent on
the formation of the crack surface with area 1 m?. The unit of measurement for SFE is J/m?.

In practice, there is a decrease in specimen stiffness or structure at initiation and propagation of
the crack. The specimen stiffness M is defined as the ratio of load P, applied to the specimen, to
the displacement of load application point A at elastic deformation of the specimen: M = P/A..

The reciprocal of the stiffness is defined as a specimen compliance n: = A./P.

The necessary condition for through-crack propagation in the flat specimen of unit thickness
obeys the equation [12-14]

P2dn
C= 2d1 7

1)

where dn/dl is the change in specimen ductility during crack propagation, d! is the short distance,
to which a straight-line crack front propagates. At the stage of stable crack propagation, this value
characterizes the fracture toughness G, of the material. As follows from Eq. (1), elastic energy per
unit of new crack surface at its propagation to dl in the specimen in thickness a is equal to

~ PXin Pdn
© 2adl 4SS’

)

where dS = 2adl is the elementary increment of the crack surface area.

There is a classic example for calculating the stress intensity factor K; to test a double cantilever
beam specimen with a straight-through notch [15]. The relation between G and K; for the plane
stress state obeys the equation

G=K{(1-V*)/E. 3)

Let us consider the case of double-cantilever beam specimens with a straight-through notch in
detail, since the result will be used in the calculation of G for the chevron-notched specimens.

Figure 1 presents the double-cantilever beam specimens with a straight-through notch. Dis-
tance from the load application point P to the crack front is the initial crack length I. As follows
from the cantilever bending theory, displacement of the load application point A, (Figure 1) is

equal to A. =2 (1) 3 where E is the Young’s modulus, b is the cantilever thickness. For the

double cantilever beam specimen, displacement of load application points C is 2A.. Therefore,

the specimen ductility nisn = = £ (1),
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Figure 1. Straight-through-notched specimen.

The ductility derivative by the crack length is equal to

dn 24P
dl  Eab® @)

Substitution of Eq. (4) into Eq. (1) leads to the following expression for SFE [13, 15]

_ 12P°P
Eb’a?

©)

According to Ref. [14], the displacement A, of the cantilever end under elastic deformation for
the specimen in thickness of a with a crack length [ is provided by the load:

3
p= et (’;) | (5a)

Substituting this expression into Eq. (4), we obtain the equation for G that allows us to calculate

fracture energy by the crack length I and by the elastic opening value of the notch tips A, [16]:
_ 3AL’E
oAt

(6)

In the given representation, the value of G does not depend on the specimen thickness a.

Eq. (5) determines SFE by the crack length [, and by the external load value P, at which spontane-
ous crack propagation begins. Basically, SFE can be calculated according to Eq. (6) when testing
the small-size specimens. It should be noted that there are no any empirical constants in Eq. (6). All
necessary values can be taken from the experiment. To maintain the experimental integrity, one
can grow a fatigue crack at the tip of the notch. However, this method has several disadvantages.

Eq. (5) gives only a rough approximation of the SFE value. There is a certain divergence due to
the fact that the cantilevers” ends are fixed not absolutely rigidly, as in the cantilever embedded
in the rigid base. But this is not the most important thing. The main disadvantage is that in
practice crack propagation along the notch plane is not guaranteed. Consequently, deviations in
crack propagation direction cause shear deformations. Besides, crack front straightness is not
preserved. To some extent, this problem is solved by using the chevron-notched specimens.
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3. Fracture toughness calculation of the chevron-notched specimens

When testing the small-size specimens, generally, the chevron-notched specimens are used [7,
17]. For the first time, a chevron-notched specimen was proposed by L.M. Barker in 1977 to
determine fracture toughness under plane strain conditions [17].

Standard tests of the chevron-notched specimen are conducted according to the scheme
presented in Figure 2.

Figure 3 shows examples of the chevron-notched specimens. The specimens of this configura-
tion do not require the preliminary guidance of a fatigue crack to the tip of the notch. From the
moment of loading, there is a high stress concentration at the tip of the chevron notch that is
sufficient to crack initiation. It is assumed that the development of plastic deformation in the
chevron zone satisfies the plane strain state condition. The crack initiated at the tip of the
chevron, can propagate only along the notch plane. At the same time, there is a high probabil-
ity that the crack front during propagation, at the average, maintains a straight shape. The
chevron notch geometry allows us to fix and extend the stable crack propagation stage and,
thus, to calculate the beginning of the specimen catastrophic failure more accurately.

