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Foreword

This publication, Pendulum Impact Machines: Procedures and Specimens for Verification,
contains papers presented at the symposium of the same name held in Montreal, Quebec,
Canada, on 18-19 May 1994. The symposium was sponsored by ASTM Committee E-28 on
Mechanical Testing and its Subcommittee E28.07 on Impact Testing. The symposium was
chaired by Tom Siewert, National Institute of Standards and Technology, and Karl Schmieder,
consultant on mechanical testing.
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Overview

This was the sixth symposium published by ASTM on the topic of impact testing. The five
previous symposia, Proceedings of ASTM, Vol. 2211 (1922), Proceedings of ASTM, Vol. 38-
11 (1938), STP 176 (1956), STP 466 (1970), and STP 1072 (1990), were sponsored by ASTM
Subcommittee E28.07 (prior to 1969 known as E-1.7). These symposia covered a broad range
of topics and occurred rather infrequently. The period before 1985 might be characterized as
one in which the Charpy test procedure was broadly accepted and changing very slowly. How-
ever, the last symposium (1989), ‘‘Charpy Impact Test: Factors and Variables,”” was driven
by new forces: a recognition within ISO Technical Committee 164 (Mechanical Testing) Sub-
committee 4 (Fracture) of shortcomings in the procedure and a desire to know the basis for the
requirements. Although most of the requirements and procedure details were considered quite
reasonable and still valid, there was a desire by the late 1980s to restudy a few of the relation-
ships. Some felt that changes in materials and energy ranges (from those under which the
original relationships were developed) might justify slight revisions to the procedures. Also,
some other standards and users in other countries had adopted different procedures, which
raised questions about comparison of data developed under these different procedures.

Authors from five countries presented a broad variety of test data at the 1989 Symposium,
which encouraged spirited discussion and comparison of the results. The twelve papers in the
proceedings (STP 1072) and another paper in the Journal of Testing and Evaluation provided
a review of the effects of procedural and specimen variables in Charpy impact testing. The
data proved to be of interest to many general users of the test, but was of particular interest to
the members of ASTM Subcommittee E28.07 (the subcommittee responsible for Standard E-
23 on the Charpy test). During the past five years, the data presented at the symposium have
been the single most important factor in determining whether to change various requirements
in Standard E-23. The data have also been useful in supporting tolerances and procedural details
during the reballoting of ISO Standard 442 on Charpy testing.

By 1991, the E28 Subcommittee on Symposia suggested that it was time to schedule another
symposium on Charpy impact testing. One reason was because the 1989 symposium did not
answer certain questions about the choice of tolerances in the specifications. Indeed, several of
the papers appeared to reach conflicting conclusions about the effect of certain variables.

The Call for Papers for the 1994 Symposium specifically invited studies on the issues of
procedures and specimens for machine verification. The following paragraphs describe our
success in attracting papers that study the procedural details and suggest changes in the toler-
ances in ASTM and ISO standards.

This publication includes three papers comparing the 8-mm and the 2-mm radius striker
designs. These papers (Nanstad and Sokolov; Siewert and Vigliotti; and Tanaka et al.) confirm
that the data taken with the two strikers are not interchangeable and suggest that the 8-mm
radius typically produces higher energies below about 20 J and that the 2-mm radius striker
produces higher energies above 100 J. In the intermediate range, the results are less consistent.
During the final discussion period, we tried to find ways to resolve the use of different striker
radii between countries. It became clear that there is no easy solution because each country has
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developed a large statistical database with their own striker design (8- or 2-mm radius). These
data have been incorporated in a complex web of other standards and requirements. However,
it was very encouraging to learn that the European standards (EN series) may add the 8-mm
striker in the next revision (in about four years) and that the ASTM subcommittee plans to add
the 2-mm striker in their next revision of E23. Unfortunately, there does not seem to be a
similar activity in Japan.

We heard about the development of standardized specimens for indirect verification of ma-
chine performance to supplement direct measurements (primary physical characteristics of the
machines). Papers by Hida and by Galban et al. described the development of standardized
specimens for Japan and France, respectively. Building on the statistical calculations contained
in these two papers, a paper by Splett and Wang provided more details on the determination
of the quality of standardized specimens.

In the area of machine and specimen tolerances, we learned about the effect of machine
alignment on second strike marks (Schmieder et al.), the effect of specimen edge squareness
(Marsh), striker geometry tolerances (Ruth), striker surface finish (Ruth et al.), subsize speci-
ments (Alexander et al. and Manahan et al.), and reconstitution of specimens (Williams et al.).

The topic of machine verification is becoming important for nonmetallic materials as well.
The Call for Papers was developed in discussions with ASTM Subcommittee D20.10 (Me-
chanical Properties of Plastics) and Section D20.10.02 (Impact Properties of Plastics) to include
papers on Charpy and Izod testing of plastics. We received a paper by Mackin and Tognarelli
on calibration of an impact machine for plastics and one by Kalthoff and Wilde on instrumented
impact testing of polymeric materials.

Other papers covered the use of load-displacement curves for obtaining more information
from impact tests (KarisAllen and Matthews and McCowan et al.) and the kinetic energy of
the specimen being tossed from the machines (Chandavale and Dutta for an unbroken specimen;
Kalthoff and Wilde for the two broken halves).

Many people commented that they found the information presented in this symposium to be
particularly interesting. One reason for this may be that the 1994 symposium attracted contri-
butions from many countries. Twenty-one of the forty-two authors and coauthors are from
outside the U.S., an even broader participation that in the 1989 symposium. We believe that
this is due partly to wide distribution of the Call for Papers at international meetings and because
of the current importance of this topic in international commerce.

Although the 1994 symposium provided much useful information that will allow us to im-
prove impact testing standards, it also identified other differences between standards and will
require further study before a decision can be made. The following topics should be considered
for inclusion in the Call for Papers for a future symposium:

1. The theoretical effect of striker contact radius on the state of elastic stress at or near the
root of a Charpy specimen notch.

2. The use of instrumented strikers to separate the energies of crack initiation and of crack
propagation for machines with 8-mm and 2-mm striker radii in the range below 25 J
Charpy V-notch absorbed energy.

3. Correlation of results of static tests for plane-strain fracture toughness to those for Charpy
V-notch impact tests at different temperatures, using both the ISO and the ASTM striker.

4. By finite element or other analytical techniques, determine the striker form that will min-
imize the plastic work of crushing and bending the specimen.

5. Compare the absorbed energy as measured by machines with C-type pendulums to U-
type, including materials with high yield strength and absorbed energy less than 20 J.
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ABSTRACT: Charpy V-notch specimens from one lot of high-strength steel
were tested using three machines to determine reference values for three
measures of toughness: absorbed energy, lateral expansion, and height of
shear lips. The broken specimens were examined to determine the loca-
tion and magnitude of changes in specimen features made during testing.
The features of interest were the height and location of the shear lips,
the location of the lateral expansion projections ranked by height, and
the location, length, width, and angle of the first- and second-strike
marks. Changes in these features were compared to the changes in
average absorbed energy for each of the machines in its standard
condition. To correlate changes in these features with intentional
machine modifications, ten series of tests were made on a fourth
machine. Patterns which could predict the direction of change in
absorbed energy for most modifications were observed. The trends
indicated by these data are: (1) each modification resulted in an
increase in absorbed energy, (2) the distance between second-strike
marks is a measure of the compliance of the striking edge and anvil,

(3) the offset of the first-strike marks is largely due to lift-off of
the specimen at the moment the striker hits the specimen, (4) offset and
the angle of second-strike marks are measures of general asymmetry of
loading, and (5)lateral expansion and shear lips are valuable as means
to detect scale errors and excess losses not related to the work of
fracture.

KEYWORDS : Absorbed energy, Charpy V-notch, high-strength steel, high-
speed photography, impact machine, lateral expansion, shear lips, strike
marks
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4 PENDULUM IMPACT MACHINES

NOMENCLATURE

composite postfracture energy -- a measure of the work done to create
the fracture surface, excluding energy expended in shock losses, toss
losses, and work to form depressions in the specimen at points of
contact.

lift-off -- the momentary loss of contact between the specimen and the
anvils, which occurs immediately after first contact.

offset -- the horizontal distance from the striking edge to the notch.

reference value -- a value obtained from tests made by a machine in
standard condition.

specimen locations -- when the specimen is in the position for testing.
in direction of swing:
(N)® notched surface -- the surface parallel to the notch root and
nearest 1it.
(S) struck surface -- the surface parallel to notch root and

farthest from it.

vertically:
(U) upper horizontal surface.
(L) lower horizontal surface.

transversely:
(I) inboard half -- portion of specimen originally between the
striking edge and the machine column.
(0) outboard half -- the portion originally adjacent to the inboard
half.

first-strike mark -- the mark made on the specimen by the anvils before

fracture (see Fig. 1).

second-strike mark -- the mark made on the specimen if the broken halves
fly away from the pendulum and strike the anvils (see Fig. 1).

third-strike mark -- additional mark made on the specimen after fracture
by striking a machine part or other solid object in the vicinity.

types of second-strike marks:

line -- the second-strike mark which completely crosses the
notched surface (see Fig. 2, codes A, I and J).

nick -- a second-strike mark which impacts both edges, but not
in the center, of the notched surface (see Fig. 2, codes B and
F).

others -- a nick at one edge only, or a nick on one half and a

line on the other half, or no second-strike marks on one half.

INTRODUCTION

Relative to hardness and tension tests of metal, impact tests
have poor reproducibility. This is economically important since it
requires more tests to ensure a given degree of precision. This testing

‘Letters are abreviations used in Tables.
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problem has been long recognized [1-4]. Although significant im-
provements have been made during the last three decades [5], limited
reproducibility remains one of the principal disadvantages of impact
testing. The objective of this study is to reduce the variability of
impact test results by identifying machine deficiencies through
inspection of the broken specimens.

This inspection included the usual measurement of absorbed
energy, lateral expansion, and shear lips. In addition, another less
well-known measurement was made, the characterization of subsequent
strike marks. The process of forming the marks is shown schematically
in Fig. 1. High-speed photographs confirm the transverse flight of the
broken halves and the strike against the anvils. Enlarged photographs
in Fig. 2 show various types of first- and second-strike marks.

EXPERIMENTAL PROCEDURES
Specimens

All specimens were drawn at random from a large lot of
verification-grade specimens. The material specification is published
in ASTM Standard Practice for Qualifying Charpy Verification Specimens
of Heat Treated Steel, E 1271, Appendix X1l. The specimen dimensions
were those for Type A shown in Fig. 6 of ASTM Standard Methods for
Notched Bar Impact Testing of Metallic Materials E 23 except that the
tolerances are smaller.

Machines

The first three machines, which were used to determine the
reference values, were manufactured by different companies to meet the
specifications of ASTM E 23. All had capacities of 300 J (220 ft-1bf)
or more. All were directly verified within a year of making the tests

1st
Strike

2nd
Strike

Fig. 1 -- Schematic diagram shows how the first- and second-strike marks
are produced.
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Fig. 2 -- Photographs of the struck surfaces on a broken half from each
of the following series: A, B, F, I, and J. The first-strike marks are

on the right-hand side and the second-strike marks are on the left-hand

side.

reported here. The fourth machine, which was modified during these
tests, had less than half the capacity of the others. The machine
designations used in this study, the pendulum types (as described in
ASTM E 23, Fig. 1), and the scale errors in percentage of the reading
are:

Designation R1lC R1U R2U M1C
Type of pendulum c U U C
Scale error -3.0% -0.8% -0.3% 0.0%

All reported values are corrected for the scale errors that are known.
A method to estimate the scale error for M1C is discussed later. The
modifications made to Machine M1C are given letter designations and are
listed below. The same letters are used to identify the test series in
the tables of results.

A. As received. History of prior use unknown. Tightness of bolts
unknown.

B. 0l1d anvils replaced by new anvils. Bolts tightened to 100 J (75
ft-1bf) at each installation.

C. 0ld anvils reinstalled.

D. Place specimen on the supports so that they are offset 2 mm toward
the machine pedestal.

E. New taller supports installed to raise the specimen 10.6 mm above
the standard position. During this and each subsequent replacement
of the supports, the bolts were tightened to 27 J (20 ft-1bf).

