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ABSTRACT

Various attempts have been made to determine the fracture toughness of metallic alloys by means of
miniature tests, such as the small punch test, SPT. The use of notched SPT samples is the most convenient
way to explore but as yet there is no consensus regarding the best methodology to apply. In this paper,
longitudinally notched SPT samples of different steels were tested and the opening of the mouth of the
notch was measured in the course of the tests, using interrupted tests to observe where the first crack appears
in the most strained region of the notch region. Numerical analyses of the notch SPT tests were also
performed in order to confirm the experimental results.

Comparing Crack Tip Opening Displacement (CTOD) results obtained using standard fracture toughness
specimens with those derived from notched small punch tests, a procedure to obtain the value of the critical
CTOD, 6y, is proposed using the notch mouth opening value measured at the maximum punch
displacement registered in the miniature test.
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1. INTRODUCTION

Fracture toughness is an important property in order to design structural steel components and structures
assuming the possible presence of cracks or flaws. Such cracks can grow under applied external loads.
Thus, it is absolutely necessary to control this risk. It is well known that fracture toughness is a material
property that can be determined following certain standard procedures, such as the ASTM E1820 standard
[1]. This standard uses quite large specimens (compact tensile, CT or single edge notch bending, SENB,
specimens), making it crucial to have sufficient material available for testing [1].

Material extraction of such specimens from real components is not possible as it induces a local loss of the
effective section and therefore the amplification of local stresses. On the other hand, there are sometimes
small zones, such as heat affected zones in welds or coatings, that cannot be characterized using standard
procedures due to their small dimensions. Miniature tests were developed to solve these problems. Among
them, the small punch test (SPT) is one of the most popular. The SPT test has received great attention in
recent years [2-11]. Its usefulness in determining the tensile properties of metallic alloys (yield strength,
ultimate strength and even ductility) has already been proved. However, the use of this test to characterize
other materials [12-14] and to determine other important properties, such as the ductile-to-brittle transition
temperature and fracture toughness [15-18] is under permanent development. At present, there is a draft
pre-standard document disseminated in Europe [19] which includes an annex with various proposals to
obtain the fracture properties of metallic alloys, but no specific methodology has yet been defined.

The scientific community has been trying for some years to use the SPT to determine the fracture parameters
of steels [20-22]. The first attempt consisted in correlating the fracture toughness from the maximum
biaxial deformation after rupture, measured in a conventional SPT test [23,24]. One important advance was
related to the introduction of a crack in the SPT specimen, as a stress concentrator. On the other hand, the
inclusion of a crack in conventional SPT samples is not an easy task due to the low thickness of the specimen
(typically 0.5 mm). To solve this problem, the aforementioned European pre-standard document
recommends the use of pre-notched SPT samples. Different kinds of notches have been studied by different
research groups: surface circular notch [25,26], through thickness lateral notch [27,28] and surface
longitudinal notch [29]. Several methodologies have also been proposed to obtain the fracture parameters
of metallic materials using such notched samples. One of these proposals is based on determining the energy
necessary to initiate a crack from the notch. This value is directly related to the energy parameters of fracture



(G or J), and this point can be identified as the point where the slope of the SPT load-punch displacement
curve starts to decrease in zone 111 of a typical ductile plot [30]. Another possibility is the use of the opening
of the mouth of the notch, called CODspr or &spr, following the same nomenclature used in standardized
fracture toughness tests [27,29]. In any case, when comparing tests performed with notched SPT samples
and standard fracture toughness tests important differences are observed. To begin with, the SPT sample is
submitted to a biaxial load instead of a uniaxial load and the low thickness of the typical sample always
produces a plain stress instead of plain strain state. Additionally, the small size of the specimens and the
restricted space where the test takes place, make it difficult to measure the initiation and growth of cracks
during the test. The use of interrupted tests could help to solve this problem.