As a rule, short circular specimens are used in the experiments (Figure 3a). The disadvantage of
the standard method for measuring fracture toughness of the chevron-notched specimens is that
in order to determine the change in specimen ductility, the “loading-unloading” condition

displacement
censor

specimen
loading rod

( i X

Figure 2. Loading configuration of the chevron-notched specimen.

Figure 3. The chevron-notched specimens: short circular specimen (2) and elongated rectangular specimen (b).

219
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should be carried out. For this reason, the calculation formulas include adjustable coefficients
considering the non-linear behavior of the material and a complex geometric shape of the notch.

This section provides a new method for calculating the fracture toughness characteristics of
materials when testing the chevron-notched specimens. The novelty is in the fact that the
calculation of SFE is based on calculation of the energy and power parameters of the specimen
taking into account the complex geometry of a chevron notch according to the strict laws of
solid mechanics. It is convenient to make calculations and experiments for the elongated
rectangular specimen (Figure 3b). In this case, the chevron-notched specimen has a shape of a
double cantilever beam configuration.

Let us determine the relation of the external force P with an elastic deflection A, of the single
cantilever of the specimen. The cantilever can be represented as a set of elementary cantilevers
(minicantilevers) of the infinitely small width dx. Figure 4 shows the projections of the
chevron-notched specimens. The minicantilever length at a distance x from the symmetry axis
of the specimen is I(x) = [y + x-ctg(at/2), where [ is the minimum distance from the load applica-
tion point to the chevron notch, a is the chevron angle (Figure 4). For each minicantilever in the
set, the well-known elasticity theory formula is valid [14]:

o= 200 (169" 7)

where A, is the elastic deflection of the minicantilever, dP is the elementary load, under the
action of which the cantilever in thickness of dx is deflected to the value of A, b is the thickness
of the minicantilever. In view of this, from Eq. (6) we obtain the elementary load dependence
dP, applied to the end of the minicantilever on its width dx:

3
dP(x) = AZ—E <%) dx. (8)

Integration of elementary forces (7), affecting each minicantilever across the specimen width g,
will clearly determine the actual load P, providing the minicantilever’s deflection by A.:

AJDE (2 a\3 EAea (b 3 a a a al? EAea (b 3,
= d cctg 2, orP = )4+ Zcte | /24 Zctg S| = Z) k
1 J_% x/(lo—i—x cg2>,or 2 \i, +locg2 +locg2 2 \i, )

This equation differs from Eq. (5) from the straight-through notch only by the factor

P

K = lo[4ly + actg (a/2)][2lp + actga/2] 2. (10)

According to Eq. (9), a single cantilever elastic deflection of a double cantilever beam specimen
. . 4P (1\3s-1

with a chevron notch is Ac(lp) = 2 (2) K.

During the loading, the moment of crack initiation occurs at the tip of the chevron notch.

Propagation of the initiated crack to the distance Al increases the effective fracture length. Let
us present the crack front as a straight line (Figure 5). The length of this line is & = 2Al-tg(a/2).
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Figure 4. Projections of chevron-notched specimen.
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Figure 5. Presentation of the specimen with a crack in the form of straight-through and chevron-notched specimens.

Basically, this specimen with a crack is a set of two specimens: with a straight-through notch in
width of h and with a chevron notch in width of a — 1 (Figure 5). Let us determine the forces P’
and P” for these specimens, respectively, causing identical deflection A.. Using Eq. (5), we find
an expression for P’ acting on a straight-through notched specimen in width of 1 = 2Al-tg(ct/2):

,AEAL o (b\?
P=""1g ) (11)

According to Eq. (9), for the chevron-notched specimen in width of @ — h, we obtain an
expression for P":

AAL-tg SE (D\° /. 2Al )\ I 2Al a | al’
//_ e 2 v = e “ I - e
p =— (l) (1 . tg 2>lo [4+l tg2—|— lo]/{z—i_lo ctg 2] . (12)

On the basis of Egs. (11) and (12), an expression for A, is determined:

A =5 (é) K, 13)
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where P=P +P",1=1,+ Al and k is

I 2Nl « a o 2Al i o] 2
+- 1—7tg— 4+ —-ctg -+— )2+ -ctg | .