F. Reinstall the original inboard support only.
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G. Remove both supports so the specimen is 10.9 mm below the standard
position.

H. Shorten and grind the top surface of the new supports so that the
specimen is slanted upward toward the anvil at one degree with the
horizontal and reinstall.

I. Reinstall the original standard supports. Remove old anvils and
grind the face which bears against the specimen so that it has an
angle of 10:1000 to the original surface, measured in a vertical
plane when installed. Restore the corner radii and surface finish.
Reinstall modified anvils.

J. Remove anvils and restore contact faces to original condition, also
reduce the thickness in the direction of swing by 5 mm. Reinstall
modified anvils.

K. Reinstall new anvils, restoring the machine to standard condition.
Photograph specimen half as it flies transversely and strikes the
anvil.

Methods of Testing

All specimens were tested at -40°C (-40°F) in accordance with
ASTM E 23. The lateral expansion of the broken specimens was measured
as prescribed in ASTM E 23-93a, Section 12.4.2.

The location, length, and width of the strike marks were measured
with an optical comparator in the reflective mode. Magnifications of
10X and 20X were used for the first- and second-strike marks,
respectively.

Many of the first-strike marks had poorly defined outer
boundaries. To be consistent, we reported the distance from the notch
root center-line to the inner boundary of the mark. For a few marks,
both boundaries were poorly defined and no dimension was recorded.

The high-speed photographs were taken at 2000 frames per second
with a video system. The lighting system included two banks of
incandescent lights arranged around the outboard side of the impact
machine, for a total of 1500 watts of power.

Methods of Calculation

The statistical calculations were made according to the .
mathematical definitions of the average and standard deviation. The
lateral expansion was measured as prescribed by ASTM E 23, that is, by
the sum of the two highest of the projections at the ends of the
pendulum strike marks on both broken halves. This method is based on
test results which correlate lateral expansion and absorbed energy over
a wide range, mostly at energies higher than those reported here. Some
information is available in the range of these tests [6].

Since four measurements are taken in any case, they were added to
see if the correlation with absorbed energy was improved in the range of
these tests. To make the results compatible with the standard value,
the sum of the four measurements is divided by two when reported.

The composite postfracture energy index reported is calculated by
dividing the average value for a series by the average of all specimens
tested during the program. This is repeated for each of the three types
of measurements of postfracture energy, and then the three values are
averaged. The result is a dimensionaless number for each series which
allows the series to be compared but does not indicate the magnitude or



8 PENDULUM IMPACT MACHINES

units of the energy measurement. To allow comparison to other published
results, the composite number is multiplied by the average value for all
tests for the lateral expansion measured according to ASEM E 23. The
average values for all tests are shown on the bottom line of Table 1 and
the values for Series R1C on the top line. Using these values, the
composite postfracture index for Series R1C is

0.12} ./ 0.114 .,/ 1.35
0.133 0.111 1.403
3

0.133 ( ) =0.126 mm.

The distance reported as a measure of position of second-strike
marks is the distance from the centerline of the notch to the centerline
of the mark. The offset is equal to one half of the difference between
first-strike marks, measured on the inboard and the outboard halves.
Unless stated otherwise, the distances at the upper and lower surfaces
are averaged before the difference is calculated.

RESULTS

Table 1 shows averages and standard deviations of energy measure-
ments for some single series and for combinations of related series.
Table 2 shows the energy measurements for all of the series as a dimen-
sionless ratio to the average values for Machine M1C. This permits
comparison of quantities, such as lateral expansion to absorbed energy,
which have different units and magnitudes varying by a factor of over
one hundred.

TABLE 1 -- Weighted average values for for quantities which are given as
a single number for both broken ends.

Machine Absorbed Lateral Expansion® Sum of

or Energy Shear
Class I, ft-lbf E 23, mm Sum/2, mm Lips, mm
RIC 15.9, 11.7 (0.3%)° 0.12 (0.01)° 0.11 (0.01) 1.35 (0.11)
RI1U 17.2, 12.7 (0.5) 0.14 (0.03) 0.12 (0.01) 1.43 (0.14)
R2U 17.5, 12.9 (0.5) 0.14 (0.03) 0.12 (0.01) 1.40 (0.13)
MIC-A 15.2, 11.2 (0.6) 0.11 (0.10) 0.09 (0.01) 1.36 (0.09)
AB,CK 15.3,11.3 (0.2) 0.13 (0.02) 0.10 (0.01) 1.34 (0.04)
M1C-Others 15.9, 11.7 (0.3) 0.14 (0.01) 0.11 (0.01) 1.45 (0.09)
All RXX 16.9, 12.4 (0.6) 0.13 (0.01) 0.12 (0.09) 1.39 (0.04)
All XXU 17.4, 12.8 (0.2) 0.14 (0.00) 0.12 (0.00) 1.40 (0.04)
All Std.C? 15.5, 11.4 (0.2) 0.13 (0.00) 0.10 (0.00) 1.34 (0.01)

2 E 23 is sum of two highest projections. "Sum/2" is one half the sum

of the four readings.

® Values in parenthesis are coefficients of variation.
¢ Values are standard deviation in mm.

4 yalues from R1C and M1C: Series A,B,C,K.
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TABLE 2 -~ Deviations® of energy-related measurements in Table 1 from
the corresponding values for Machine R1C.

Lateral Expansion
Absorbed Height of
10° Energy E 23 method Sum of Four Shear Lip
R1C (10) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
R1U (10) 8.5 (0.7) 14.6 (2.7) 12.5 (0.9) 15.9 (0.3)
R2U (10) 10.3, (0.7) 15.2 (1.6) 15.9 (0.6) 2.4 (0.3)
M1C-A (6) -4.5 (1.1) -6.3 (0.7) -14.0 (0.3) 0.7 (-0.2)
B (6)° -5.3 (0.4) 5.7 (5.4) -1.5 (3.5) 0.7 (0.5)
C (5)°¢ -3.0 (0.2) 13.3 (-0.6) 15.1 (-0.4) -4.8 (0.1)
D (5) 2.6 (0.6) 28.5 (0.2) 1.1 (0.4) 14.1 (0.7)
E (5) -1.7 (0.5) 5.3 (1.4) -4.2 {(0.7) 3.0 (-0.3)
F (6) -2.7 (0.6) 7.8 (-0.4) -4.5 (0.5) 3.0 (0.1)
G (5) -0.9 (0.6) 12.1 (2.8) 6.8 (1.3) 3.0 (0.9)
H (5) 1.7 (0.0) 18.4 (1.4) 13.9 (0.2) 4.4 (0.9)
I (5) 1.3 (1.1) 20.5. (0.6} 4.6 (0.8) 0.7 (-0.2)
J (5} 3.4 (0.2) 18.4 (3.3) 16.3 (0.2) 10.8 (0.2)

2 Deviation of measured quantities are shown as percentages, deviation
of the coefficient of variation of that gquantity as a ratio.

» Machine identification, series, and number of specimens.

¢ One of the halves not available for measurement.

Table 3 presents the various second-strike measurements. Table 4
is a tally showing the number of occurrences of various deformations at
specified locations. 1Its primary use is to identify asymmetrical condi-
tions. Table 5 presents statistics on first- and third-strike marks and
compares absorbed energy to the composite postfracture energy.

DISCUSSION
Significance and Limitations of Various Measurements

One of the main objectives of the impact test is to measure the
energy regquired to produce the fracture surface. The loss of potential
energy of the pendulum during the swing is reported as absorbed energy,
but it also includes:

A. friction losses due to pendulum motion,

B. shock losses due to vibration and displacement of the machine parts,
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TABLE 3a -- For the reference machines, average values and coefficients
of variation for position, width, and direction of second-strike marks.

Distance from Notch to Mark® Angle with Upper Edge, deg.
Line
ID* Outboard Ratio 0/1 er:;l’c Outboard Inboard
Lines Others Lines Other Lines Others Lines | Others
RIC 0.94 0.94 1.03 1.06 1.22/1.12¢ 0.3 3.2 0.2 0.5
0.04)! (0.04) (0.08) (0.09) (0.38) ©.7) ©.4) (1.0) ©.4)
RIU 0.94 0.93 0.98 1.03 0.28/0.34 1.0 2.0 0.2 0.2
() ©.04) () ©.07 ©.31) (O] ©3) () ©.5)
R2U 1.06 0.99 1.05 0.99 1.25/1.22 1.6 2.7 0.8 0.2
(0.02) (0.04) (0.06) (0.03) 0.37) 0.5) 0.8) (1.3) (1.1

Machine identification and type of pendulum.

Dimensionless ratio of distance to width of specimen, which is 10 mm.
Wwidth of all specimens in a series combined statistically.

Value in parentheses is ratio of standard deviation to average.
Upper surface/lower surface.

® o oo

C. crushing work to form the depressions on the surfaces struck by the
‘pendulum and the anvils simultaneously, and

D. the kinetic energy of the broken halves after fracture.

Absorbed energy -- ASTM E 23 includes a correction for (a) which
adequately removes this amount of work from the reported absorbed energy
[71. The other losses are included in the reported value.
Measurements of lateral expansion remove all of the above except the
crushing work at the struck surface. The shear-lip-height method
excludes all of the losses. However, that does not mean that the
machine has no influence on the results from these alternative measures
of energy. These tests indicate that the different machines impose
different conditions of force, displacement, and loading points which
influence the work done at or near the fracture; therefore, the
resulting numbers are not solely material properties. Attempts to
separate these machine dependent contributions by measurements of the
broken specimen halves is discussed further in other sections.

Lateral expangion -- The principal use of lateral expansion in this
study is to provide a measure of the work to produce a fracture without
depending on the energy measurement scale of an impact machine. 1In
order to estimate its discriminatory capability in a single series, a
regression analysis was made with inputs of the average absorbed energy
and lateral expansion from each of the fourteen series unweighted for
the number of specimens in each series. The regression of series
averages showed regression coefficients 0.534 for the ASTM method, 0.644
for the sum method, and 0.552 the composite postfracture energy, respec-
tively.
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TABLE 3b -- For Machine M1C, average values and coefficients of

variation for position, width, and direction of second-strike marks.
ID® | Distance from Notch to Mark® | Line Width,®| Angle with Upper Edge,

mm
Outboard Ratio 0/I Outboard Inboard

A 0.94 (0.02) 1.01 (0.05) 0.49 (0.16) 1.3 (0.8) 1.2 (1.1)
B 0.90 (0.06) 1.04 (0.06) 0.65 {0.30) 2.5 (0.4) 2.1 (0.7)
[of 0.90 (0.07) 1.00 (0.07) 0.57 (0.50) 1.5 (0.9) 1.9 (1.0)
D 1.09%(0.01) Lo (lo) 0.56°(0.11) 1.6°%(0.4) e (L))
E 0.89 (...) 0.98 (...) 0.64 (0.10) 0.9 (0.5) 1.4 (0.8)
F 0.83%(0.05) e (L)) 1.21£(0.10) ) 19.0 (0.3)
G 0.86 (0.04) 0.95 (...) 0.67 (0.29) 2.6 (0.4) e (lll)
H 0.86 (0.05) 0.99 (0.05) 0.84 (0.28) 2.8 (0.7) 4.7 (0.4)
I 0.89 (0.03) 1.05 (0.06) 0.56 (0.15) 1.3 (0.9) 1.1 (0.6)
J 0.86 (0.06) 1.04 (0.11) 0.49 (0.17) 1.8 (0.8) 1.0 {(0.7)

® Series identification.

» pimensionless ratio of distance to width of specimen, which is 10 mm.

¢ Wwidth of all specimens in a series combined statistically.

¢ value in parentheses is ratio of standard deviation to average.

¢ Outboard values. No strike marks on inboard halves.

f No strike marks on upper outboard halves.

Shear-1lip heights -- The shear-lip height has the advantage of less

proportional reading error than lateral expansion; the shear-lip heights
were about 10 times greater than the lateral expansions. This
difference would seem to compensate for the differences in the reference
surfaces for the two methods, a fracture surface for the former and a
ground surface for the latter. Another disadvantage of the shear-lip
height is that a maximum is sought along the crest of the lip by
measuring at various distances from the notch. A much more serious
source of error is that most crests were flattened by various amounts
from contact with a hard plane surface.

