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ABSTRACT: The possibilities to derive fracture toughness from small specimens are
naturally limited due to constraint requirements which are especially restrictive in toughness
testing. In this paper two possible ways are explored theoretically and experimentally to use
instrumented sub-size Charpy tests to evaluate fracture toughness related data that are
essentidly size independent (and can be compared with the ones obtained from larger
specimens, e.g. standard Charpy specimens). The first way is to adapt a J-R-curve
estimation procedure for analyzing instrumented Charpy tests that has proven to deliver
conservative fracture toughness data. The second is to scale-up the characteristic values of
the instrumented sub-size tests, which are determined to be the total fracture energy and the
energy consumed up to maximum load, and then use the evaluation procedure for standard
Charpy specimens mentioned above. The corresponding scaling laws are derived
analytically, using simplified mechanical models. The results are compared with
experimental data obtained from different specimen sizes.

KEYWORDS: Instrumented Charpy test, sub-size specimens, fracture toughness, fracture
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In toughness testing often conflicting requirements have to be fulfilled. On one side a
minimum degree of constraints is required which leads to a certain minimum specimen size
and on the other using small specimens is advantageous in terms of costs, test equipment and
material needs. Actualy, the specimen size is often limited by the dimensions of the
available testing material. That iswhy testing of small specimens became an important issue
in fracture mechanics. A test specimen is called small if it does not fulfill the size
requirement of J-testing at least in the upper shelf toughness range. Typica small scale
specimens are those of the size of Charpy specimens.

1 Head of Structural Engineering group and research engineer, respectively, Swiss Federal Labs. for
Materias Testing and Research (EMPA), CH-8600 Duebendorf, Switzerland
2 New affiliation: Lecturer, University of Queensland, Brisbane, Austrdia



Since rate-induced hardening contributes to increasing the constraints at a crack or a
sharp notch tip and consequently helps to weaken the size requirements, it is advantageous
to perform small scale tests under rapid loading. Charpy V-notch impact testing is one of the
most widdly used test methods to get information on the toughness characteristics of a
material (see e.g. [1]). Using an instrumented pendulum hammer and preferably pre-cracked
and side grooved specimens, even more sophisticated toughness testing is possible which
alows one to evaluate fracture toughness data in terms of J or K, [2, 3]. A smplesingle
specimen technique to evaluate the force-displacement diagram delivered from the
instrumentation has been developed by Schindler [4 - 6]. By means of semi-empirical
correlation formulas even the data from instrumented Charpy testing on standard V-notched
specimens can be used to estimate fracture toughness values [6 - 8].

However, there are situations where there is not enough testing material available to
machine Charpy specimens, e.g. if the broken halves of Charpy specimens are to be used for
further toughness tests to characterize the aging behaviour. Such specimens are called sub-
sized or miniature Charpy specimens. Because of the reduced constraints and the usualy
heavily violated size requirement the aim and purpose of such a test is just to obtain
toughness-related data that can be compared with those of standard or precracked Charpy
tests, rather than to obtain fracture toughness directly.

Basically there are two ways to obtain toughness-related properties from sub-size
specimens. The first is to use the same evaluation procedure as for precracked Charpy
specimens, [4 - 6], and evaluate fracture toughness-related parameters which are expected
to be size independent. The second is to scale up the required experimenta input data,
which mainly are the total fracture energy and the energy consumed up to maximum force,
from the sub-size to the standard Charpy specimens. In the present paper these two ways of
evaluating sub-size Charpy tests are explored heoretically and experimentally. First, the
above-mentioned fracture toughness evaluation procedure for Charpy type impact testing is
recapitulated. Since the access to some of the given references [4 - 6] might be alittle diffi-
cult, the theoretical derivations are given in concise form in the appendix. Then, based on
the same mechanical model, scaling laws for the key parameters are theoretically devel-
oped. Theresults are finally verified and discussed by comparisons with experimental data.