B 2Al a
- 2 I 2 Iy 2 1 lo 2

k=18

It is easy to verify that at Al — 0, the value of k — k.

Substituting Eq. (13) for A, into Eq. (6), we obtain the expression for SFE:

12P21
Sy 14
Eb’a? 14
This equation differs from the similar one for the straight-through notch only by k2. In particu-
lar, if a = i, Eq. (14) goes over into Eq. (5) for the straight-through notch, since then k is 1.

As follows from Eq. (14), the characteristic of G depends on the Young’s modulus E. The
higher E is, the lower is the SFE value under all other conditions being equal. In contrast,
according to Eq. (2), characteristic of K; does not depend on E, i.e. SIF is invariant in relation to
the Young’s modulus.

4. Theoretical determination of elastic crack opening .

The specimen presentation in the form of a double cantilever configuration allows us to deter-
mine the elastic crack opening initiated at the tip of the chevron. It is known that the elastic
displacements of the cantilever points obey equation [14]:

ve(x):% [2(%)3—6%(é>2+4<£)3], (15)

where the x axis is directed along the cantilever. At x = 0, Eq. (15) determines the elastic
deflection A, of the load application point P.

Eq. (15) is also valid for the double cantilever beam specimen with a straight-through notch.
Then elastic notch opening in the point x is de(x) = 2ve(x). The cantilever displacement in the
point x = [j is equal to

2
2Py Al [ Al] | 16)

vello) = Eab®

Substituting Eq. (5a) for P into Eq. (16), we obtain the cantilever displacement in the point x =
for the straight-through notched specimen:

AP [3ly + 2Al
—A 3lo + ]

Ve = Ae 17
2(Ip + Al)? 17

Let us find the cantilever displacement in the point x = [, for the chevron-notched specimen.
For this, we use Eq. (16), where we place the value of P’ instead of P according to Eq. (11), and
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the width of the specimen central part & = 2Al-tg(a/2) shown in Figure 5 instead of a. Let us find
the cantilever deflection in the load application point P':

2P lo + Al
Ae = EAT- tg (a/2) < b ) ' (18)

Alternately, as follows from Eq. (17),

~ve2(lo + Al

| {0 19
(3lp + 2AD AP 1)

€

From Egs. (18) and (19), we obtain an expression for P’:

, VEb tg (a/2)
b= (3lp +2ADAL 29)

4P ctg (a)2)(P—P') Rly+actg (a)2)]?
As follows from Eq. (12), A, = Eh{ﬁ 221 s (@2 Woﬂfﬂ’ifgi /‘; LA

Taking into account Eq. (20), we find a cantilever point displacement at a distance [, from the
load application point P:

_ P(lo +2D)AL  AAl(ly + 21)[a — 2Altg (a/2)][4lo + actg (a/2) + 2Al]

 EbPtg (a)2) 4P tg (a/2)[2lp + actg (a/2)] @D

e

The value of d.(lp) = 2v. determines the crack opening initiated at the chevron.

During the crack propagation, the increment of the single cantilever elastic deflection occurs in
the load application point P. The increment

A)\e = Ae(lO + Al) - /\e(lO)/ (22)

corresponds to the crack length Al.

Figure 6 presents the curves of the v, dependence on the crack length Al and on the increment
of the single cantilever elastic deflection AA, obtained using Eq. (21), at following values of the
parameters: E =110 GPa, [, =18.12 mm, Al=3.77 mm, P =822 H, a = 1t/9 (20°), a=b = 4.35 mm.
The calculations show that there is a parabolic dependence between Al and v,, which can be
written as v, = AAI®, where A is the constant, which depends on the assignment of concrete
parametric values in Eq. (21). In this case, A is equal to 2.58. As seen from the plot, there is a
linear dependence AA. = Bu, between AA, and v.. The proportionality factor for the assigned
values of B is 5.969.

The equations given above are derived from the constitutive equations of engineering fracture
mechanics for the first time and can be used for the calculation of SFE for the chevron-notched
specimens.

The processes of plastic deformation affect the cantilever deflection value and opening of crack
sides in the point of its initiation. For this reason, the experimentally measured values of the
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Figure 6. Dependence v, on Al and AA..

cantilever deflection A, except for A, contain a part of the equation A, = A — A, that is not
related to the change in specimen ductility. The crack opening values of v measured in the
same way contain the plastic deformation contribution v, =v — v.. The values of A, and v, are
very important when simulating the fracture process in the chevron-notched zone.