A regression analysis of the ten individual specimens vs. the
absorbed energy of each showed that the shear-lip height was superior to
the lateral expansion method for a single series. The regression
coefficients were 0.81 for the R1C machine, 0.56 for R1U, and 0.46 for
the R2U machine. Corresponding values for lateral expansion were all
less than 0.25.

First-strike marks -- The accuracy of the measurements can be judged by
comparing the distance between first-strike marks on the inboard and
outboard halves to the specified distance between anvils. For the three
reference machines, the distance between marks are 41.0 + 0.2 mm for
R1C, 41.1 + 0.1 mm for R1U, and 41.1 + 0.2 mm for R2U. The specified
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TABLE 4 -- Evaluation of machine asymmetry by number of deformations at
various locations.

Start of Second-Strike Marks® Shear Lips Lateral Expansion Projections®
ID* Line Nick None® v L Upper Surface Lower Surface
U L U L U L A B CD A B CD
RIC
-0 6/1° 6/4 42 473 00 52 473 2 31 4 322 3
-1 772 715 3/1 271 01 53 612 2 41 3 4 4 1 1
R1U
-0 6/6 6/0 2/0 4/4 2 0 32 6/1 2 213 4 2 1 1
-1 3/1 32 62 6/5 11 714 473 13 2 1 3 31
R2U
-0 6/6 6/0 4/1 473 00 5/3 512 52 2 1 33 40
-1 6/5 6/1 4/3 4/1 o 0 5/3 572 33 2 2 1 2 0 7
MIC
A-O 272 2/1 2/1 3/1 1 0 42 31 1 2 21 3300
A-1 6/4 6/2 (] 00 32 310 2 11 2 2 013
MIC
B-O 272 2/0 2/1 3/1 1 0 211 0 21 2 0 2 1
B-1 1/1 1/0 4/0 5/0 1 0 3/1 63 1 112 2111
MIC
D-O 5/5 5/0 [C] 00 170 4/1 011 2 0 3 1
D-I 0 0 [C] 00 4/3 11 001 3 1 2 01
MiC
H-O 32 3/ 2/1 211 00 32 32 2120 03 20
H-1 1/0 1/1 3/1 42 1 0 20 2/1 2 1 2 1121
MIC
J-0 3/3 3/0 22 210 00 2/1 312 1103 3110
J-1 5/3 512 0 0 00 3/1 21 1 02 2 1 2 2 0

®Machine identification - Position of half before fracture.

PWhere first contact between the specimen and the anvil occurs, "U"
designates upppermost surface in position for testing, "L" the opposite.
‘Letters indicate ranking of heights at four locations. A is highest
projection. If two are equal, both receive the same rank and the next
lowest is omitted.

9Indicates no second strike mark at that location.

*Numerator is total number of occurrences at that location. Denominator
is the number of highest values included in the numerator.
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Table 5 -- Absorbed energy, index of fracture work, first-strike
dimensions, and frequency of occurrence of third-strike marks.

13

Composite First-Strike Marks Third-Strike Marks®
Absorbed | Index of
ID | Energy,J | Fracture, Offset Angle, deg Fracture End
mm
mm (e} 1 Lips® Corner Surface Edge
RIC 15.9 0.126 0.1 (0.5) 04" (0.7) 0.2° (1.5) 67 13 7 27
2.5y
R1U 17.2 0.140 0.2 0.7) 0.4 (1.5) 0.1 2.1) 55 22 11 27
“.0)
R2U 17.5 0.140 0309 | 02018 | 040.0 50 45
3.9
-A 15.2 0.113 0.1 (0.9) 0.6 (0.9) 0.2 (1.6) 109 72 55 45
(5.6)
-B 15.0 0.128 0.1 (0.8) 0.1(.) 0.9 (1.6) 110 20 80 10
(3.6)
-C 15.4 0.135 0.1 (0.4) 0.3(1.2) 0.3 (1.5) 89 22 67 44
(3.0)
-D 16.3 0.144 2.1(1.3) 02(1.4) 0.1 2.2) 0 0 0 0
3.9
-E 15.6 0.128 0.0 (0.4) 02(1.4) 02 (1.4 55 18 36 64
3.7
-F 154 0.127 0.5 (0.5) 12.8 0.1) 14.3 (0.1) 40 20 60 10
@.1
-G 15.7 0.135 0.1 0.4) 1.1 0.7) 1.3 (0.8) 33 8 50 33
4.0)
-H 16.1 0.141 0.1(0.3) 0.3 (0.9 0.5 (1.1) 70 70 20
2.5) -
-1 16.1 0.136 0.1 (0.9) 0.3 (0.9 0.6 (0.7) 67 44 44
(5.2)
-J 16.4 0.145 0.2 (0.5) 02(1.4 0.3 (0.9 22 22 22 22
2.8)

ayalues shown are number of occurrences as a percent of the number of
specimen halves examined.

*Flattening of the tip of the shear 1lip, therby reducing the height.
Vvalues shown in parentheses are standard deviations as percentages of
the value.
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gap between anvils is 40.0 + 0.05 mm and the distance between tangent
points (gap + radius of curvature) is approximately 42.0 mm. The
average of the values for the three machines differs from the average of
the specified dimensions by 0.2 mm or 0.5 percent, indicating that the
distance measurements have better precision than any other measurements
presented in this report. The angle measurements are derived
trigonometrically from the distance measurements. Their accuracy is
estimated at 0.3 deg.

For the thirteen series of tests reported in Table 5, the average
offset of first-strike marks was typically less than 0.3 mm; four values
are less than 0.1 mm, indicating that the specimens had been positioned
very precisely. One explanation for higher offsets is operator
carelessness, but that would not account for the fact that the angles,
which the operator does not control, vary just as much. Even more
puzzling is the fact that the angles on each end of the specimen differ,
in some cases, by more than the estimated inaccuracy. An explanation is
that after the first contact with the striker, the specimen bends and
loses contact with the anvils momentarily. Furthermore, when contact is
restored, one anvil may touch before the other, allowing the specimen to
continue tilting until the second anvil makes contact. The published
records of force vs. time during the first contact between the specimen
and the striking edge of a high-strength steel specimen show the force
decreasing, approaching zero for a short period, thus indicating that
lift-off occurs [8,9].

Second-strike marks -- The second-strike marks provide more measurements
related to asymmetry than the other reported characteristics of the
broken halves. The most conspicuous is whether the marks are lines or
nicks. A less obvious but just as useful difference is the width of the
strike mark, the edge showing the widest mark having struck the anvil
first.

The feature found most useful for quantitative analysis is the
sum of the distance between second-strike marks, obtained by adding the
distance from notch to mark for the outboard half of the specimen to
that for the inboard half. This distance seems to be a measure of
compliance of anvils and frame. The test series did not contain a
comparison of directly controlled compliance, but Series I and J have
partial contact between the specimen and the anvils during the initial
loading, thus, simulate the slower rate of force increase of a less
stiff system. The average distance between marks for the same machine
and the same anvils in normal condition (Series A and C) was 36.9 mm
while that for the less stiff anvils (Series I and J) was 35.8 mm or a
decrease of 3 percent. The corresponding increase in absorbed energy
was 15.3 to 16.2 J or an increase of 3 percent, both changes being
larger than those due to other modifications. Bluhm has demonstrated
that the absorbed energy increases with a decrease in machine stiffness
[10].

Third-strike marks -- For Type-C machines, the specimen halves can leave
the machines transversely without again being near the moving pendulum.
For Type-U machines, the specimens rebound from the shrouds and approach
the moving pendulum. With this in mind, we expected that the Type -U
machines would have more third-strike marks. This expectation is not
confirmed by the test results shown in Table 5.

The reported effectiveness of shrouds in reducing jamming was
confirmed by these tests [5]. Only one specimen half showed marks due
to jamming. Even in this case, an increase in absorbed energy was not
clearly demonstrated. One specimen of the ten in the series had greater
absorbed energy than the jammed specimen.
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Evaluating asymmetry of machines -- At the beginning of this study, we
assumed that a properly adjusted machine would produce a uniform line as
a second-strike mark on the specimen. Misalignment would result in
asymmetrical second-strike marks. The data indicate that the absorbed
energy increases as deliberate asymmetry is introduced, but the rate of
increase for a given asymmetry is small. Furthermore, the marks and
features of the broken halves are also asymmetrical. When the specimens
show second-strike marks, there are several features that can be used to
measure symmetry. Among these are:

A. whether lines or nicks are formed on the two halves,

B. the distance from the notch on each half,

C. the angle of the strike mark with the specimen edge, and
D. whether the upper or lower edge struck the anvils first.

Table 4 shows the tally for these dimensions. Examples of how the
second-strike marks are useful will be presented in the discussion of
the results that follow.

Components of absorbed energy -- The simplest estimate of the effect of
a modification is to subtract the absorbed energy of tests with the
modification from that without the modification. This is effective if
other variables not obviously related to the controlled variable remain
unchanged. To decrease the proportional effect of the uncontrolled
variables, the controlled variable was changed by an amount five to ten
times the specified tolerance on the controlled variable. An exception
is for specimen elevation relative to the striking edge, which could be
changed only to the limits of the specified tolerance. Then the
difference in absorbed energy was divided by the change in the
controlled variable to measure the rate of change, assuming a linear
relationship. For example, the effect of offset was calculated to be
+0.44 J/mm, that of the angle of strike to be 0.02 J/deg, and that of
compliance as measured by the change in the distance between second-
strike marks to be -0.92 J/mm.

The second approach was to make a regression analysis of
individual specimens from a set which showed an above average range of
that variable. That approach showed much larger values of slope; for
example, 4.0 J/mm for offset. The 4.0 J/mm estimated the change between
some modifications better than 0.44 J/mm. However, the higher value is
not due to offset alone; other uncontrolled factors must be present that
influence the result that we measure.

Comparison of Pendulum Types

Table 2 shows that the average value for absorbed energy measured
by R1U and R2U is 9 percent greater than that measured by R1C. This is
greater than the change in absorbed energy due to deliberate
modifications to exceed the specified tolerance beyond what would be
expected in machines in use. Considering the magnitude of difference
due to pendulum type, this effect will be analyzed in detail.

Comparison of different measures of the energy to produce fracture -- As
shown in Table 5, on average, the composite postfracture energy, as
measured after testing, is 10 percent higher for tests made using the
Type-U machines than for those using the Type-C machine. Each method of
measurement in Table 1 indicates that the Type-C machines produce lower
values than for the Type-U machines. Therefore, the difference in
absorbed energy is not due to the means of measurement.
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Differences in the striking edge -- We know that the stiffness of the
loading system affects the absorbed energy and that the difference can
be measured fairly easily [8,10]. The striking edge of the type-C
pendulum is supported along its whole length by the massive disk of the
tup while that for the Type U is a short, relatively slender cantilever
beam. The stiffness of the latter is no doubt less than the former so
the rate of increase of the force on the specimen is smaller and less
uniform from the upper side of the specimen to the lower.

Another factor to consider is the distance between second-strike
marks. For a specimen that is loaded more rapidly, we expect that the
halves would have greater velocity after fracture and, thus, the second-
strike marks would be closer together. The distance between second-
strike marks for the specimens broken in the Type-C machine average 19.0
mm, those broken by R1U average 18.6 mm, and those from R2U average 21.8
mm. The 2.8 mm average difference between machines R1C and R2U would
lead to a predicted increase in energy of about 16 percent for R2U
compared to R1C; a 10 percent increase was measured (see Table 2). The
results for R1U do not follow the generally observed trend.

Energy loss due to shrouds -- The more complicated flight path for
specimens tested in shrouded machines would be a convenient explanation
for an increase in the number of third-strike marks when compared to the
Type-C machine. However, the tallies in Table 5 show that the numbers
are approximately equal. 1In any case, unless the mark involves contact
with the pendulum, it cannot affect the absorbed energy.

Summary -- Of the three uncontrolled variables (energy loss to shroud,
difference in striking edge, and means of measurement), the difference
of striking edge appears to be the major factor that relates to the
difference between pendulum type.