FRACTURE TOUGHNESS EVALUATION FROM IMPACT BENDING TESTS

Theoretical Model and Basic Assumptions

Consider a beam-shaped specimen containing an edge crack or sharp notch of an
initial length &, loaded in three point bending (Fig. 1). Assuming the fracture mechanism to
be ductile tearing (so-called upper shelf behaviour), the force versus displacement diagram
obtained from the instrumented test looks as schematically shown in Fig. 2. The fracture
process is assumed to consist essentialy of two phases (Fig. 3): phase | from the beginning
of the loading up to about maximum load which includes crack tip blunting, crack initiation
and the first stage of tearing, and phase |l as the remaining phase of fracture which is
essentially stable tearing. The basic assumption inthis model are:

i) phasel isgoverned by the JIntegra
i) the tearing crack growth of phase Il is governed by the crack tip opening angle
(CTOA), which isassumed to be constant during phase |1



FIG. 1. Mechanical system of the impact bending test

It can be shown experimentally and theoretically (see appendix) that the crack ex-
tension Day, at the end of phase | isin genera still within the J-controlled region, which is
limited to about O<Da<bq/10, according to ASTM Standard Test Method for ¢ (ASTM
E813), or ESIS Recommendations for Determining the Fracture Resistance of Ductile

Materials (ESIS P2). According to these standards the J-R-curve in phase | is assumed to be
of the general form

J(Da)=Cx[a’ for Da<Da, (1)

Assumption ii) enables a relation between the fracture energy and CTOA to be
obtained, where the latter is proportional to the slope of the JR-curve at the beginning of
the tearing phase I, i.e. at Da=Da,,. The corresponding equations are derived in the
appendix (eg. (A11-A14)). Since the J-R-curve is a continuous curve three transition
conditions have to be fulfilled at the transition point from range | to range I, i.e. where
Da=Da,,: equality of J, equality of the slope and equality of the curvature of the JR-curve
(see A.15). These conditions enable the three unknowns in (1), C, p and Daq, to be
determined. One obtains:
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Wit (FWmpt Wiy See Fig.2) denotes the total fracture energy and Wy, the dissipated (non-
recoverable) part of the absorbed energy a maximum force F. B and b=W-ag are the
thickness and width of the ligament, respectively (Fig 1). For side-grooved specimens B
shall be replaced by the net thickness By, For the present case of three point bending the
well known factor ###(a/W) can be approximated by the formula
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which is based on numerical results in [9]. For ssmplicity the elastic component of J is
neglected in (1) and (2), since for small specimens it usually is small compared with the
plastic part. However, it can be approximately accounted for by replacing W, by the total
energy at maximum load, W,

FIG. 2. Forcevs. displacement diagram FIG. 3: Schematic representation of a J-R-
curve

Note that only Wy, (or W, respectively) and W are required as experimental
input data which both can be obtained very easily and unambiguoudly from the load-
displacement diagram (Fig. 2). This feature makes that evaluation procedure particularly
easy and suitable for dynamic testing of small scale specimens. The capacity of egs. (1) and
(2) to approximate the J-R-curve has been demonstrated experimentally by comparison with
multiple-specimen methods [4, 8].

Near Initiation Fracture Toughness

From the J-R-curve an approximate initiation toughness can be obtained by adapting
a procedure given in ASTM E813 or ESIS P2 to determine J; or Jy og|. However, in the
case of small or sub-size specimens we recommend a slightly modified, nore conservative
definition of a characteristic near-initiation toughness, J, o as shown and defined in Fig. 3.
It represents the Jvalue at Da=Dag;+0.2mm, where Dg; is defined as the intersection between
(1) and the blunting line. There are several reasons for this modification: First, since Jy og;
is usualy outside the Jcontrolled range, the JR-curve for small specimens is often too
steep in the region of crack initiation, so the procedures according to ASTM E813 or ESIS
P2 lead to a too high J; og;; second, it corresponds better to the physical assumption of 0.2



mm tearing crack growth; third, it enables a closed form mathematical expression for Jy o to
be obtained (see below, eg. (5)). For dynamic tests, where the flow stress is increased due
to high local strain rates, the slope of the blunting line, s;, is no longer proportional to the
quasistatic flow stress but rather to the dynamic one. Therefore we define

J=sxDa=d>xsy xa (2<d<3) (4a)
where
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The factor d in (44) can be assumed to be about 2. (If the near-initiation toughnessis
determined by the standard definition of J. or Jy og according to ASTM E813 or ESIS P2,
then it is recommended to choose the more conservative value 3). Working out the near-
initiation toughness Jj o as defined in Fig. 3, one obtains
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where C and p are given in (2a) and (2b). The second term in (5) represents an
approximation of the elastic component of J, which is usually small in the case of small or
sub-size specimens and therefore neglected in the 3R-curve given by (1) and (2). As a
usually sufficient approximation it can be omitted in (5) as well, if Wy, in (24) is replaced
by the full energy at maximum load, W,