Using Eq. (13), according to the experimentally measured value of cantilever deflection A
(Figure 7), one can determine the relative value of (A—~A.)/A. = Ap/A. as an additional fracture
toughness characteristic. It is obvious that the more ductile a material is, the higher is its
fracture toughness. The value of A, is not associated with change in specimen ductility since
it is determined only by the elastic deflection of the specimen. The stress distribution in the
plastic deformation zone is significantly different from the stress field in an elastic medium
with a crack. On the way of crack propagation, the material is always subjected to a certain
degree of plastic deformation. This means that crack is always surrounded by a layer of the
plastically deformed material. The calculations made in Ref. [21] by the method of relaxation
elements showed that stress field in the plastic deformation zone differs significantly from the
crack stress field in the elastically deformable medium. Plastic deformation leads to stress
relaxation. For this reason, there is no singularity in the crack mouth. The maximum stress
concentration is observed in the plastic deformation zone.

Figure 7. Scheme of the cantilever deflection.
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The above equations are derived without any assumptions about the plastic properties of the
material. Therefore, they can be used to calculate fracture toughness of any structural materials
wherein the crack initiation at the tip of the chevron notch is observed. The product of EG/(1 — v?)
does not depend on the Young’s modulus since SFE G is inversely proportional to the Young’s
modulus value E (see Eq. (14)). Therefore, irrespective of plastic properties of the material, the

equation
EG 2P | 3
K = vy =\ 1o (23)

determines the stress intensity factor (SIF) for the small-size chevron-notched specimens.

The standard test on ductility change of the chevron-notched specimens is made using the
“loading-unloading” operations [7, 8, 18-20]. As a result, the fracture toughness of the material
is determined under the low-cycle loading conditions, rather than under constant loading. It is
known that the curve type “load-displacement” changes significantly depending on the previ-
ous loading history. This is due to the fact that the plastic deformation rate and strain harden-
ing of the material essentially depend on the external load and time during which the load is
acting. To define the mechanisms of failure of structural materials, first of all, the values of SFE
and SIF under continuous loading are significant. Egs. (13) and (15) allow us to calculate these
characteristics with-out using the load-unload condition. It is enough to know the crack length
Al initiated at the chevron.

The examples of the fracture toughness analysis of a number of structural materials, which
differ in their ability to crack formation and the Young’s modulus, are presented below.

5. Fracture toughness of structural materials

This section presents the calculation results of the fracture toughness characteristics of VT6
(Ti + 6%Al + 4%V) alloy, Fe-35.4% Ni and 12GBA tube steel.

The specimens 21 x 10 x 6 mm® in size were cut from the work piece by the electroerosion
method. Then a notch 0.3 mm thick was made with a chevron angle a = 60° (see Figure 4). The
crack length at the pre-fracture stage was determined by the specimen images. Alloys with
different ability to plastic deformation and with different values of the Young’s modulus E
were tested. The loading of specimens made of VT6 and Fe + 34.6%Ni alloys was performed by
the intrusion of a narrow wedge into the notch at a motion rate of 5 um/s (Figure 8). The
12GBA tube steel loadings were performed by application of opposite forces to the tips of the
notch (Figure 7).

Figure 8 shows the scheme of the specimen wedging. The constant motion rate of the wedge
provides the prolonged stage of stable crack propagation initiated at the chevron. The equation
for the calculation of P bending the cantilever is obtained from the condition of equilibrium of
forces:
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P F - cosy
 2[sin(B/2) +x - cos (B/2)]”

(24)

where F is the load on the wedge, 1 and vy are the friction factor and interplanar angle between
the wedge and cantilever, respectively, 3 is the angle of wedge opening.

As seen from Eq. (19), in order to determine the bending force P, it is important to calculate the
friction factor k. Substituting Eq. (22) into Eq. (8) instead of P, we obtain the following equation
for x:

AF  2cosy[2ly + actg (a/2)] <b>3 —tg P
2/

== — = 25
“TAL sin(B/2) (4l + actg (a/2))aEly \lo 25

where AF/AL is the decline of the initial elastic segment of the experimental loading diagram

“load P-wedge displacement L”.