Effects of Modifications to Machine M1C

The scale of the modified machine was graduated in ft-1bf, and the
readings were recorded to the nearest 0.25 ft-1bf, which is about 2
percent of the typical value obtained during the tests described in this
paper. Modifications producing changes of greater than 2 percent are
regarded as significant and are discussed below.

Offsetting specimen 2 mm -- Series D shows that the effect of the offset
on the different measures of toughness (see Tables 2 and 5) was
measurable. In Table 4, the effect of the offset on appearance of the
broken halves is consistent. None of the inboard halves (shorter from
anvil to notch) showed second-strike marks. All of the outboard halves
had second-strike lines. The 2-mm offset shows the most conspicuous
relationship between the type of modification and the appearance of the
broken specimens.

Relative to the normal condition of the machine in Series C, the
effect of the offset is to increase the absorbed energy by 0.9 J or
about 6 percent, an amount exceeded by only one other modification in
the series of eleven. The rate of 0.44 J/mm is consistent with previous
experience. Again, the rate of 4.0 J/mm guoted earlier in the
discussion is not due to the offset, but rather is the result of
uncontrolled variables.

Tilting the specimen supporting surface -- Series H consists of tests
made after the new supports were machined to position the specimen at
the standard height but with the horizontal surface sloped upward toward
the anvils. The effect on absorbed energy was a 0.7 J or 5 percent
increase when compared to the machine in its last standard condition.
The composite postfracture energy (Table 5) increases slightly from 5.3
to 5.6 mm, indicating that the change is relatively insignificant.
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Comparing the distance between second-strike marks shows values of 18.1
and 17.5 mm, respectively, for the reference Series C and Series H.
Multiplying the difference by -0.92 J/mm (the previously determined
slope) predicts a +0.6 J change in absorbed energy due to the reduced
stiffness of the modified system. Therefore, the change in absorbed
energy can be predicted from the appearance of second-strike marks in
this case.

Remachining the anvils to slant the contact faces -- Table 5 shows that
Series I averages 0.7 J or 4 percent more than Series C. The
misalignment of 10 parts in 1000 is about 0.6 deg, less than that tested
in Series H where the support was angled 1 deg. The distance between
second-strike marks is 17.8 mm. The 0.3 mm decrease in distance between
second-strike marks would account for a 0.3 J increase in absorbed
energy, again consistent with the analysis in the previous section.

Reducing the horizontal thickness of the anvils -- Table 2 shows that
when the anvils are moved in the direction of swing by 5 mm (Series J),
the absorbed energy is increased by 6 percent relative to the machine in
standard condition (Series C). This is larger than the corresponding
value for any other modification made during these tests. The physical
effect of this on fracture work is that it causes a change in the angle
between the specimen and the striking edge, similar to Series H and I.
In this case, the angle is about 5 parts in 1000 and the distance
between second-strike marks is 17.5 mm (0.6 mm decrease from that found
in series C). The predicted change in absorbed energy is inconsistent
with the predictions in the previous two sections. However, the change
in absorbed energy is consistent with the change in composite
postfracture energy reported in Table 5.

CONCLUSIONS

Among the effects of the thirteen variations tested, the largest
was a difference between the absorbed energy as measured on a machine
with a Type-C pendulum and two machines with Type-U pendulums, the
latter indicating values 9 percent higher. The intentional modifi-
cations to M1C indicate that further tightening of machine tolerance
would have marginal utility for normal testing. The alternative energy-
related measurements were helpful as additional information to
substantiate our conclusions. These conclusions may only be applicable
to tests on high-strength steels with fracture energies below 20 J.

For similar investigations in the future, we recommend that a set
size of at least ten specimens be used, and that the energy indicator on
the machine should be readable to 1 percent variations in the absorbed
energy.
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EFFECT OF SQUARENESS TOLERANCE ON CHARPY V-NOTCH IMPACT ENERGY
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Notch Impact Energy”, Pendulum Impact Machine: Procedures and Specimens
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ABSTRACT: The need for a tight squareness tolerance (90° *10 min) of
adjacent sides of Charpy V-notch impact specimens has been questioned by
Quality Assurance personnel in the metals industry. An experiment has
been designed to evaluate the effect of the squareness tolerance greater
than required in ASTM E23-93a, Standard Test Methods for Notched Bar
Impact Testing of Metallic Materials [l]. Material used to manufacture
impact standards of low, high and super high energy levels was heat~-
treated, and the notched surface and surface opposite the notch were
machined to 90° 420 min, 90° +40 min and 90° +60 min. The sides
adjacent to the notch were held flat and parallel. A control set of
samples was machined to meet current squareness requirements given in
ASTM E 23. The results were statistically analyzed. The analysis shows
when out-of-squareness is 2 20 min, energy ranges, mean energy values
and associated standard deviations at the low and high energy levels are
statistically different when compared to the same information derived
from SRMs.

KEYWORDS: impact energy, low energy, high energy, super high energy,
jamming, squareness tolerance, SRM specimens, spinning and tumbling,
statistical analysis, t-Test

It was reported by N. H. Fahey [2] that out-of-squareness greater
than 210 min does not cause erroneous impact energies, but does govern
spinning of the broken specimen parts and may cause jamming. At that
time, he recommended the 10 min squareness tolerance in ASTM E 23 be
maintained to minimize jamming. Since Fahey’s investigation over 30
years ago, ASTM E 23 has required the installation of shrouds at the
anvil area to reduce the probability of jamming after fracture. As this
machine revision is effective, Quality Assurance personnel in the metals
industry have questioned the validity of the tight tolerance require-
ment. A relaxation of the out-of-squareness tolerance could result in
significant savings in machining time and cost. If test results from

'Research Engineer, Homer Research Laboratories, Mechanical Test
Lab, Bethlehem Steel Corporation, Bethlehéem, PA 18016-7699.
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out-of-tolerance specimens show that impact energies are not statisti-
cally affected, the current squareness tolerance could be relaxed. The
following experiment was designed to determine the effect of specimen
out~of-squareness on impact energy.

EXPERIMENT DESIGN
Material

Test material was chosen to span the energy ranges of the lower
and upper shelf Charpy behavior. The low and high energy specimens came
from the same heat of E-4340 VIM-VAR material. The super high energy
specimens came from Vascomax T-200 material. Each specimen was uniquely
identified and then heat-treated with the appropriate lot of material
for each specific energy range. To significantly reduce material
variability, the specimens in the study were fabricated and processed
according to Standard Reference Material (SRM) specifications [3]. All
specimens were finish ground within the tolerances specified in ASTM
E 23. The low energy specimens (Code BL-1) were part of SRM lot LL-45,
the high energy specimens (Code HL-1) were part of SRM lot HH-45 and the
super high energy specimens (Code BSH-~1) were part of SRM lot SH-3. The
identities of the specimens are shown in Table 1.

Table l-—-Identification of test specimens

00s Low Energy High Energy |Super High Energy
(min Serial Serial Serial
)| code Number Code Number Code Number
20 001-010 001-010 001-010
40 BL-1 { 011-020 HL-1 011-020 BSH-1 011-020
60 021-030 021-030 021-030

Figure 1 shows the out-of-squareness dimensions used in the
experiment.

Al

- A

20 min out-of-square = 0.0582 mm (Dimension A)

40 min out-of-square = 0.1164 mm (Dimension A)

60 min out-of-square = 0.1747 mm (Dimension A)
Maximum allowable out-of-square = 0.0279 mm.

FIG. 1-~Out-of-square dimensions
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Test procedure

It was decided to use the results of verification specimens (SRMs)
as a basis of comparison of results derived from the 20, 40 and 60 min
out-of-squareness conditions. The National Institute of Standards and
Technology (NIST) uses three reference machines to characterize each SRM
lot. Twenty-seven verification specimens were tested on each reference
machine (i.e., a total of 81 specimens at each energy level) according
to ASTM E 1271 {3]. The energies and standard deviations of the SRMs
used in this experiment were calculated from tests conducted on a
reference machine equipped with a U-type hammer. The results are shown
in Table 2.

Table 2--Results of SRM tests

Low Energy Test High Energy Test Super %;gﬁ:Energy
Out of Temp. -40°C Temp. -40°C Temp. 24.2°C
Squareness "
(min Impact | Mean Impact | Mean Impact @an
) ngc. Energy | Energy Sg:e. Energy | Energy Sg:e. Energy|Energy
) (J) (J) ) () (7 ) (J3) (J)
1 18.6 1 103.0 1 199.3
2 17.6 2 96.9 2 219.6
3 18.3 3 97.3 3 191.2
4 17.6 4 98.3 4 193.9
5 18.0 5 95.2 5 204.7
6 18.3 6 99.6 6 199.3
7 18.6 7 104.1 7 234.6
8 18.6 8 96.9 8 210.2
9 17.6 9 99.6 9 200.0
10 17.6 10 97.6 10 215.9
11 17.3 11 98.0 11 229.1
12 18.3 12 95.6 12 196.9
13 19.3 13 97.6 13 211.5
0 14 18.3 18.2 14 99.0 98.6 14 204.1| 206.9
15 18.0 15 99.3 15 215.9
16 18.3 16 94.9 16 221.0
17 18.0 17 101.0 17 217.9
18 17.6 18 102.4 18 212.9
19 18.6 19 100.7 19 206.8
20 18.6 20 96.6 20 198.6
21 18.0 21 96.3 21 196.6
22 18.6 22 99.0 22 207.4
23 18.6 23 97.3 23 208.1
24 18.6 24 103.0 24 193.9
25 18.0 25 97.6 25 206.8
26 18.0 26 100.3 26 203.3
27 18.6 27 96.3 27 191.8

Ten specimens each with 20 min, 40 min and 60 min out-of-squareness
were tested at each energy level on the same reference machine by the same
operator on the same day, i.e., a total of 30 specimens were tested at each
energy level. The low and high energy specimens were tested at -40°C, the
super high energy specimens were tested at 24.2°C [l]. The results are
shown in Table 3.
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Table 3—-—Results of tests

Low Energy Test High Energy Test Super ?ﬁf;Energy
Out of Temp. -40°C Temp. -40°C Temp. 24.2°C
Squareness
(min) Impact | Mean Impact| Mean Impact| Mean
s§2c. Energy { Energy Sggc. Energy | Energy SS:G' Energy|Energy
. (J) (J) ! (J) (J) ! (J) (J)
1 18.6 1 100.3 1 221.7
2 18.6 2 105.8 2 212.9
3 18.6 3 105.8 3 206.8
4 18.3 4 104.4 4 214.4
5 18.6 5 107.1 5 201.7
20 6 18.6 | 18-° 6 | 103.7|104-5] & |193.2]208.1
7 17.6 7 105.8 7 212.2
8 18.6 8 105.1 8 215.6
9 18.3 9 103.7 9 195.9
10 19.0 10 103.0 10 207.2
11 18.3 11 103.0 11 195.2
12 17.3 12 105.8 12 219.6
13 18.3 13 102.4 13 212.2
14 17.6 14 108.5 14 199.3
15 18.3 15 102.4 15 204.7
40 16 18.0 | 181 16 | 104.4 | 103-1 | 16 |212.9] 206.4
17 18.3 17 101.7 17 210.8
18 18.6 18 104.4 18 197.9
19 18.3 19 101.0 19 200.7
20 18.3 20 97.6 20 210.2
21 18.6 21 101.7 21 200.7
22 18.3 22 100.3 22 204.0
23 18.6 23 104.4 23 210.2
24 20.3 24 101.0 24 204.0
25 19.3 25 101.7 25 202.0
60 26 | 19.3 | %1 | 26 | 10a.4| 1020 26 [189.8]202:5
27 19.0 27 97.6 27 208.8
28 19.0 28 102.4 28 191.8
29 19.3 29 101.0 29 204.7
30 19.0 30 105.1 30 208.8

RESULTS AND ANALYSIS

Plots of absorbed energy vs. out-of-squareness (FIGs. 2, 3 and 4)
show the test results for the low, high and super high energy impact
specimens. Each figure shows three groups of 10 specimens at 20, 40 and
60 min out-of-square plus the NIST SRM value at 0 min out-of-square.

The horizontal lines represent the upper and lower limits allowed for
the SRM samples per ASTM E 1271.