A correlation between conventional fracture toughness critical parameters (CTODc and Jic) and those
obtained using small punch test samples with longitudinal notches, based on the opening of the mouth of
the notch are analysed in this work. Interrupted SPT tests, SEM observations of the failed regions and a
numerical analysis of the miniature tests are used to confirm the results obtained.

2. MATERIALS AND METHODS

2.1. Materials

Four different structural steels were used in this research. S355 structural steel has a ferritic-pearlitic
microstructure (Figure 1a). H8 steel is mainly used in the naval sector and has a bainitic microstructure
(Figure 1b). CrMoV steel is employed for the manufacture of pressure vessels in the petrochemical sector
and has a microstructure composed of tempered bainite and martensite (Figure 1c). Finally, WM steel is
the weld metal used to weld CrMoV steel. It has a fine acicular low-tempered bainitic microstructure
(Figure 1d). The chemical compositions of the four steels are shown in Table 1.
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Figure 1. Microstructure of the steels. a) S355; b) CrMoV; ¢) H8; d) WM

Table 1. Chemical composition of steels (weight %)

Material C Si Mn Cr Mo V Ni
S355 0.13 0.26 0.8 1.58 0.05 0.00 0.25
CrMoV 0.15 0.09 0.52 2.17 1.06 0.31 0.19
H8 0.15 0.09 0.25 1.58 0.55 0.05 3.05

WM 0.08 0.04 1.08 2.28 0.93 0.24 0.03




Table 2 shows the tensile properties of the steels according to the UNE-EN ISO 6892-1 standard [31]: yield
strength, ovs, ultimate strength, ., and elongation, A. The hardening coefficient, n, and the constant, k, were
also calculated assuming a potential law to describe the plastic behaviour of the steels.

Table 2. Tensile properties of the steels

Material ovs (MPa) oy (MPa) A (%) n k (MPa)
S355 3861 472 +2 32+0.14 0.189 + 0.006 803+21
CrMoV 587 £ 19 700 £ 16 20+0.14 0.107 + 0.007 1019 + 16
H8 790 £8 857 10 21+0.51 0.067 + 0.007 1339+ 35
WM 1019+ 21 1120+ 1 17+0.11 0.079 + 0.005 1486 + 16

2.2. Experimental tests
2 .2.1. Standard procedure to CTOD - R curves determination

Fracture toughness tests were carried out using three-point bending SE(B) standard specimens. The
specimen dimensions were 50x25x250 mm?. They were fatigue pre-cracked at room temperature with an
R = 0.1 ratio, until obtaining a crack length-to-width ratio, a/W = 0.5 and were subsequently side-grooved
to obtain a final net thickness, By, of 20+£0.15 mm. The CTODs values were calculated using equation 1,
where Ki; is the actual stress intensity factor; E is the elastic modulus; v is Poisson’s ratio; I, is the plastic
rotation factor, which was taken as 0.44, according to the ASTM E1820 standard [1]; ovs is the yield strength
of the steel; vpi is the crack mouth plastic opening displacement (CMOD),;; and a;, the actual crack length,
which was calculated using the partial unloading compliance technique. The sub-index i represents different
stages in the course of the test.
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Two representative values can be obtained from the CTOD-R curves (CTOD versus crack growth, 4a). The
first one is the CTOD value corresponding to the onset of crack growth, dini, which was determined at the
point where the &curve separated from the blunting line (§ = Mg - Aa where Mg value is 1.4 ) and the
second one is the value of the CTOD corresponding to a stable crack growth of 0.2 mm, dic. Figure 1 shows
a standard CTOD-R curve and the location of these two points.
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Figure 1. Location of dini (crack growth initiation) and dic (crack growth of 0.2 mm) in a J-R curve

2.2.2 Small Punch Test performed with notched samples



Figure 2 shows the standard SPT device used, which consists of a hemispherical-head punch with a diameter
of 2.5 mm, a lower die hole with a diameter of 4 mm and a 0.2 mm chamfer edge. Standard SPT squared
specimens (10x10x0.5mm) were also used, but provided by a longitudinal semi-circular notch with a depth,
a, of 0.15 mm (a/t = 0.3), which was machined with a micro-drilling machine (Figure 2a). The load was
applied using a mechanical testing machine equipped with a load cell of 5 kN capacity and the punch
displacement was measured with a COD extensometer. All the tests were performed in laboratory
conditions under a displacement rate of 0.2 mm/min.