Sometimes it is convenient to transform fracture toughness values as given in (5) to
fracture toughness in terms of the stress intensity factor. The well known transformation
formulafor this purposeis

Ky =+ Joz XE / (1- n?) )

SCALING LAWS

According to the previous section the key parameters of a load-displacement diagram are
the maximum force F,, the energy a maximum force Wy, and the total fracture energy Wiy
In the present section scaling laws for these parameters are derived based on the same
mechanical models and the same assumptions as used in the previous section. In the
following the data corresponding to the sub-size specimens are denoted by aprime, i.e. Fy,',
Wnp and W', Correspondingly, the geometrical data of the sub-size specimens are also
designated by aprime, eg. W', B', by’ and &y'.

Enerqy at Maximum Force




According to assumption i) the point of maximum force is in general within the J
controlled range of crack extension. Thisimplies that
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which isthe well known relation derived in [10], and, according to (1),
Jmp = CxDa,P (8)

C and p are meant to be materials parameters that can be obtained from testing sub-size
specimens by using (2a) and (2b), whereas Dayy, as given by (2c) corresponds to afull size
test. Inserting these relations into (8) and (7) yields
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Total Fracture Enerqy

As can be seen from Fig. 3 the total fracture energy is given by
Wot = Winp +Wim (10)

The scaling law for the first term is given in eq. (9). The second term is obtained from
(A11), where CTOA and s ¢q are meant to be material properties that can be determined by
a sub-size specimen test by means of (A11) and (4b), respectively. Applying then (A11) to a
larger specimen and using afirst order approximation, one readily finds
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Maximum Force




Since the force Ry, is proportional to the moment M and the latter is proportional to
Bb? (according to (A2)),
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and since pWp/ (2Wio)<<1 and Wi/ (2Wio) W'/ (2Whet'), (13) simplifies as afirst
approximation to
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VALIDATION BY EXPERIMENTAL RESULTS

To verify the formulas derived above we consider the experimental data that are
obtained in a round robin program on instrumented sub-size Charpy testing performed
within the ESIS technical committee 5 [11, 12]. The round robin is concentrated on sub-size
specimens according to DIN 50115, but some participants, anong them EMPA, also used
half-size Charpy specimens. The geometrical parameters of the considered specimens are
given in Table 1. The test material was ASTM A533 B Class 1 pressure vessel steel. The
values of Wy,,, Wit and Fryy as experimentally determined are givenin Table 2.

TABLE 1: Geometrical parameters of the used specimens.

B [mm] W [mm] b [mm] S[mm] HitH
standard Charpy 10 10 8 40 1.76
ub-size A 3 4 3 22 1.88
ub-size B 5 5 4 22 1.76

The experimental data given in Table 2 are used to check whether or not the near
initiation toughness delivered by eg. (5) or (6) are size independent, and to what degree the
scaling laws (9), (12) and (14) are able to predict the corresponding values of the standard
sze. Only the upper shelf data are included in this consideration, since there is a
temperature shift between the different specimen sizes, which means that the values in the
brittle-to ductile transition (BDT-) range deviate from one another at a given temperature.

First the key experimental data for the sub-sized specimens as given in Table 2 are
scaed up to the size of standard Charpy specimens by using the corresponding formulas.
The corresponding data are summarized in Table 3. Regarding the facts that these formulas



are purely theoretically derived, without any adjustable factor, and that the (natural) scatter
of these parameters is usually of about ###5%, the agreements are generally very satisfying,
revealing that the rather coarse analytical models and assumptions as used above to
describe the tearing fracture process are adequate.

TABLE 2: Experimental data measured in the upper shelf range

standard Charpy @O | sub-size A @ sub-size B©

Win [J] 65.2 2.26 8.35
Wigt [J] 215.2 8.42 29.4
Fry [KN] 19.6 1.32 4.21

(@ provided by SCK.CEN ; (@ mean values of the round robin [8]
® mean values of 4 tests performed at EMPA

TABLE 3: Key parameters of the force-displacement diagram scaled-up to standard

Charpy size
standard Charpy sub-size A ub-size B
equation deviation deviation deviation
W [J] (9) 65.2 - 511 | 216% | 613 | -6.0%
Wiot [J] (12) 215.2 - 2074 | 362% | 2297 | 6.7%
Fin[KN] | (14) 19.6 ] 172 | 1220 | 185 .5.6%