A statistical analysis (the t-Test) was applied to the low, high
and super high energy specimens with each level considered as a separate
problem. Within a given problem, the t-Test compared two sample means
with unequal sample size less than 30, unknown population mean and
unequal population variances (Equation 1) [4]

(X, - X,)
(1)
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where §1 and S, are the mean and standard deviation for 10_specimens
out-of-square condition within a given energy level, and X, and S, are
the mean and standard deviation for 27 specimens at each energy level.

Table 4--Derived t-values from equation 1

Low Energy High Energy Super High Energy
20 min 2.056 7.793 0.337
40 min -0.639 4.403 -0.151
60 min 4.325 3.920 -1.445

The t-Test values calculated from Equation 1 are shown in Table 4.
The unequal sample sizes (10 and 27) necessitated the use of Equation 2
to calculate the weighted critical t value at the 95% confidence level
[4].

s{ 3

) ENT x t, + TE_x £, 2)
. 52 - Y
Il IZ

The weighted critical t values for the low, high and super high
energy levels are 1.79, 1.79 and 1.78, respectively, where N, S;, N, and
S, are the same values used in Equation 1. The values t, and t, were
taken from a standard statistical t-table for 9 and 26 degrees of
freedom, respectively.

In this experiment, the t-Test is designed to measure the statis-
tical significance of the hypothesis that out-of-squareness would cause
higher impact energies when the results would be compared to NIST
verification specimens with 0 min out-of-squareness. Two hypotheses
were tested:

t

critical

Ho: Null Hypothesis

There is no significant difference between the specimen sample
mean and the NIST SRM mean.

Ha: Alternative Hypothesis

There is a significant difference between the sample mean and the
NIST SRM mean.

The goal of this analysis is to determine if the evidence result-
ing from each group of 10 specimens within a given energy level is
strong enough to reject the null hypothesis. TIf the result of a t-Test
at the 95% confidence level exceeds the critical t-value for a given
energy level, the null hypothesis will be rejected and the alternative
hypothesis is accepted. Conversely, if the t-Test does not exceed the
critical t-value for a given energy level, we cannot say the null
hypothesis is true - we can only state the evidence 1s insufficient to
reject the null hypothesis.

The sample statistics from Table 5 are graphed for each test case
in FIGs. 5, 6 and 7. The mean of the SRM and the 20 min, 40 min and
60 min means are represented by a solid square. The upper and lower
limits are 2 sigma from the mean. The 0 min entries in Table 2 were
calculated from 27 tests at each energy level.
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Table 5-—Charpy impact results and associated statistical data

Low Energy High Energy Super High Energy
0 min "0 k6 °2 ae 7085 oioma
e | 385, ogss | pn e
wwn | oan | g e
80 min "5 R 6051 sioma

As out-of~squareness increases, an increase in tumbling and
spinning of the broken Charpy pieces immediately after impact would be
expected, causing the broken pieces to strike the hammer a second time.
These secondary sample-to-hammer collisions would be expected to impede
hammer movement thereby increasing apparent absorbed energy. The data
plotted in FIGs. 5 and 6 (with the exception of the 40 min data in FIG.
5) support this expectation, i.e., out-of-squareness increases the mean
absorbed energy. Additionally, inspection of the low energy specimens
by NIST confirmed that as out-of-squareness increased, the number of
second strike impressions also increased. However, the super high
energy data plotted in FIG. 7 show little dependence on out-of-square-
ness. It is believed that the different specimen behavior can be
explained in the available kinetic energy remaining after specimen
fracture. The total available energy of the test system is fixed and is
governed by the design of the test machine. 1In the case of the low
energy specimens, very little energy is absorbed in sample fracture
leaving high kinetic energy available to promote sample movement.

In the high energy samples, although more energy is absorbed in
sample fracture, sufficient kinetic energy is available to promote
sample tumbling. However, for the super high specimens most of the
energy available in the test system is absorbed in sample fracture
leaving little kinetic energy available for sample tumbling. The
results of the statistical analysis confirm these observations. Table 4
shows that the critical value of 1.79 is exceeded and therefore signifi-
cant at the 20 and 60 min out-of-squareness conditions for the low
energy level and at the 20, 40 and 60 min out-of-squareness conditions
for the high energy level. The critical value of 1.78 was not exceeded
and therefore is not significant for any super high energy level
condition. These findings are summarized in Table 6.

Table 6-—-Conclusions of testing

Low Energy High Energy Super High Energy
20 min Significant Significant Not Significant
40 min |Not Significant Significant Not Significant

60 min Significant Significant Not Significant




MARSH ON THE EFFECT OF SQUARENESS TOLERANCE 31

CONCLUSION

The t-Test results show that the out-of-squareness does make a
statistically significant difference for low and high energy specimens
when compared to NIST SRM verification specimens. For the super high
energy specimens, the t-Test results show the evidence to be insuffi-
cient to reject the null hypothesis.

Based on the results of this experiment, it is recommended the
+10 min out-of-squareness be retained when machining impact specimens
for testing under ASTM E 23. Future experimentation should consider use
of high speed video to investigate the spinning and tumbling of broken
specimens to further validate the results of this work.
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ABSTRACT: Calibration specimens have been manufactured for checking the
performance of a pendulum impact testing machine that has been configured
for testing subsize specimens, both half-size (5.0 x 5.0 x 25.4 mm) and
third-size (3.33 x 3.33 x 25.4 mm). Specimens were fabricated from
quenched-and-tempered 4340 steel heat treated to produce different
microstructures that would result in either high or low absorbed energy levels
on testing. A large group of both half- and third-size specimens were tested at
-40°C. The results of the tests were analyzed for average value and standard
deviation, and these values were used to establish calibration limits for the
Charpy impact machine when testing subsize specimens. These average values
plus or minus two standard deviations were set as the acceptable limits for the
average of five tests for calibration of the impact testing machine.

KEYWORDS: impact testing, calibration, subsize specimens

Extensive characterization of the impact properties of a variety of
materials is conducted at Oak Ridge National Laboratory (ORNL}). Base metal,
heat-affected zone, and weldments of ferritic pressure vessel steels and
stainless steels are often studied, as well as newly developed alloys such as
nickel and iron aluminides and low-activation ferritic/martensitic steels. The

'0ak Ridge National Laboratory, Metals and Ceramics Division, 45008,
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effects of irradiation on the ductile-to-brittle transition temperature and the
upper-shelf energy level are also examined. To allow a greater number of
specimens to be irradiated within a given capsule, subsize specimens are
frequently used. In addition, these smaller specimens allow data to be
produced from small heats of developmental alloys. As a result, subsize
specimen testing is a significant fraction of the impact testing conducted at
ORNL.

The use of these small specimens necessitates changes in the test
system to accommodate the reduced specimen dimensions [1]. As a result,
changes in the calibration procedures for the test machine are necessary. After
the test system is set up and calibrated with full-size specimens, it must be
modified with a smaller tup and relocation of the anvils to test the subsize
specimens. This change in critical components of the system would raise
concerns about the previous calibration. Therefore, it was decided to develop
subsize calibration specimens analogous to the full-size specimens presently
supplied by the National Institute for Standards and Technology (NIST) and
previously supplied by the Army Materials and Mechanics Research Center
(AMMRC}) in Watertown, Massachusetts. Both half-size (5 x 5 x 25.4 mm
long) and third-size (3.33 x 3.33 x 25.4 mm long) specimens are used in
irradiation programs at ORNL. To allow equipment to be set up in a remote hot
cell for the appropriate specimen size, and thus reduce the number of cell
entries, calibration specimens of both sizes were fabricated.

The use of the subsize calibration specimens is not intended to serve as
the primary calibration of the Charpy impact machine. That is accomplished in
the usual manner as prescribed by ASTM Standard Test Methods for Notched
Bar Impact Testing of Metallic Materials (E 23) using full-size calibration
specimens from NIST. The original purpose and principal value of the subsize
specimens is to provide a direct means of checking the reproducibility of the
Charpy machine after it has been reconfigured to test subsize specimens.

EXPERIMENTAL PROCEDURE

With the aid of information supplied by AMMRC," aircraft-quality vacuum
arc remelted 4340 steel was selected. This steel was purchased as bars 14.3
by 14.3 mm (0.56 by 0.56 in.) that were machined into pieces 11.4 x
11.4 x 57.2 mm iong (0.45 x 0.45 x 2.25 in.). The bars were the excess
portion of a lot produced for AMMRC for their use in manufacturing standard
full-size calibration specimens. These bars were heat treated to produce
microstructures that would provide either high or low energy levels. The bars

'Roy, W. N., Chief, NDT Training and Certification Office, Army Materials
and Mechanics Research Center, Watertown, MA 02172, personal
communication with W. R. Corwin, Oak Ridge National Laboratory, Oak Ridge,
TN 37831, March 1981.
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were held in wire racks so that a suitable gap was present around each bar. All
of the bars were normalized for 1 h at 899° C (1650° F) followed by an air cool,
and then austenitized for 1 h at 871° C (1600° F) with an oil quench. The bars
for high-energy specimens were tempered for 1.25 h at 593° C (1100° F) and
oil quenched. The bars for low energy specimens were tempered for 1.6 h at
399° C (750° F) and oil guenched. These heat treatments were those specified
by AMMRC for their own fabrication of full-size calibration specimens.’

Eight specimens were sectioned from each of the heat-treated bars.
The half-size specimens were 5.0 x 5.0 x 254 mm iong
(0.197 x 0.197 x 1.00in.) with a 0.76-mm-deep (0.030-in.)
45°-included-angle notch with a 0.08-mm (0.003-in.} root radius. The
third-size specimens were 3.33 x 3.33 x 25.4 mm (0.131 x
0.131 x 1.00 in.) with a 0.51-mm-deep (0.020-in.) 30°-included-angle notch
with a 0.08-mm (0.003-in.) root radius.

In order to verify the performance of the testing system, the calibration
of the impact tester was checked with full-size specimens supplied by AMMRC.
The anvils and tup were then changed to allow subsize specimens to be
tested [1]. Fifty low-energy and fifty-one high-energy half-size specimens were
tested, with twenty-five each of the third-size high- and low-energy specimens.
Specimens were tested in a semiautomated test system adapted for testing
subsize specimens [1,2]. The testing machine had a capacity of 407 J
(300 ft-Ib). The absorbed energies were indicated by a digital readout and
recorded to the nearest 0.1 ft-Ib. All data were originally recorded in English
units, and have been converted to metric values. Gas from liquid nitrogen was
used for cooling. Specimens were tested at -40°C, as are full-size specimens.
The subsize specimens were slightly undercooled to compensate for their rapid
warming during the interval between their removal from the cooling chamber
and the hammer impact (less than 5 s), based on temperature readings taken
on dummy specimens instrumented with surface and buried thermocouples.

RESULTS

The resuits of the testing are shown in Figs. 1 and 2 as histograms for
the half- and third-size specimens, respectively, and are summarized in Table 1.
The data have been plotted in columns of equal width to allow a fair
comparison of the histograms. Since twice as many half-size as third-size
specimens were tested, the vertical axes for the half-size specimens have been
doubled.

'Roy, W. N., Chief, NDT Training and Certification Office, Army Materials
and Mechanics Research Center, Watertown, MA 02172, personal
communication with W, R. Corwin, Oak Ridge National Laboratory, Oak Ridge,
TN 37831, March 1981.
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Table 1. Summary of subsize Charpy calibration specimen results

. Average | Standard Coefficient
Speglmen Energy Numper of energy deviation of
size level specimens (J) (J) variation
Half High 51 16.79 0.88 0.05
Low 50 2.85 0.54 0.19
Third High 25 5.28 0.31 0.06
Low 25 1.04 0.31 0.30

For the half-size specimens, the average energy level for the low-energy
material was 2.85 J (2.10 ft-Ib) with a standard deviation of 0.54 J (0.40 ft-Ib).
The high-energy material gave an average value of 16.79 J (12.38 ft-lb) and a
standard deviation of 0.88 J (0.65 ft-Ib). For the third-siZe specimens, the
averages and standard deviations were 1.04 and 0.31 J (0.76 and 0.23 ft-Ib)
for the low-energy material, and 5.28 and 0.31 J (3.89 and 0.23 ft-lb) for the
high-energy material, respectively.

