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An instrumented drop weight tear test allows one to obtain the work of fracture of the specimen. This work monotonously
but nonlinearly increases with increasing the test temperature, that is, with increasing toughness of the specimen material.
However, part of the work is spent on processes that are not directly related to the properties of the material (friction, etc.).
In this work, the total energy expenditures for the deformation of specimens of pipe steel of strength class X80 were determined
basing on experimentally measured geometry of the 3D images of specimens and tensile curves of the studied steel, adjusted
for the strain rate. In the upper half of the specimen, where tensile deformation was preceded by compression, the total plastic
deformation was calculated as the sum of compression and tension. The energy of elastic deformation in all cases was 1+ 5% of
the total energy of deformation (A, ). An increase in the test temperature results to monotonous but nonlinear increases of A |
from 7.5 k] at —67°C (brittle fracture) to 15 k] at —40°C (mixed fracture) and up to 17 k] at +20°C (ductile fracture). Thus, A
is highly sensitive to the transition from brittle to mixed fracture and slowly sensitive to the transition from mixed to ductile
fracture. The ratio of A and the fracture work of the specimen is about 100% for brittle fracture, >70% for mixed fracture, and
<70% for ductile fracture. Thus, this ratio can be used as an indicator of the fracture type.
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VIHCTpyMeHTUpOBaHHbIe MCIBITAHMsA IQJAIOMIMM IPY30M IIO3BOJIAIOT ONpeNeUThb paboTy paspylleHma obOpasma. Irta
paboTa MOHOTOHHO, HO HEJIVHEIHO yBeINYMBAETCA C IIOBBIIIEHIEM TeMIIepaTypbl UCIIBITAaHNII, TO €CTh C POCTOM YHapHOI
BA3KOCTM MaTepuaia obpasua. OfHaKo, 9acTh YKa3aHHON pabOThI 3aTpaylBaeTCsA Ha IPOLIECCH], HAIIPAMYIO He CBSA3aHHbIe
CO CBOJICTBaMM Marepyaa (HalpuMep, TpeHue 1 T.11.). B HacTos1eit cTaTbe CyMMapHble 3aTpaThl S9HepryM Ha e opMaliio
00pas1oB TpyOHOII cTamy Kareropuy npovHocTy X80 ObUIM OIpefie/ieHbl 13 9KCIIePUMEHTATbHO M3MEePEHHON TeoMeTpun
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3D 06pa3oB 06pasIoB 1 KPUBBIX PACTKEHNUs MCCIETOBAHHON CTA/M C TIOMPAaBKaMI Ha CKOPOCTDb pacTsDKeHNs. B BepxHert
HoNI0BMHe 00pasia, rie fedopMalyy pacTsHKEHMA IIPefIIeCTBYeT CKaThe oOlnas IUracTudeckas jedopmanysa Obra
paccunMTaHa KakK CyMMa OKaTVs U pacTsKeHMs. DHeprus ympyroit sedopManmy BO BCeX CIydasx cocTaBimsana 1+5%
ot o6meit snepruu gedopmaruu (A ). TToBblrenNe TeMIIepaTypbl MCIIBITAHNI TPUBOUT K MOHOTOHHOMY, HO HENIMHETHOMY
ysemudenuio A ot 7.5 kJIx npu —67°C (xpynkoe paspymenne) x 15 kJlx mpu —40°C (cMmelraHHOe paspyleHne) 1 BILIOTh
mo 17 xJx mpu +20°C (Bsiskoe paspymrenue). CrenoBaTenbHO, A, CUIBHO 4yBCTBUTENbHA K TIEPEXOfy OT XPYIKOTO
K CMEIIAHHOMY PaspyLIEHNIO 1 CTab0 YyBCTBUTENbHA K IIEPEXOTy OT CMEIIAHHOTO K BA3KOMY paspyiennio. OTHourenne A
K pabote paspyeHns obpasiia paBHO 0Komo 100% I XpyIKoro paspymenns, >70% Iy CMeLIaHHOTO paspyureHus u <70%
II BASKOTO paspyuieHnsA. TakuM o6pa3oM, STO OTHOLIEHME MOYKET MCIIONb30BaThCs Kak I0Ka3aTe/b TUIIA Pa3pyLICHNMA.