The calculations showed that « is equal to 0.08 to an accuracy of 10%.

Table 1 shows the fracture toughness characteristics of the studied materials.

Al

Figure 8. The scheme of the chevron-notched specimen wedging.
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Alloy P N Ae, mm A, mm Ap/Ae Ve, UM v, um Vp/ve G, kJ/m? K;, MPa-m"?
VTé6 277.7 (max) 0.453 0.453 0 0 0 - 11.9 35.5
UFG 193.1 (stable) 0.407 0.374 0.09 15.1 23.8 0.53 4.58 22.5
VT6 522.6 (Al =0) 0.827 1.275 0.54 0 0 - 43.04 68.81
ce 584.1 (max) 1.162 2.100 0.81 39.6 162.5 3.10 43.40 69.09
Ni-Fe 936.0 (Al =0) 0.426 0474 0.11 0 0 - 23.63 70.44
1175.2 (max) 0.695 1.038 0.49 30.8 89.9 1.92 30.27 75.51
12GBA 2776 (max) 0.095 0.379 2.6 0 0 - 51.7 104.2

Table 1. Fracture toughness characteristics of structural materials.

5.1. VT6 alloy (Ti-6A1-4V)

The structural VT6 alloy is mainly used for the manufacturing of large welded and built-up
air-craft structures, balloons working under internal pressure over a wide temperature range
from 196 to 450°C, and a number of other structural elements.

The studies were conducted using the material in the initial coarse-crystalline (CC) state (grain
size of 7-5 um) and with ultra-fine grained (UFG) structure (grain size of 500 nm) obtained by
the severe plastic deformation [22]. The loading was carried out by a wedge with 3 equal 20°
(Figure 8).

Figure 9 shows a typical loading diagram of the UFG VT6 alloy. The load-peak corresponds to
the moment of crack initiation at the tip of the chevron. A sudden stress drop is caused by the
spontaneous crack propagation to a certain length along the chevron notch. After that there is
slow and stable crack propagation to the critical length, which determines the final fracture of
the material. In the calculations for the VT6 alloy, E was equal to 110 GPa [23-25].

The measured values of [y and Al are equal to 18.12 and 3.767 mm, respectively, a=b = 4.35 mm.
The same values were used for calculating the fracture toughness of the VT6 alloy in the
coarse-crystalline state (CC).

P, NF

250 |

200 |

150 1 | 1 |
1:5 2:0 2,5 ?L,mm

Figure 9. Loading diagram of UFG VT6 alloy.
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Table 1 shows that plastic deformation does not affect the displacement of the notch sides prior
to the crack initiation in the UFG VT6 alloy (Ay/A. = 0). This means that the specimen is deformed
only elastically prior to crack initiation. At the stage of pre-fracture, the influence of plastic
deformation was observed: A /A. = 0.09. The contribution of plastic deformation to the crack
opening at the tip of the chevron is comparable with that of elastic deformation: vp/ve = 0.53.

Spontaneous crack propagation from the moment of its initiation is accompanied by the reduc-
tion in the elastic deflection A, of a single cantilever of the specimen and reduction in the fracture
tough-ness characteristics of G and K. This alloy shows quite different fracture regularities in the
coarse-crystalline state. A qualitative view of the loading diagrams and consistent patterns of
crack propagation in the chevron-notch zone (Figure 10) show the following. The beginning of
crack initiation and propagation occurs long before the external load reaches a maximum. This is
marked with an arrow 1 shown in Figure 10. Crack initiation is preceded by the plastic defor-
mation of the material in the chevron-notch zone. The contribution of plastic deformation A, to
the displacement of load application point P up to the moment of crack initiation is comparable
with that of elastic deformation: A /A, = 0.54 (see Table 1).

Peaks and plateaus on the loading diagram are caused by abrupt nature of crack propagation.
The specific fracture energy of G and K;j is almost unchanged until it reaches the maximum
load P;,ax marked with an arrow 2 in Figure 10. Thus, a fracture toughness criterion for the CC
VT6 alloy are the values of SFE G.=43.2 + 0.2 kJ/m? and SIF K. = 68.9 + 0.2 MPa-m'2. The SIF
value coincides with the value of 66.4 MPa-m"? to an accuracy of 3.6% in Ref. [24] for standard
test conditions.