To obtain size-independent fracture toughness related data two ways are proposed in
the introduction: either applying eq. (5) directly to the measured data shown in Table 2, or
first scaling-up the basic input data to reference size (which in general will be the standard
Charpy size) and then applying (5) to the resulting parameters. Using the first approach
results in the values shown in Table 4. The agreement between the parameters for the
different sizes is remarkably good. Using the second way results in agreements between the
different sizes that is even somewhat better (Tab. 5). From general experience with these
kinds of testsit is estimated that the presented deviations are still within the normal scatter
band of these parameters. The dynamic flow stress Syq4 is necessarily the same for both
procedures. Its deviation from one specimen size to the other reflectsfirst of all the different
congtraint conditions. Thus, as expected, sub-size A specimens exhibit the lowest dynamic
flow stress.



TABLE 4: Near-initiation toughness cal culated by the given equations directly fromthe
measured data given in Table 2

standard Charpy ub-size A sub-size B
equl. deviation deviation deviation
Joa [Nf/mm] | (5 | 339 - 286 | .156% | 331 -2.3%
K [N/mm9] | () | 8845 ] 8124 | _gooy | 8739 | _100
Stq [MPe] (4b) | 1225 - 1075 | 1229 | 1157 | _55%

TABLE 5: Near-initiation toughness cal culated from the scaled-up data given in Table 3
and the geometrical parameters of standard Charpy specimens

standard Charpy sub-size A sub-size B
equl. deviation deviation deviation
Joz [Nfmm] | (5, | 339 - 302 | .109% | 3 1.8%
KIN/mmL | (g | 8845 ] 8348 | 5o | 8922 | 0.87%
Sig [MPa] | (4p) | 1225 - 1075 | 12206 | 1157 | .55%

EXTENSIONS

Scaling Fracture Energy From Non-Instrumented Tests

Due to the lack of Wiy, the scaling law for Wi (ed. (12)) can not be applied when
performing norrinstrumented tests. However, since Wy is in general much smaller than
Whot (usually Winp< Wiqr/3) p is expected to have anumerical value close to 1 according to
(2b). Therefore, afirst order approximation of (12) is

B h &
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Scaling Laws in the Brittle to Ductile Transition Regime




Since the presented equations are based on the assumption of a purely ductile tearing
process, the J-R-curve represented by (1) and (2) holds only in the upper shelf regime.
However, as discussed in [2], the near initiation toughness defined in (5) represents alower
bound value in the transition regime and the lower shelf range. Thus (5) or (6) can be
applied in the entire temperature range, to obtain conservative BDT- fracture toughness
versus temperature curves. As an example, Fig 4 shows the BDT- curves obtained for the
material considered in the previous chapter using fandard and sub-size specimens. The
scatter of the data of each specimen type is relatively large. Nevertheless, the expected
temperature shift between the different specimen typesis clearly visible. Note that the upper
shelf values of the three specimens are in good agreement with each other.

FIG. 4: Fracture toughness measured using different specimens as a function of
temperature

J-R-Curves for Standard Size Specimens

It has been recognized before [4] that the JR-curves described by (1) and (2) arein
generd too flat (i.e. conservative), because the numerical value of the exponent p as given
in (2b) is somewhat too high compared with experimental data. Correspondingly the
resulting fracture toughness values as given by (5) are conservative, which usualy is a
rather welcome feature in small specimen testing, since the latter tend to exhibit too high
fracture toughness values due to the lack of sufficient constraints. However, if for certain
reasons best estimate JR-curves for pre-cracked Charpy specimens are desired, then p as
given in (2b) should be modified to
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This semi-empirical modification is based on comparison with multiple-specimen J-R-
curves [4]. Applying p as given in (16) directly to the sub-sized specimen dataleadsto J-R-
curves that differ significantly from each other. Thus, if best estimate J-R-curves are
required, then the second way according to the preceding chapter should be chosen, which
means using the scaled-up energy values in eq. (1), (2a) and (2b). For the examples
considered in the previous chapter this results in the JR-curves that are shown in Fig. 5.
Therein the h-Factor was tentatively reduced from 1.76 (according to (3)) to 1.46 as
suggested in [7] in order to account for the finite notch radius. However, the effect of the
sharpness of the notch root on the JR-curve, which is also considered in [5] and [8], needs
further clarification.