KiroueBsre cnoBa: VIII, Tpy6Has ctasb, paboTa paspyuenns, paborta gedopMarnim.

1. Introduction

The following standards: GOST 30456-97 [1] (GOvernment
STandard, Russia and other CIS countries), ASTM E439 [2]
(American Society for Testing and Materials, USA),
API 51L3-96 (2003) [3] (American Petroleum Institute, USA)
and BSEN 10274: 1999 [4] (British Standard and EuroNorm,
UK and EU) are applied to drop-weight tear tests (DWTT).
According to all these standards the ratio of ductile and
brittle parts of a fracture is the only measurable parameter.
Unfortunately, this parameter has several disadvantages.
Firstly, such evaluation is “ambiguous and subjective,
because it does not take into account, to the necessary extent,
the features and diversity of the structure of fractures” [5].
Secondly, “the complex nature of the formation of the
specimen fracture type does not allow it to be interpreted as
a criterion for the material toughness and confirms the doubt
about the legality of using the fracture type as a quantitative
criterion for assessing the crack resistance of welded pipes
and other structures” [6]. Even the authors of this type of
test, who initially discovered a correlation between fractures
after testing of pipes and plate specimens [7], were not able
to establish a clear correlation between the parts of fibrous
fracture in the destroyed pipes and in the specimens, when
they have tested another series of pipes [8]. Thirdly, it is
not rational that such technically difficult test gives so little
information about the processes that occur in the material
during deformation and fracture.

Many methods of mechanical testing (for example
[9,10,11,12]), supplementing the standard ones, have
been developed to increase the accuracy and information
content. To increase the amount of objective information
about the material fracture process during DWTT, so-called
instrumented tests are carried out [13]. The dependence of the
acceleration of the striker on time and subsequent integration
to obtain the dependence of the force on the coordinate of
the striker, allows to obtain energy parameters of fracture
also. Two characteristics are automatically obtained from the
load — the displacement of the striker diagram in automatic
mode. The first of them is called the specimen fracture
work (A). A is equal to the decrease in the kinetic energy of
the dropped weight during the contact of the striker with the
specimen, and is calculated as the integral of the force on the
coordinate. The second characteristic (the so-called crack
propagation work (A))) is calculated as the energy spent
after reaching the maximum on the smoothed curve of the

dependence of force on the coordinate of the striker. Both
of these works monotonically, but non-linearly increase with
increasing testing temperature and, thus, the material impact
strength. Due to the ambiguous meaning of the A, value [14],
the following analysis concerns mainly the specimen fracture
work A.

This work is spent on:
. elastic deformation of the striker and supports;
. elastic deformation of the specimen;
. plastic deformation of the specimen;
. formation of the fracture surfaces;
. friction between the specimen and the striker/supports;

6. friction of the movable and fixed parts of the
equipment;

7. other losses.

It should be noted, that the losses on subsection “7.
other losses” (for example, the formation of elastic (acoustic)
waves, overcoming air resistance, etc.) are clearly small. The
losses on subsections “I. elastic deformation of the striker
and supports” and “6. friction of the movable and fixed
parts of the equipment” should be minimized by selecting
a sufficiently rigid material for the mentioned parts and
the correct setting up of the test equipment. It is important
that the energy losses mentioned in this subsection, as well
as in subsection “5. friction between the specimen and the
striker/supports” are not directly related to the processes of
deformation and fracture of the specimen during testing. The
energy for subsection “4. the formation of fracture surfaces
of the specimen” can be formally calculated by measuring
the surface area of the fracture and multiplying it by surface
tension, but it is difficult to determine experimentally.
However, it is known that, for metals with high toughness,
the energy of formation of new surfaces is small compared to
the energy of deformation.

Energy losses for subsections “2. elastic deformation of
the specimen” and “3. plastic deformation of the specimen”
can be calculated based on experimentally measured
specimen geometry and tensile curves of the tested material
at different temperatures. Similar measurements carried out
in tests of other types, in particular with quasistatic tension,
have long proved the applicability and information content of
such geometric measurements [15].