During crack propagation, a contribution of plastic deformation to the displacement of the
notch tips increases. The equation Ap/A. = 0.81 corresponds to the maximum load. The contri-
bution of plastic deformation to the crack opening at the tip of the chevron is 3 times higher
than that of elastic deformation: vp/v. = 3.1. The subsequent loading leads to a drop in the
external load and to the reduction of G and K; characteristics. In this case, the A /A, ratio goes
up due to the A, increase and A, decrease.

PN

500

400

300

4 6 8 10 s,mm

Figure 10. Loading diagram of the CC VT6 alloy.
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A comparison shows that the method used to obtain the UFG structure in the VT6 alloy leads to
a strong decrease in ductility, crack initiation stress (two-fold) and stress of stable crack propa-
gation (three-fold). For this reason, the SMC VT6 alloy is characterized by the low fracture
toughness. The behavior of the SMC VT6 alloy can be explained as follows. The low ductility of
the alloy practically eliminates the stress relaxation factor in the chevron-notch zone and, as a
consequence, reduces the crack initiation stress in the chevron. Stable propagation is determined
by the stress con-centration at the tip of the crack, which is higher than that at the tip of the
chevron prior to crack initiation. In this connection, a stress decrease takes place. The calculations
have shown that the fracture toughness criteria for the SMC VT6 alloy are the values of SFE
G =4.58 + 0.2 kJ/m? and SIF K. =22.5 & 0.2 MPa-m"? at the stage of stable crack propagation.

5.2. The Fe + 34.6%Ni-alloy

Table 1 also includes the data for the iron-nickel invar Fe + 34.6% Ni, which is widely used in
modern industry and technology as an alloy with thermal linear expansion coefficient (TLEC)
close to zero. When loading the specimen, a wedge with (3 = 40° was used.

The structural state of the alloy corresponds to that after the multi-axial forging. The alloy has
a polycrystalline structure with an average crystallite size d equal 8 um. The value of Young's
modulus E in the calculation is 210 GPa. Figure 11 shows a loading diagram of this alloy. The
moment of crack initiation at the tip of the chevron is marked with an arrow 1. The beginning
of crack initiation and propagation occurs long before the external load reaches a maximum.
According to Eq. (13), the SFE from the moment of crack propagation (at Al = 0) is equal to
G =23.6 + 0.20 kJ/m?. The corresponding value of K; is 70.5 + 0.1 MPa-m"/2.

The intermittent nature of the loading curve demonstrates that crack propagation occurs
abruptly. Experimentally measured displacement of the load application point up to the
moment of crack initiation is A = 0.47 £ 0.02 mm. According to Eq. (12), the portion of
displacement that takes place due to the specimen elastic deformation is A, = 0.43 £ 0.02 mm.
Therefore, within the limits of the experimental error, the relative value of A /A. does not
exceed 10%. Thus, the plastic deformation prior to the moment of crack initiation in the
chevron makes a minor contribution to the displacement of the load application point.

Figure 11. Loading diagram of the Fe-Ni alloy.
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The observations show that the crack propagates along a complex trajectory, sharply changing
the motion direction (Figure 12). The maximum value of SFE G, = 30.8 + 0.3 kJ/m? corresponds
to the maximum load. The corresponding value of Kj. is equal to 80.4 + 0.2 MPa-m"?. Note that
the value obtained practically coincides with those of K. = 81.2 MPa-m'?, obtained for the Fe-
17%Ni alloy [26]. The critical value of crack opening d. = 2V, = 61.56 um can also be used as a
fracture toughness characteristic. The experimental value of 0 is 179.8 um. Hence, v,/v. is equal
to 1.92. Thus, at the stage of prefracture, the crack opening in the chevron-notch zone contains a
significant contribution related to the plastic deformation, which is almost twice greater than that
of the elastic deformation of the specimen. A subsequent increase in crack length leads to a drop
in the values of G. and K. In this case, the v,/v. ratio increases due to the increase of v,
contribution and decrease in v, contribution.

5.3. The 12GBA tube steel

The low-carbon low-alloy 12GBA steel is widely used in the construction of main oil and gas
pipelines. The material was subjected to plastic deformation by rolling to the finite cross-section
of bars of 8 x 8 mm? for several passes with step-like temperature decrease from 750 to 550°C
[27]. After severe plastic deformation, the steel has a fibrous UFG structure with a lateral
fragment size of 0.5 um. In the longitudinal direction, the length of fragments is 15-20 um.