FIG. 5. "Best estimate” J-R-curves obtained from specimens of different sizes

CONCLUSIONS

The direct evaluation of standard fracture toughness data from sub-size Charpy
specimens is certainly a too ambitious am, since it is not possible to fulfill size and
constraint requirements. Furthermore, there often is no fatigue crack introduced in sub-size
specimens for practical reasons. A more redlistic am is to determine characteristic
parameters that are comparable with the ones obtained from standard size Charpy tests. For
this purpose scaling laws for the main characteristic values, i.e. the energy at maximum load
and the total fracture energy, have been derived anaytically based on simple mechanical
models. The agreement with experimental results showed, that the corresponding simple
mechanical models are adequate to describe the tearing fracture process.

As a suitable parameter to characterize the toughness of smal and sub-size
specimens the near-initiation toughness J, » is proposed. This parameter is closely related
to J; and has proven to be able to characterize the Jvalue at about initiation of ductile
tearing of precracked standard-size Charpy specimens. The present investigation reveals
that this value is essentially size-independent which means that the upper shelf value is
about the same for different specimen sizes. Concerning size-independence the best results



seem to be achievable when the experimental data that are required in the determination
formulaof J, arefirst scaled-up to the standard Charpy size by the proposed scaling laws.

The proposed toughness property J, 5 iS able to characterize the toughness behaviour

in the brittle-to ductile transition range. Since the required experimental data are well
defined and easily obtained, it is reproducible and applicable throughout the entire
toughness range. For these reasons this parameter is well suited for determining the
temperature shift in brittle-to-ductile transition, e.g. due to specimen size, impact speed or
irradiation damage.
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APPENDIX

Basic Relations in the Tearing Phase

The tearing energy consumed in phase |1 (see Fig. 3) is determined by

_ q(Pa) _ - Da
Wy (D)= 3 M(Da)>dia = @ 7 M(b)>cia(b) | (A1)

with b=b,-Da denoting the actual ligament width and M the bending moment. The latter can
be written in terms of arepresentative flow stress sy as

c
M(b):zsfd xBxo? | (A2)

where c represents a non-dimensional factor that takes the value 1 for plane stress and about
1.45 for plane strain.



FIG A.1: Definition of the parameters at the fracturing section of an edge cracked plate
in bending

Assuming the crack tip opening angle CTOA, which is defined as

dd
TOA=— A
CTOA=— (A3)

(with d denoting the crack tip opening displacement) to be constant in phase Il leads to the
kinematical relation

CTOA
dq(b)=- de (A4)

where 2b denotes the distance between the crack tip and the center of rotation. Inserting
theserelationsinto (1) gives

W (DR) = = CTOAS g ¥{ 20 X D2~ D)+ (D~ Dy )] (15)

According to [9] the formal J-R-curveinrange Il is represented by

me +h Wear(Di)
Bxy Bxhy- Da)

J(Dn)= for De>Day, (A6)

By inserting (A5) in (A6), then taking the derivative with respect to Da and comparing the
resulting expression at Da=Da,,, with the derivative of the well known fundamental equation

J=s,xmxd(Da) (A7)
and (A3) one obtains

dd dJ hx dd
@ZEZECTOASM :EWTVSM , (A8)

which leads, with using (2), to

,= h xc
~ 4m (A9)
The nondimensiona factor m as introduced in (A7) depends on the triaxiality of the local
loading state and is of the order of 1.
Obvioudy (seeFig. 2)



Wiear (Ce=bo-Dapy) = Wim (A10)

so (A5) and (A9) result in

CTOA = 2 My (A11)
Bxms 1y by - Doy, )?
Determination of JR-Curve
From (A6), (A1l) and (1) it follows that the JR-curve isformally given by
J(Dn)=C xDa" for Dat Dam (Al12a)
é (Da- Dn, )L (A12b)
J(D)=J,,+s,¥Da- Dv,)- ——F—— for Da>Dan,
é 2b, a
where
h xE
mp
= Al
I =5, (A13)
20 (Wt - Wi )
S = 2 (Al4)
Bl - Dan)

The three unknowns Dayp, C and p are determined by the following matching conditions of
egs. (A12a) and (A12b) at De=Dayyy:

J'(Dw,)=J"'(Da,)=J, (A15a)
dJ’ dJ"

o B = gy (BBn ) =S, (A15b)
dZJI dZJII SZ

T (Do, )= T (Da,)=- b (A15¢)

Herein, the superscripts | and 11 indicate correspondence to range | (i.e. eq. (A12a)) and Il
(A12b), respectively (see Fig. 3). One obtains therefrom
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