Thus, the purpose of this work is to develop a technique
for evaluation energy losses on deformation and fracture of
the specimen during DWTT basing on the analysis of the
3D-image of fractured specimen.
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2. Experimentals

Standard (GOST 30456-97) DWTT specimens of 27.7 mm
thick were produced from a single-longitudinal-seam pipe
for gas pipelines with a diameter of 1420 mm manufactured
from steel of strength class X80. The specimens were cut
so that a V-shaped notch of a standard depth of 5 mm was
oriented along the pipe. They were tested on DWT 40-5
drop-hammer impact testing equipment with a weight
of 2.5 tons using a three-point shock-bending scheme at
temperatures from —67 to +20°C in steps of ~10°C (Fig. 1).
We have tested two specimens for each temperature. The
total energy losses A and work of the crack propagation A,
were calculated using the software embedded into the testing
equipment, depending on the acceleration of the dropped
weight vs time. An accuracy of measurements was +5°C for
the temperature and +(5+7)% for energetic parameters.
Quasi-static tensile tests were carried out on standard
cylindrical specimens with an operating zone of 4 mm in
diameter and 20 mm in length (GOST 1497-84 [16]) on an
Instron-3369 universal testing machine at temperatures of
+20, —20 and —40°C and tensile rates of 10 and 50 mm/min.
The fractured specimen geometry was measured using an
ATOS II XL non-contact optical digitizing system (Advanced

(
|
|

80 100 120 140160 140 120 100 80 60 40 20 O

0 20 40 60

|

&%

S
T 140 120 100 80 60 40 20 0

d

Fig. 1. (Color online) Specimen after DWTT at +20°C; side view,
3D-image (a); view from above, photo (b); schemes of sections
of the specimen 3D-image at 8 (c) and 66 mm (d) from the
specimen bottom. Dashed line demonstrates maximal compression
deformation.
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Topometric Sensor). The digitalizing step was 5 mm in hight
and 0.1 mm in other directions. Solidworks and Geomagic
Quality software were used to recognize and decrypt the
shape of the specimen.

3. Discussion

The dropped weight energy spent for the elastic and plastic
deformation of the specimen. Measuring of the shape
changes allows us to determine the plastic deformation
value. The specific work of the plastic deformation for the
volume unit a, is calculated as

aP:Ic-dsp, (1)

where o0 means tensile stress, g, means relative plastic
deformation. Thus, it is necessary to use the dependence
of tensile stresses vs plastic deformation (Fig.2b). This
dependence was calculated by subtracting the elastic
deformation (Young’s modulus of elasticity was taken as
200 GPa) from the experimental o/¢ curve (Fig. 2a).
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Fig. 2. Tensile stress vs strain dependences of three various specimens
at temperature +20°C (a) and calculated corresponding tensile stress
vs plastic elongation dependence (b).

Table 1. The results of tensile tests of steel of strength class X80 at different loading speeds and test temperatures.

Test temperature, °C | Deformation rate, mm/min | Relative elongation, % | Ultimate tensile strength, MPa | Yield strength, MPa
—-40 10 21.7£1.0 764+9
-20 10 21.7£1.0 746+5
+20 10 22.5+£2.5 6767 505+11
+20 50 22.0£2.0 699+6 542+7
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To estimate the relative plastic strain e, we used the
results of measuring the thickness of a given section of the
3D-image of the specimen. The change in thickness of the
specimen during DWTT is much less than the length of the
crack (the specimen total height without the notch depth).
Therefore, we can assume that (basing on the law of constancy
of volume for a plastically deformed material), the relative
change in the thickness of the cross section is equal to the
relative elongation ¢ , which was used to calculate the energy
of plastic deformation.

The energy volume density of elastic deformation a,
which preceded the measured plastic, was determined using
Hooke's law:

2
g,=""e =", 2)
2  2E

where 0 means the stress corresponding to the measured
plastic strain, &, means the calculated value of the elastic
strain preceded the measured plastic strain. The calculated
values of the energy of elastic, plastic, and total deformation
were determined by integration over the volume.