DISCUSSION

The histograms show that the half-size specimens exhibit longer tails and
more spread in the data than do the third-size specimens. The standard
deviations for the half-size specimens are much larger also.

The average value plus or minus two standard deviations has been
chosen for use as the criterion to evaluate the test machine performance.
Therefore, the allowable range for the half-size specimens is 1.75 to 3.94 J
{1.29 to 2.91 ft-Ib) and 15.03 to 18.54 J (11.09 to 13.68 ft-Ib) for the low-
and high-energy specimens, respectively. Similarly, the allowable range for the
third-size specimens is 0.42 to 1.65 J (0.31 to 1.22 ft-lb) and 4.66 to0 5.90 J
(3.43 to 4.35 ft-Ib) for the low- and high-energy specimens, respectively. The
calibration of the test system is checked by testing five specimens of each
energy level at —40°C. The average of these five tests must fall within these
limits for both energy levels.

The subsize calibration specimens are now in routine use at ORNL. They
have been used in both laboratory and hot cell machines, in both specimen
sizes. No problems have been encountered in their use. They have
successfully demonstrated that the impact machines are reproducibly measuring
impact energies when configured to test subsize specimens.

There is a need within the technical community at large to establish some
means of calibrating the testing machines used for subsize impact testing.
There are currently a wide range of testing techniques, specimens, and types
of impact machines that are being utilized to obtain data on impact properties
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of materials. The need for standardization for testing full-size Charpy
specimens has long been recognized and is jointly addressed by ASTME 23 and
the NIST calibration specimens. Unfortunately, neither of these means of
standardization have an established counterpart for subsize impact specimens.
Ongoing efforts in ASTM Committee E 28 are aimed at formulating standards
for testing techniques of subsize specimens. It would be very useful to
establish a subsize counterpart to the NIST calibration specimens in support of
these standardization activities as well as to provide a more reliable means for
accurate comparisons of the data produced by the various subsize specimens
currently in use.

CONCLUSIONS

Subsize Charpy impact specimens have been produced from 4340 steel
heat treated to produce microstructures that will absorb either high or low
energies when tested inimpact. These specimens have been successfully used
to check the operation of impact machines in both laboratory and hot cell
locations.
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ABSTRACT: Charpy V-notch specimens are widely used within the nuclear
industry to monitor the effects of neutron damage to the reactor
pressure vessel (RPV) beltline region. There is an ever-increasing need
to obtain more notched bar impact data as plants age. Many plants will
require more specimens for surveillance during the license renewal
period. Other plants have experienced more embrittlement than
originally anticipated, and it will be necessary to develop plant-
specific Charpy shift trend curve models to ensure continued safe
operation. Since physically based trend curves have not yet been
validated, the use of plant-specific data will save the utilities
operations costs since overly {(arbitrarily) conservative models are no
longer needed. Miniature specimens have also been used to characterize
the material condition after vessel annealing. The use of miniaturized
specimens which can be fabricated from previously tested full sized
specimens offers one solution to this need for more fracture data.

Experiments performed using side-grooved miniaturized notch test
(MNT) specimens have demonstrated that 1/16 scale miniature specimens
can be designed to yield transitional fracture behavior and that the
fracture appearance and energy-temperature curves can be quantitatively
related to the conventional ASTM E23 specimen data. This paper presents
the results of a study focused on designing an optimized MNT specimen
and test machine. A combination of literature review, metallurgical
analysis, and finite element analysis was used to consider such design
parameters as minimum specimen cross-section, specimen length, notch
acuity, the use of side grooves, side groove geometry, support span, and
striker geometry. Two dimensional and three dimensional, elastic-
plastic, large deformation, finite element analyses were used to compare
stress/strain fields for standard and miniaturized specimens. Specimen
and test machine geometries have been developed to ensure continuum
requirements are met, the MNT specimen stress fields simulate those of
the conventional specimen, and scatter for the miniature data is
minimized.
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KBYWORDS: Charpy, miniaturized specimen testing, impagc test, fracture
appearance, lateral expansion, ductile-brittle transition temperature,
upper shelf energy

INTRODUCTION

Neutron irradiation of nuclear reactor pressure vessel (RPV)
materials results in embrittlement which must be accounted for in the
fracture mechanics evaluation to determine Pressure-Temperature (P-T)
operating limits. At present, the ASME K;; curve is shifted by the
Charpy V-notch (CVN) shift indexed at 41 J (AT,) to account for neutron
damage. Many plants require additional Charpy data to support license
renewal, to provide plant-specific data, and, in several plants in
Europe, to confirm the beneficial effects of vessel annealing. The use
of miniaturized specimens which can be prepared from the broken halves
of previously tested full sized specimens offers one solution to this
need for additional data.

In the past, qualitative [1, 2, 3] interpretations of miniature
Charpy data have been proposed to explain differences between the
miniature specimen data and the ASTM E23 standard specimen results. The
first successful quantitative interpretation of miniature Charpy data
was reported in Referenca [4]. The key elements of this approach are
reviewed in the following section of this paper. The recently released
ASTM STP 1204 [5] contains several papers focused on qQuantification of
the miniature Charpy test [6, 7, 8, 9, 10]. Review of the work
presented in References [5, 11] shows that there are presently widely
differing miniature Charpy test approaches and data interpretations
reported in the open literature. In support of miniature Charpy
standardization work, a focused design study has been performed to
optimize the miniaturized notched test (MNT) for nuclear RPV
applications. The MNT is a dynamic three point bend test which has been
designed to yield data which are Quantitatively the same as those
obtained in conventional Charpy testing. The key elements of this study
are presented here. It is intended that the international
standardization effort will lead to accepted standard practices related
to miniature specimen geometry, test machine parameters, and data
analysis. It is important to emphasize that the specimen size
recommendations reported herein are only applicable to the U.S. RPV
materials. Application to other classes of material must begin with an
in-depth understanding of the material microstructure. The appropriate
size and specimen geometry can then be determined using a similar
approach.

BACKGROUND

Prior to performing a comprehensive design study, limited scope
experiments were performed to demonstrate the feasibility of achieving
transitional fracture behavior using specimens which are 1/16 of the
volume of conventional Charpy specimens. These experiments have been
reported in References (12, 4, 13, 14] and the key results are briefly
discussed here.

An important limitation in miniaturizing any specimen is the
extent of the material's microstructural inhomogeneities. The usual
guideline dictates that the specimen be at least five to ten times as
large as the characteristic heterogeneity dimension. Material for this
work was taken from a special heat of ASTM AS508 steel provided by Oak
Ridge National Laboratory (ORNL) for crack arrest research as part of
the Heavy Section Steel Technology (HSST) Program [15]. Microscopy
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analysis indicated that carbon segregates in slender bands about 0.25 mm
wide with a mean. separation of 0.5 mm-1.0 mm. As a result of these
findings, the minimum specimen cross section dimension wasg 5 mm.

Early MNT static tests demonstrated that 1/16 volume miniature
Charpy specimens, when tested in the transition region or upper shelf,
yield data which cannot be properly analyzed nor related to conventional
Charpy data (severe nonplanar fracture surfaces were observed). These
nonplanar failures in the miniature specimens were due to their plastic
collapse load being smaller than their fracture load. This behavior is
consistent with the well known tendency for smaller fracture specimens
to behave in a more ductile manner than larger specimens of similar
geometry. This behavior is basically due to the fact that stress
intensity factors scale with the square root of the specimen size. For
example, a half scale specimen will require about 1.41 (i.e., ¥2) higher
applied stress than a full scale specimen to achieve the same stress
intensity factor level. This behavior was perhaps exaggerated in these
miniature specimens due to their very short lengths resulting in
relatively larger shear stress to bending stress ratios than found in
proportionally scaled specimens. This failure mode problem was overcome
by adding side grooves to the specimens. The side grooves offset the
loss of constraint associated with the increase in plastic deformation
and stress levels to achieve fracture in the smaller specimens.

As discussed in Ref (4], either percent shear or percent post
maximum load energy (PMLE) can be used as valid MNT parameters.
However, it is essential that the ductile-to-brittle transition
temperature (DBTT) be determined using an index which accurately
represents the actual fracture process. In particular, for a given
index, the fracture mode in the miniature specimen should be identical
to that in the conventional specimen. Therefore, tracking embrittlement
using percent shear data obtained from miniature specimens is ideal.
Since the regulations within the nuclear industry are based on the 41 J
index with absorbed energy as the parameter, the PMLE is preferable
since it can be related directly to the conventional specimen absorbed
energy. Figure 1 provides the correlation for obtaining these indices
for both specimen dimensions for A508 steel. This technigue can be used
to relate any specimen geometries that yield notched specimen fracture
transition data. For example, for the A508 steel used in this study, a
Charpy energy level of 41 J corresponds to about 4% shear fracture
appearance in the unirradiated condition. Referring to Fig. 1, this
level of shear corresponds to about 15% PMLE. Thus, when fracture
appearance is used as the MNT parameter, the corresponding index is 4%
shear for this particular steel. When PMLE is chosen as the MNT
parameter, a value of 15% PMLE is used as the index. Either index
accurately tracks the miniature specimen Charpy shift at 4% shear and
will provide 41 J Charpy shift data which is identical to the
conventional specimen AT,,.

On comparing the miniature and conventional DBTTs, correction
factors due to rate effect and size effect were obtained. The average
shift due to rate effect for the conventional CVN is 45.3°C. This shift
was determined by averaging the static to dynamic shift at the 41-J
level for the three materials using conventional Charpy specimens. This
is in reasonable agreement with the correlation presented in Ref. [16].
These data can be used to relate the MNT data with conventional, dynamic
Charpy data for the ASTM A508 steel. The dynamic 41-J transition
temperature is obtained by adding the rate effect shift (45.3°C) and the
size effect shift (21.3°C) to yield a 41-J dynamic conventional Charpy
transition temperature. Based on the successful experimental
feasibility demonstration, an in-depth experimental design study was
performed to develop appropriate size ranges for key parameters in the
MNT.
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MNT EXPERIMENTAL DESIGN

Miniature Specimen Cross Section

It is, of course, possible to perform an in-depth microstructural
study for each material for which a miniaturized Charpy test is
conducted. However, a more effective approach would be to define a
specimen size which is adequate for determining MNT properties for a
defined class of materials. This latter approach has been pursued and
will form the basis for recommendation to the standards committees.

To adequately sample a representative volume of an RPV steel when
using MNT specimens, one must know the scale, or mean separation, of the
inhomogeneities that exist in the steel plate from which the pressure
vessel is fabricated. The term inhomogeneity as used here refers to
such compositional and microstructural characteristics as: solute
segregation during solidification which leads to bands of variation in
mean chemical composition and stringers of inclusions; grain boundaries
(grain size); colonies of transformation products; precipitates; and the
presence of Fe and alloy carbides. The scale of the inhomogeneities
depends upon both compositional and processing variables. Base, weld,
and heat-affected zone (HAZ) materials were analyzed for the U.S. vessel
steels to determine the cross sectional dimensions which will ensure
adequate material sampling. This analysis was performed to provide a
conservative estimate of the minimum MNT specimen cross sectional
dimensions so that microstructural measurements are not required for
each heat of nuclear reactor pressure vessel material tested.

Base Plate--The size scale of various microstructural features
considered for U.S. RPV steels are shown in Table 1. It is concluded
that the coarsest inhomogeneity in the base plate is chemical banding
that occurs especially in high-Mn steels. The variation in Mn content
across the banding leads to the formation of a range of transformation
products, and thus a range of properties throughout the plate cross
section. Therefore, the band separation will be the factor which
controls minimum specimen size in RPV plates. An approximate relation
for the spacing of bands (L) based on the casting size and the total
reduction from ingot to plate is: L = 0.116 6, (mm), where 6, is the

TABLE 1l--Size scale of various microstructural features
in reactor pressure vessel steels

Inhomogeneity Type Scale (mm)
Chemical banding 0.5-1
Inclusion stringers ~0.5
Austenite grain size (TE) 0.06-0.2
Ferrite grain/pearlite colony size 0.01-0.08
Bainite/martensite colony size ~0.05

Carbide spacing in
pearlite 0.0001-0.005
bainite ~0.002

martensite <0.0001
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plate thickness (expressed in inches) {17}. Accordingly, high-Mn RPV
plates which are typically 4 to 10 inches thick are predicted to contain
chemical bands with an average separation of 0.5 to 1.1 mm.