The 12GBA tube steel loading was performed by opening of the chevron-notch sides (Figure 6).

Figure 13 shows a loading diagram “force P — displacement of notch tips A” for the 12GBA
tube steel. Crack initiation at the tip of the chevron notch is preceded by considerable plastic
deformation. A crack initiates at the moment when the load reaches practically reaches a
maximum (marked with an arrow). First, the crack slowly grows, and then its propagation

Figure 12. Crack in the chevron-notch zone prior to the fracture (7) and the specimen fracture after 4 s (b).

28001 |

2400

2000

16001 2 3 4 A.mm

Figure 13. Loading diagram for the 12GBA steel.
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Figure 14. Crack propagation in the chevron-notched zone. The 12GBA tube steel in the UFG state.

velocity increases sharply. The calculations by Eq. (5) determine the value of K. = 104 kJ-m"/?
for 12GBA, which is much higher than for the Fe-Ni alloy (75.51 MPa-m'/?).

In contrast to the titanium-based alloys, significant processes of plastic deformation are devel-
oped in the SMC 12GBA steel in the chevron-notch zone resulting to the extremely viscous
fracture behavior. Figure 14 illustrates the consistent patterns of crack propagation in the
chevron-notch zone. From the moment of crack initiation, this process is accompanied by a
monotonous drop in the external load (Figure 13).

The A,/A. ratio can serve as a quantitative characteristic of viscosity. For these materials, it
differs quite considerably, in particular, at the load peak A,/A. is 2.6 for 12GBA and A/A. is
0.81 for the CC VT6 alloy.

These examples show that at fracture toughness certification of the material, except for SFE, it
is important to know the characteristics of A/Ae and v,/ve, which determine the effect of
plastic deformation on the displacement of load application points and crack opening, respec-
tively. The proposed method allows us to study the fracture toughness of materials without
restrictions on the plastic zone size at the crack tip.

6. Conclusion

This chapter presents a new method for determining fracture toughness of materials according
to the test data of non-standard small-size chevron-notched specimens. The analytical expres-
sions are obtained being based and derived from the constitutive equations of engineering
fracture mechanics to determine the crack-driving force G (specific fracture energy) and the
stress intensity factor (SIF) Kj.. Experimental determination of crack length Al is of principle
importance in calculations. During testing, loading diagrams and photographic images of the
specimens taken in time intervals are obtained. The displacement of the notch sides, crack
opening at the tip of the chevron notch and crack length during its initiation and propagation
are measured. This allows us to distinguish the plastic deformation contribution to the dis-
placements that is not related to the change in specimen ductility and therefore does not affect
the fracture toughness characteristics of the material.

Due to the fact that change in specimen ductility with increase in the crack length is analytically
considered in constitutive relations, the periodic unloading of the specimen applied under
standard test conditions of the chevron-notched specimens is excluded in the experiments.

There are no empirical constants and phenomenological dependencies in the calculations. All
necessary calculation parameters are determined according to the experimental data. The
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method allows us to use the low-power test machines and does not require large amounts of
material for the production of specimens, as well as fatigue precracking. The method allows us to
certify fracture toughness of the material without restrictions regarding the amount of plastic
deformation and in front of the crack tip and in the specimen as a whole. The theoretical analysis
has shown that G. compared to K;. depends on the Young’s modulus E of the material. The
higher E is, the lower is G. under all other conditions being equal. For this reason, the relative
values of G. and K. characteristics can differ essentially. Thus, the value of G, for the Fe-Ni alloy
is lower that for the CC VT6 alloy, and the value of K| is, on the contrary, higher (Table 1).

It is proposed to consider the A /A, ratio as an additional fracture toughness characteristic that
determines the plastic deformation contribution to the displacement of load application point
in relation to the elastic deformation.

Therefore, in order to make fracture toughness certification of the material more complete, it is
recommended to determine three fracture toughness characteristics of the material: SIF, SFE
and the A,/A. ratio. According to this method, the fracture toughness characteristics of the VT6,
Fe-35.4%Ni alloy and the 12GBA tube steel are determined, which differ in the ability to
fracture toughness and the Young’'s modulus.
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