Tensile diagrams for the studied steel of strength class
X80 are shown in Fig. 3.

The average curve was chosen as the tensile curve
involved in further calculations (an example is shown in
Fig. 2a). At the same time, it was verified that the use of any
tension curves for calculations changes the result by no more
than 0.3%.

Thedependences of the tensile stress vs plastic deformation
were calculated by deduction of the elastic strain from the
total strain. Since the reduction of the conditional stress after
reaching the ultimate tensile strength (UTS) is caused not
by softening the specimen, but by a decrease in the effective
cross-sectional area, the stresses during deformations after
reaching the UTS were taken equal to the UTS (see Fig. 2b).
Since, with an increase in the strain rate, the stress-strain
curve increases (Table 1), the stress levels obtained at a tensile
speed of 10 mm/min in accordance with [17] were increased
by 15%.

The shape of the halves of each DWTT specimen
(see Fig. 1) was digitized in 3D. Next, the thickness of the
section was determined layer-by-layer (at the same distance
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Fig. 3. Dependences of the deformation energy density per unit of
height of the specimen (M]J/m) vs the distance to the layer from the
bottom surface of the specimen at different temperatures (°C).

from the lower surface of the specimen), and the residual
plastic deformation and elastic deformation preceding the
obtained plastic were determined. In the upper zones of the
specimen, where plastic tensile deformation was preceded
by compression (see Fig. 1b,d), the total plastic deformation
g, was calculated as the sum of compression and tensile
deformations. Since both the physical mechanisms and the
parameters of the deformation diagrams for tension and
compression are the similar [18], we have used the tensile
diagrams (Fig. 2) for energy calculations for both cases. The
volume density of the deformation energy was calculated
as the sum of the elastic and plastic parts. The elastic
deformation in all cases was from 1 to 5% of the total energy
of deformation.

The curves of the dependence of the energy density spent
on the deformation of each horizontal layer on the distance to
this layer from the lower surface of the specimen are shown
in Fig. 3. This pattern shows that the energy density, spent
on the deformation of each layer have a tendency to increase
with increasing test temperature. Note that the calculations
for the uppermost layer are very inaccurate, because it was
deformed according to a complex scheme and the degree of
deformation is difficult to estimate.

The calculated total energy spent on the specimen
deformation (A ):

AD:I(ap+ae)-dV (3)
14

where V means the total volume of the specimen,
monotonously increasing with an increase in the temperature
of the tests (Fig. 4). During the transition from brittle
fracture at —~67°C to mixed brittle-ductile one at —40°C A
increases significantly (doubles), but a further increase at
temperatures up to +20°C and, accordingly, a transition to
ductile fracture results in a slight (not more than 10+15%)
increase in A .

A comparison of the A and the work of fracture of the
specimen (A), determined from braking of the dropped
weight during the DWTT (Fig. 5), shows that for brittle
fracture A, is almost equal to A, for mixed fracture A is
more than 70% of A, and ductile fracture A | is less than 70%
of A. Thus the ratio A /A is an indicator of the fracture type.
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Fig. 4. Dependence of the specimen fracture work (A), the
crack propagation work (A,) and the energy spent on specimen
deformation (A,) vs DWTT temperature.
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Fig. 5. Dependence of the ratio of the energy spent on specimen
deformation (A,) to the specimen fracture work (A) vs DWTT
temperature.

4. Conclusions

1. A technique for evaluation of energy losses for elastic
and plastic deformation during DWTT without using
special equipment for instrumented tests is developed. This
technique is based on the analysis of both 3D images of
fractured DWTT specimens and parameters of quasi-static
tensile diagrams of the same steel.

2. Energylosses for elastic and plastic deformation during
DWTT, estimated by the developed technique, monotonously
nonlinearly increase with increasing the test temperature of
pipe steel of strength class X80 from lower —60°C to +20°C.

3. The mentioned energy losses are >90% of the total
fracture work for brittle fracture, 70 +90% for mixed fracture,
and <70% for ductile fracture.
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