Several SPT tests were interrupted after attaining different displacement values, and the samples were then
examined under the scanning electron microscope (SEM). The width of the notch was measured before the
start of the tests and after test interruption. These measurements were taken at the maximum strained region
of the sample (see Figure 12 b).
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Figure 2. SPT device testing a notched specimen. a) Before the start of the test; b) Test once interrupted

The difference between the notch width measured at the beginning, 4, (Figure 2a), and at the end of the
interrupted test, Ar (Figure 2b), was called dser, as indicated in equation 2.

5SPT =Ap - A, 2

The interrupted specimens were also completely cracked into two parts using liquid nitrogen, in order to
analyse the fracture surfaces and differentiate between ductile failure (stable crack growth that took place
during the SPT test) and brittle failure (breakage in liquid nitrogen).

2.3 Numerical simulation of the SPT tests

In order to clarify the behaviour of the steel during the SPT test, numerical simulations were performed,
using the Abaqus / Standard v6.13 software. Due to the presence of the notch, it was necessary to use a 3D
model, as shown in Figure 3. The symmetry of the specimen allows a simplification of the model, thus
working with only a quarter of it. The specimen model had 44400 nodes and C3D8 type elements. A refined
mesh was used in the notch area, where the highest strain was expected. The rest of the elements used in
the test, upper matrix, lower matrix and punch were modelled as rigid elements. The boundary conditions
applied to the rigid elements were fixed displacements in all directions, except on the vertical axis in the
case of the punch. A friction interaction between the dies and the specimen was also established with a
friction coefficient, x = 0.1 [32]. The notch opening, dspr, Was measured as explained in Figure 3 (equation
2).

Two theoretical materials were also modelled, assuming bilinear elasto-plastic behaviour, to get the
relationship between the notch opening and the displacement of the punch as a function of the mechanical



properties of the material and of the thickness of the specimens. The mechanical properties of these
theoretical materials are shown in Table 3

a) b)

Figure 3. SPT model and mesh

Table 3. Mechanical properties of the theoretical materials

Material ay (MPa) ou (MPa) &y (Mm/mm)
Material 1 400 600 0.2
Material 2 1200 1800 0.2

As no damage model has been introduced in the simulation, the difference between the numerical curves
and the experimental ones will indicate the beginning of the damage in the notch region of the stressed
specimen (moment in which the aforementioned curves separate).

3 RESULTS AND DISCUSSION
3.1 Standard fracture toughness tests

Figure 4a shows the J-R curves obtained with S355, CrMoV and H8 steels using SENB specimens. All
three steels have ductile behaviour with stable crack growth. WM steel on the other hand, had brittle
behaviour and its representative load — CMOD curve is presented in Figure 4b.
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Figure 4. Experimental 6 — R curves. a) Ductile steels; b) Brittle steel (WM)



Table 4 shows the CTOD results obtained with the conventional tests performed according the ASTM
E1820 standard (dini, and dic., see Figure 1), along with the Jic obtained in the same test.