Observations on a section of forged A508 plate confirm these predictions
{14}. sStringers of inclusions, which are concentrated in the chemical
bands, are the next coarsest inhomogeneity in RPV plate. The primary
effect of inclusions (sulfides, oxides, oxy-sulfides) is a loss of
ductility (manifested as a decrease in the upper shelf energy (USE))
because of the weakness of the interface between metal and inclusion,
and because of the brittleness of the inclusions. The separation of
inclusion stringers is somewhat finer than that of the bands since the
stringers can form at any point within the rather diffuse band width.
Thus, tensile and Charpy specimens designed to sample a volume that will
include chemical banding will of necessity include an adequate sample of
inclusion stringers.

Other chemical and microstructural inhomogeneities in the plate
are on a finer scale than either the bands or stringers and thus will be
adequately sampled by specimens designed to include the coarser
inhomogeneities. Accordingly, the cross sectional dimension of mini-
specimens cut from base plate, assuming that five times the coarsest
inhomogeneity will provide an adequate sampling, will be dictated by the
banding separation which varies with plate thickness. From the above
analysis, specimen cross sections will range from 2.5 mm for 4-inch
plate to 5 mm for 10-inch plate.

HAZ- -Throughout most of the HAZ, there is no massive
redistribution of solute during the very short dwell time at high
temperature experienced during the weld thermal cycle. Austenite grain
size in the coarse grain HAZ (CGHAZ) may approach 0.5 mm in plates of
all thicknesses depending on heat input and peak temperature. Thus the
scale of temper embrittlement (TE) may be on the same order as the
banding (0.5 mm), and would therefore require specimens taken from the
CGHAZ to have a cross section dimension of at least 2.5 mm. Therefore,
the spacing of chemical banding present in the base plate (0.5-1 mm)
still remains the controlling factor in determining the cross sectional
dimension of mini-specimens cut from the HAZ.

Weld Bead--In the weld bead the grain structure is columnar, the
width of the columns being 0.2-0.5 mm. In addition, centerline
segregation of impurities often occurs. Specimens should therefore be
notched at the centerline and have a cross section dimension on the
order of 2.5 mm or greater.

Miniature Specimen Length

Based on microstructural considerations, miniature Charpy
specimens cut from RPV materials should have minimum cross sectional
dimensions of 5 mm x 5 mm, unless a smaller size can be justified by
thorough microstructural characterization. Using the scale factor of
1/2 that was selected for designing the miniature specimen cross-section
to select the specimen length would allow 8 miniature specimens (each
27.5 mm long) to be fabricated from the material of one standard Charpy
specimen. The experimental work described earlier used specimens with
half of this scaled length and therefore allowed 16 miniature specimens
(each 13.75 mm long) to be obtained from the material of one standard
specimen. Although the experimental data showed good characterization
of the transitional fracture behavior, it is not clear that the stress
field of the 13.75 mm long miniature specimen adequately simulates that
of the conventional specimen. Therefore, the bending-to-shear stress
ratio analysis described below was performed to determine the optimal
specimen length.
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In discussing the effect of length on specimen behavior, i; is
convenient to refer to the bending-to-shear stress ratio. This is just
the ratio of the nominal peak bending stress to the shear stress that
results from a simple strength of materials analysis of a smooth bar
with the same overall dimensions as the fracture specimen. For simply
supported rectangular bars, the bending-to-shear stress ratio is 38/D,
where S is the distance between supports, and D is the specimen depth.
For the standard Charpy specimen, the ratio is 12. For the 1/16 volume
miniature specimens (4], the ratio is 7.1. Proportional scaling of
cross-sectional dimensions and length by a factor of 1/2 results in the
scaled specimen having the same ratio as the standard Charpy specimen.

If the bending-to-shear ratio is sufficiently large, then the form
and intensity of the notch and subsequent crack tip fields are
effectively determined by the applied bending moment. For smaller
specimen span-to-depth ratios, the load required to achieve a given
bending moment is increased. For a four point loaded specimen, these
larger loads would tend to be of little consequence since the notch
region would be under pure bending and the stress and strain
concentrations around the load points would be remote to the fracture
plane. For the three point bending configuration of the Charpy
specimen, however, the striker contact region stress field and
associated plastic zone can begin to interact with that of the notch (or
crack) if the load levels are sufficiently large. Decreasing the
specimen span-to-depth ratio would result in such interaction effects
occurring at a lower applied moment. Even with the same span-to-depth
ratio, a smaller specimen will require a larger applied load (relative
to the yield load for example) than a full scale specimen to achieve the
same applied J level. Therefore, even with the same span-to-depth
ratio, the interaction between the notch/crack tip fields and the tup
contact related fields will occur at a lower level of crack field
intensity for the smaller specimen. Using a smaller span-to-depth ratio
in a smaller specimen would just compound this undesirable behavior.

The tendency for the miniature specimens that were used in
previous studies to fail outside the intended fracture plane when side
grooves were not used could have been increased by using a smaller
bending-to-shear ratio. The failure of these specimens apparently
involved plastic slip along the plastic zone that resulted from the
notch region plastic zone linking up with the plastic zone formed in the
tup contact region. The contact stresses for a given moment and
notch/crack field intensity would have been larger due to the decreased
span-to-depth ratio. This would result in correspondingly more intense
contact region plastic zones. Another contributing factor to this
undesirable failure mode would be the increased level of average shear
stress acting in the region where the plastic zones link (average shear
stress on the section is proportional to the applied load). This shear
stress would tend to promote the type of slip that resulted in the
observed failure mode.

As the above discussion shows, the only benefit to using a shorter
specimen is the ability to get more miniature specimens from a given
amount of material. Since it seems likely that weld reconstitution will
allow the benefits of a smaller length (i.e., more specimens), while
still allowing the benefits of a proportionately scaled standard
specimen, a scale factor of 1/2 was recommended for designing the
miniature specimen length.

The Plane Strain Nature of 3D Notch Region Stresses

To determine the degree to which the 3D notch region stresses are
plane strain in nature, the stress distributions in the fracture plane
were compared to the 2D plane strain solution. The ABAQUS general
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purpose non-linear finite element code was used to perform these
calculations. A typical finite element mesh and coordinate system are
shown in Figure 2. Eight-noded brick elements were used in the analysis
and finite strain theory was included in all calculations. The material
flow curve was idealized as piece-wise linear. 1In the discussion which
follows, general yield load is defined as the load at which yielding has
spread across the entire uncracked ligament. This load corresponds to
the *knee* in the load-deflection curve. In the cases where side-
grooves were analyzed, a 45 degree included angle was modelled with 20%
depth.

Figures 3 through 5 show the notch region stress field comparisons
for the three applied displacement levels of 0.2 (near general yield),
1.5, and 3.0 mm (near peak load). 1In order to determine the dependence
of the behavior on position along the notch front, stresses from the 3D
midplane (solid line) are plotted as well as stresses from a position
about half way between the midplane and the surface plane (dashed
line) .All three normal stress components are plotted in addition to the
hydrostatic stress. The hydrostatic stress is the average of the three
normal stresses and is considered to be an effective measure of
constraint.

Figure 4 compares the 2D and 3D fracture plane stress
distributions at a displacement of 1.5 mm which is about 8 times the
displacement at general yield. At this load level, the peak o,
stresses occur at about 2.5 times the initial notch root radii from the
notch surface. Except for the effect on the through thickness stress
(0,;), the increased plasticity associated with this load level has led
to very little loss of plane strain behavior compared to that at general
yield. To the extent that the hydrostatic stress behavior is believed
to be a more important measure of plane strain behavior than the through
thickness stress, it can be reasonably argued that the center half of
the 3D specimen notch fronts are still predominately plane strain. At
this load level, the side grooves are again seen to provide an
improvement of the g,, distributions.

Figure 3 compares the 2D and 3D fracture plane stress
distributions for a full size standard specimen at about the general
vield load. The stress distributions are plotted versus the distance
from the notch tip, where the notch tip is normalized by the original
notch tip radius (0.25 mm). The portion of the stress distribution
important to fracture behavior is that between the notch tip and the
peak stress (cw) location. For this load level, the peak stress
location is about 1.5 notch root radii from the notch surface. At least
the center half thickness of both 3D geometries (with side grooves and
without) is very near to plane strain conditions. At this load level,
even the through thickness stress (o,,) is very close to that of the 2D
plane strain solution. The side grooves provide a slight improvement of
the g,, distribution at the intermediate plane.

Figure 5 compares the 2D and 3D fracture plane stress
distributions at a displacement of 3.0 mm which is about 15 times the
displacement at general yield. At this load level, the peak g,
stresses occur at about 3.5 times the initial notch root radii from the
notch surface. The *bump* in the o, stress distributions near the
notch surface is believed to be the result of excessive distortion in
the finite elements near the notch tip. To the extent that the element
distortion affects the 2D and 3D solutions similarly, it is believed
that this numerical anomaly does not impact the conclusions to be drawn
from these solutions. Again, except for the effect on the through
thickness stress (o,,), the increased plasticity associated with this
load level has led to very little loss of plane strain behavior at the
examined sections. The improvement in the o,, stress distribution for
the side grooved specimen at higher loads is apparent in Figure 5. The
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FIG. 2--Refined 3D finite element grid of the standard Charpy specimen
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3D side groove solution behavior at small distances from thg notch seen
for the o,, stress is believed to be the result of the relatlve}y coarse
side groove modeling contributing to the above noted element distortion
effects.

In summary, it can be concluded from the finite element solutions
that the center-half portions of the notch fronts for side grooved and
non-side grooved specimens exhibit plane strain behavior for applied
displacement levels up to those representative of general yield. Beyond
general yield load, the through thickness stresses are much closer to
plane strain when the specimen is side grooved. Further comparisons
using stress contours on the fracture plane will be made below. The
beneficial effect of the side grooves will become more apparent during
that discussion.

Central Notch Region Stress Behavior

The relevance of the 2D plane strain idealization to the central
notch front region stress states has been demonstrated. 1In this section
stress behavior from a refined 2D plane strain model are presented.
Contours of the o, (=0,,) stress in the notch tip region for an applied
displacement of 3 mm showed that this stress component peaks on the
notch symmetry plane at a point that is about 2.5 times the initial
notch radius or about 1 times the deformed notch radius. Severe
distortion of the elements at the notch tip was observed. The g, (=0,;)
stress component is zero at the notch tip and peaks at about 4 times the
initial notch tip radius from the notch tip. The o,,(=0;;) also peaks
ahead of the notch tip. Contours of equivalent plastic strain, unlike
the stress contours, show that the peak plastic strain occurs at the
notch tip surface. The plastic strain gradient is very large near the
notch tip. The hydrostatic stress peaks at about 4 times the initial
notch root radius for this load level.

Stresses at the notch symmetry plane as functions of distance from
the notch tip were analyzed at four load levels. The lowest load level
is 0.63 of the Green & Hundy (G&H) [18] general yield load (P,) and
therefore has very limited plasticity effects. The highest load level
that was analyzed is for a load ratio of 1.56. The (o,) stresses tend
to peak at 1 to 3 initial notch tip radii from the notch tip surface.
Also, the distance to the peak stress increases with load level as is
predicted by the G&H model. Since these results are from a large
deformation finite element formulation, this shift is probably amplified
due to the fact that the notch tip radius is increasing as the load
increases. As with o,, the location of the peak values of the o, and
O, stresses is shifted further from the notch tip with increasing load,
and again there is an apparent change in the near tip stress behavior
between the 1.27 and 1.56 load levels which is probably due to severe
finite element distortion at the notch tip. Figure 6 shows the
hydrostatic stress behavior using two normalizations. It can be seen
that the hydrostatic stress behavior changes in going from a largely
elastic notch tip field (P/P, = 0.63) to a largely plastic field (p/P, =
1.02). considering that higher hydrostatic stresses indicate higher
constraint, it can be seen that plasticity initially increases
constraint near the notch tip while lowering it at locations farther
from the notch tip. Then further plasticity causes the location of the
highest constraint to move farther from the notch tip. Using the Oyy
normalization, it can be seen that once the yield load is exceeded, the
magnitude of the peak constraint increases, but only by a small amount.