Table 4. Fracture toughness results obtained using standard specimens

Material sstandard (mm) gstandard (mm) Jic (kIim?)
S355 0.750 £ 0.093 0.900 + 0.087 750 + 20
CrMoV 0.210 £ 0.021 0.417 £ 0.022 555+ 19
H8 0.150 + 0.008 0.240 £ 0.022 450 £ 15
WM 0.008 + 0.000 0.008 + 0.000 22*+5

*Brittle material, calculated from K¢, using the following expression, Jic = Kic2-(1-?)/E
3.2 SPT tests

Figure 5 shows the SPT load-punch displacement curves experimentally obtained with all the steels. The
numbers beside the squares mark the successive experimental SPT tests that were interrupted, while
maximum loads are indicated as fully shaded squares in the same figure. Points marked with circles
correspond to locations where the experimental and numerical curves began to diverge (this specific point
can also be seen in Figure 6b.). In addition, in the case of the S355 steel, another interrupted point
corresponding to a maximum of the punch displacement was also marked once the maximum load (point
9) was surpassed. With the other three steels, complete failure always took place at the maximum load.
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Figure 5. Experimental SPT load - punch displacement curves

Figure 6a shows the crack opening, Jspr, represented against the punch displacement, d, obtained by
numerical simulation with the four steels and also with the two theoretical materials (see Tables 2 and 3).
In the latter case, the effect of different sample thicknesses was also included (it was varied between 0.475
mm and 0.500 mm, which is the typical thickness range of the experimental SPT samples). It is worth
noting that the evolution of the dspr with the punch displacement is very similar in all the cases until the
punch reaches a displacement of 1 mm. Then, it is possible to consider this sspr—d relationship unique for
any steel and thickness, at least in the range of those analysed in this work. Under displacements larger than
1 mm, the curves of the different steels begin to diverge, but only slightly.

The S355 dspr-d numerical curve is now taken as a master curve as it is the steel that showed the greatest
punch displacement in the experimental tests and the highest fracture toughness in the conventional tests.
Figure 6b shows the dspr-d experimental values determined in the interrupted tests for the four analysed
steels. The experimental results follow the numerical ones until a certain point of the curve, separating from
this point on (these points are indicated by a circle in Figures 5 and 6b). Therefore, these points represent
the location of crack initiation in the notch region of the different steel samples.
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Figure 6. dspt — Punch displacement curves. a) Numerical results; b) Experimental results

Based on these observations, the value of dspr at crack initiation (point at which the numerical and
experimental curves separate), and the points of complete failure (at the maximum load in the case of the
three steels with higher strength, and at the maximum punch displacement for the more ductile S355 steel)

were calculated. Table 5 shows the obtained results.

Table 5. Experimental dser results (at crack initiation, at maximum load and at maximum punch

displacement)

Steel Sy (mm) Fonec (MM) Sgnar (M)
$355 0.27 0.39 0.56
CrMoV 0.19 0.42 0.42
H8 0.17 0.38 0.38
WM 0.19 0.27 0.27

In order to establish a relationship between the CTODs determined using standard specimens and dser, both
parameters were represented in Figures 7 and 8. A very good correlation was obtained for & at crack
initiation (Figure 7a) and also for the critical CTOD, dic when a maximum punch displacement criterion
was used to evaluate the SPT results (Figure 8b). On the other hand, according to results shown in Figures
7b and 8a, the Jspr value obtained at maximum load does not have a good correlation with any standard &
value.
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Figure 7. Experimental correlation results between standard dini and the §value obtained by means of
SPT; a) at crack initiation; b) at maximum load
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As mentioned above, it is possible to establish a correlation between the CTOD obtained at the maximum
punch displacement using the SPT (with the aforementioned sample geometry) and that calculated from
the standard fracture toughness test. The following expression was obtained from the data regression shown
in Figure 8b.

8 =3.13557 ~0.88 (3)

dmax

The relationship between CTOD and the J fracture toughness is also well known, equation 4 [1], where J is
the fracture toughness (in kJ/m?); m is a constant that depends of the geometry of the specimen, whose
value varied between 1 and 2; and ovs is the yield strength of the material.

J=mo-0 4)

Substituting J and ¢ with the critical parameters, Jic and dic respectively and taking also into account
equation 3, gives:

Jc =Moy-(3.135; —0.88) (5)
SEM observations of the notch region of the SPT samples corresponding to the interrupted tests were
performed in order to confirm the accuracy of the previously exposed relationships. Figure 9 shows the
appearance of the strained notch region once experimental and numerical curves separate. The images
correspond to the samples where cracks are first visible on the notch surface; all of them were located very
close to the point where experimental and numerical curves separate. Crack extension is seen to be very
dependent on the type of steel tested. Some of the cracks are not easily distinguishable from machining
defects. For this reason, and to clarify whether the first crack really appears at the point indicated in Figure
5 and 6b, these samples (interrupted SPTs specimens) were submerged in liquid nitrogen and then broken.
This gave a fracture surface with three different regions: the notch, the stable crack growth, which took
place during the SPT test, and the final brittle failure at low temperature. Figures 10 and 11 show the failure
surface appearance of S355 and WM steels (the steels with the highest and lowest fracture toughnesses
respectively). In the case of S355 steel, a stable crack propagation region characterized by a ductile
micromechanism (microvoids coalescence) is clearly visible. The extension of this region is between 50
and 100 um, demonstrating that first crack appeared just before point 7 in the plot shown in Figure 5 (no
crack was seen in the notch surface of samples whose tests were interrupted before this one). A similar
result was also obtained with the WM steel (Figure 11), where the first cracks appeared just before point
10 in Figure 5.



Figure 9. SEM vision of the notch area corresponding to the interrupted SPT specimens. a) S355 (point
7); b) CrMoV (point 10); ¢) H8 (point 6); d) WM (point 11); e) General view of the samples locating the
enlarged region. See Figure 5 to locate the samples in the SPT load-punch displacement curves

Figure 10. Failure surface of S355 interrupted SPT specimen corresponding to point 7 (6 = 0.415 mm)
after complete break in liquid nitrogen. a) General view; b) Detail of the different failure
micromechanisms in the middle region of the specimen.



Stable crack
propagation

Figure 11. Failure surface of the WM interrupted SPT specimen corresponding to point 10 (6 = 0.256
mm) after complete break in liquid nitrogen. a) General view; b) Detail of the different failure
micromechanisms in the middle region of the specimen.

Another important point to consider is the location of the first crack. By means of the numerical model
(Figure 3), the Von Mises stress and the equivalent plastic strain distribution in the course of the SPT test
were calculated. The stress distribution is quite uniform along the notched sample (Figure 12 a) but,
nevertheless, strain amplifies in two symmetrical regions separated from the centre of the notch (Figure 12
b).
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Figure 12. Numerical simulation. a) Stress distribution; b) strain distribution

Using again the two extreme steels (S355 and WM), the location of the first cracks in the notch was
determined under SEM observation. Figures 13 and 14 show the crack initiation location in S355 and WM
steels respectively. In both the steel with the highest and that with the lowest fracture toughness, cracks
initiated in the region of the sample submitted to the maximum strain.



Figure 14. Crack initiation location in WM notched SPT sample

4. CONCLUSIONS

The methodology to obtain the Jic and dic elasto-plastic fracture toughness parameters by means of testing
notched SPT samples is described in this paper.

It has been numerically demonstrated that significant modifications of the mechanical properties of steels
and slight changes in the thickness of longitudinally notched SPT specimens have a negligible influence on
the relationship between the notch width enlargement, dspr, and the punch displacement measured in these
tests. Moreover, careful SEM observations of interrupted SPT tests has led to two significant conclusions.
Firstly, the separation between the experimental and numerical SPT curves define the initiation of cracking.
Secondly, the first cracks are always located in the notch sample region submitted to the maximum strain.

As fracture toughness tests were also performed on standard specimens, a relationship between the CTOD
at initiation of crack growth and the notch width enlargement measured at the maximum punch
displacement of the SPT samples was finally obtained for this specific specimen geometry.
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