Side Groove Effects on Notch Region Stress Behavior

Putting side grooves in the MNT specimens has two fundamental
effects. By reducing the fracture plane area, the load required to
achieve a critical stress state is reduced. At the same time, the
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cross-section at the region where plastic collapse can occur in the
non-side grooved specimens is not reduced. Therefore, the shear stress
in the plastic zone to either side of the fracture plane is ]
significantly reduced by the addition of side grooves. This results in
an increase in the plastic collapse load relative to the fracture load.
The second fundamental effect, as will be demonstrated in the following
discussion, is that a larger portion of the notch front has plane strain
fields.

In the following, crack plane stress fields from the 3D models of
a standard Charpy specimen and a standard specimen with 20% side-grooves
are compared. The purpose of the comparison is to show how the
introduction of side grooves affects the variation in stress field
behavior in going from the specimen midplane to the external specimen
surface. Since the crack plane normal stress (o,,) and the hydrostatic
stress are considered to be the most important stress quantities for
illustrating plane strain behavior, only these stresses are compared.

Figures 7 through 10 compare the crack plane o,, and hydrostatic
pressure contours for the refined 3D model with side grooves and the
refined 3D model without side grooves. Figures 7 and 8 show the
behavior at a displacement of 0.2 mm (approximately at general yield),
and Figures 9 and 10 show the behavior at 1.5 mm of displacement. The
left side plots in these figures are the results without side grooves
and those on the right are with 20% side grooves. The notch front is
the right edge of each contour plot while the left edge is at the tup
contact region. The bottom edge of these plots corresponds to the
specimen midplane. For the model without side grooves, the top edge of
the plot is the external surface of the specimen. For the model with
side grooves, the top edge of the plot corresponds to the root of the
side groove.

In Figures 7 and 8 it can be seen that there is a significant
reduction in the o,, and hydrostatic stress between the quarter
thickness plane (intermediate plane of Figures 3, 4, and 5) and the
external surface of the specimen. For the side grooved specimen, the
stresses near the notch show little variation between the midplane and
the side groove root. Since Figure 3 shows that both 3D models have
plane strain behavior at the midplane, it can be concluded, that adding
side grooves resulted in an increase in the portion of the notch
exhibiting plane strain behavior. 1In Figures 9 and 10, it can be seen
that the loss of plane strain behavior over the outer quarter thickness
of the model without side grooves is greater than it was for the smaller
displacement level. Although there is some reduction in the hydrostatic
stress for the side grooved specimen near the side groove, the loss is
much less significant than for the model without side grooves.
Calculations at 3 mm of displacement showed that the loss in plane
strain behavior in the outer quarter thickness of the side grooved and
non-side grooved models is not substantially different than at the
displacement level of 1.5 mm. This strongly suggests that further
displacement increases would not result in substantially different plane
strain behavior than observed at 1.5 and 3 mm of displacement.

The observation that the loss of plane strain behavior does not
appear to continue after a displacement of about 8 times the general
yield displacement is important. This is because dimensional analysis
shows that miniature specimens will require relatively larger
displacements than full scale specimens to achieve comparable crack tip
field intensities. Further, the use of side grooves results in a larger
volume of material being sampled at near plane strain conditions. We
estimate that for the miniature specimen with side grooves the peak
hydrostatic stress field extends along the notch to 80% of the distance
calculated in the conventional specimen. whereas, the peak hydrostatic
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stress field in the miniature specimen without side grooves extends
along the notch to half the distance of the conventional specimen. This
relative increase in the peak stress region size due to size grooves is
expected to reduce scatter (and therefore less specimens will be needed)
for specimens tested in the transition region where the trigger particle
mechanism dominates brittle fracture initiation.

Striker Design and Contact Conditions

In our recent finite element study, which was focused on non-
linear response prior to crack initiation, two sensitivity studies
related to tup design were performed. The first study compared the load
versus deflection behavior from the ISO and ASTM tup designs. For
loading up to displacements representative of peak Charpy test loads,
the ISO tup was found to result in load levels that were about 5% below
those of the ASTM tup. This load decrease was attributed to the fact
that the relatively flat contact region of the ASTM tup is about 10% of
the support span width. This flat contact region results in the contact
forces being significantly concentrated near the ends of the contact
region. This concentration, in effect, results in a four point bending
condition. If the contact forces were exactly concentrated at the
corners, the applied moment for a given load level would be 10% less
than for the three point bending condition. The smaller 5% effect that
was observed in the finite element simulation is easily accounted for by
the fact that contact forces, while peaked at the corners, do exist all
along the contact region.

In the second finite element sensitivity study, the ASTM tup
design was used with two levels of friction. 1In one case, the friction
coefficient was zero while in the other, the coefficient was 0.5. 1In
the latter case, the maximum friction force was further limited by the
shear yield strength of the specimen material. Since the frictional
forces were observed to be largely limited by this yield stress value,
the assumed coefficient had little effect on the results. The
calculations showed that the addition of frictional forces increased the
applied load levels by about 10%. This load increase was attributed to
frictional forces at the support points restraining the longitudinal
expansion of the notched side of the specimen.

Both of these results are consistent with several experimental
observations that have appeared in the literature for which the sum of
the Charpy energies for the two tup geometries have been compared.

Tower [19] showed that different Charpy energies can result from using
the ISO and the ASTM tups when testing highly ductile materials. While
for energy levels below 60 J, differences were negligible, for energies
in the 100 to 200 J range, energies were as much as 25% larger for the
ASTM tup. The explanation given for this increase in energy was the
intense localized deformation caused by the corners of the ASTM tup
design. These corners allowed the tup to essentially gouge the contact
surface as the result of the contacted surface of the specimen wanting
to contract under the bending induced compression at this surface. This
gouging action results in significant plastic deformation and energy
dissipation. While the higher Charpy energy levels of the Tower study
were for materials other than vessel steels, similar behavior with
energy differences in the 10 to 15% range have been observed for nuclear
pressure vessel steels on the upper shelf [11].

By restricting the contraction of the specimen's contacted
surface, the ASTM tup results in a net tensile stress being superimposed
on the fracture plane bending stress distribution. This additional
tension might be expected to decrease the chance that a specimen will
wrap around the tup rather than break into two pieces. This behavior
has been observed by researchers at the Belgian Nuclear Research Center
[20]. It is not clear how this superimposed tensile stress would be
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reflected in the Charpy energy differences since the higher loads of the
ASTM design would be truncated at the time of separation while the lower
load levels of the ISO design would continue until the specimen slips
off the supports.

Some direct evidence exists for the contact surface gouging being
the primary cause of the higher energies for the ASTM tup design. In
their specimen reconstitution work, Belgian Nuclear Research Center
researchers have found that localized hardening due to welding near the
tup contact region can reduce the degree of gouging {21]. When the
gouging is avoided, the ISO and ASTM tups result in esentially the same
Charpy energies. To further confirm this conclusion that the gouging
and higher energies are linked, tests were done in which a hard tungsten
foil was placed between the ASTM tup and the specimen. Again the
gouging was avoided, and the Charpy energies were essentially the same
as those from using the ISO tup design.

With the above observations, it was decided that our miniature
specimen testing program would focus on using the ISO tup design. One
reason for this choice is that the energy that one obtains from a Charpy
test is intended to be indicative of the fracture resistance of the
material. The fact that a part of the energy obtained from some tests
using the ASTM tup design is totally unrelated to the fracture process
is seen as an unattractive feature. Perhaps the more compelling reason
is that miniature specimens will tend to behave in a more ductile manner
than full scale specimens therefore tending to exaggerate this
undesireable gouging behavior in the miniature specimens. If there is a
negative side to using the ISO tup in the miniature specimen testing, it
is probably that there may be a greater chance that the specimen will
not fracture to the point of becoming two pieces. This behavior would
be expected to be more likely for the miniature specimens than full size
specimens due to the relatively more ductile behavior of the smaller
specimen.

Inertial Effects

Figures 11 and 12 show the results of two dynamic analyses. Both
analyses assume plane strain conditions. Quasi-static stress-strain
properties were used for these simulations. The data presented in
Figure 11 is for a constant tup velocity of 3 m/sec which is the low end
of the tup velocity range stipulated by the ASTM standard E23. Figure
12 resulted from assuming a constant tup velocity of 6 m/s, the upper
end of the stipulated velocity range. The load-deflection curves from
the static analyses are included in these plots for comparison with the
dynamic curves. For the static loading case, the tup and anvil loads
are equal {(but in opposite directions}). This is not generally the case
for the dynamic analysis due to the inertial effects and therefore both
loads are plotted. It can be seen that the tup and anvil loads tend to
be out of phase with respect to each other. For earlier times (small
deflections), the oscillation of the loads is very large. However, once
plastic deformation becomes significant, the high frequency oscillations
are quickly damped out. Another factor which contributes to the dynamic
behavior approaching quasi-static loading behavior is that the loading
rate is relatively slow compared to the stress wave speeds. Elastic
stress wave speeds are between 3x10° mm/sec and 6x10° mm/sec depending
on the type of wave (compressive, shear, or surface). At this speed,
stress waves can propagate to the end of the specimen and return to the

notch region 25 to 55 times by the time the tup displaces the specimen 3
mm.

Examining the right side plots of Figures 11 and 12, it can be
seen that the anvil does not exert a reaction until a tup displacement
of about 0.04 or 0.08 mm. This reflects the time that it takes for the
stress wave from initial contact to propagate to the anvil contact
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location. These plots also show that the first oscillation in the tup
load results in the tup load going to zero for a period of time. This
is the result of the specimen springing away from the tup shortly after
initial contact. This springing away is the result of the first stress
wave returning to the tup contact region after having reflected from the
end of the specimen.

It is worth noting that the size of the tup load oscillations
found in these dynamic simulations are larger than typically measured
during instrumented Charpy testing. The fact that the size of the
oscillations obtained experimentally seem to depend to some extend on
the group doing the work suggests that perhaps *electrical damping® in
the measurement systems may be a partial explanation. 1In fact, many
researchers have used signal conditioners which operate in the few tens
of kHz range. Our calculations show that the load transducer signal is
in the 20 to 40 kHz range. Therefore, a system capable of at least 100
kHz, with a 1 MHZ sampling rate, is needed to accurately determine the
general yield load.

To verify scalability of the full size dynamic Charpy solution to
a half size specimen, a half scale version of the coarse 2D grid was
generated. All dimensions, including those of the tup and anvil, were
halved. For static loading, the stress and strain solution scaled
exactly with that of the full scale model. The dynamic simulation, run
with a tup velocity of 6 m/sec, verified that the dynamic solution also
scales exactly if both specimen sizes are impacted with tups having the
same velocity. The principal conclusion to be drawn from this analysis
is that the tendency for inertial effects to become negligible after
general yield also occurs for the half scale specimen.

Weld Reconstitution

The effect of weld reconstitution was simulated using a refined
2D plane strain model of a standard Charpy in which the weld and heat
affected zones were given a yield stress 20% above the base metal value.
The elevated yield stress was applied to a region that extended from 4
mm to 6 mm from the specimen's fracture plane. The model was then
loaded to a deflection representative of peak load values for upper
shelf behavior. It was found that the plastic zones emanating from the
notch and the tup contact region reached the high yield region even
before general yield. This interaction resulted in a strain increase at
the notch relative to that in an unwelded specimen. Thig strain
increase was nearly 15% for displacements representative of peak load
conditions. 1If crack growth behavior is strain controlled, this
Suggests that Charpy energies in the reconstituted specimen could be
reduced by about 15%.

Figure 13 shows the extent of the plastic zones in a Charpy
specimen as a function of applied load and as a function of applied
displacement. Normalizing the load by general yield load makes the
results applicable to other yield stress levels. Normalizing plastic
zone size and applied deflection by the specimen height allows the
results to be applied to specimens of nonstandard size. It can be seen
that the plastic zone extent tends to peak at about one specimen height.
This strongly suggests that the minimum distance that a weld should be
from the fracture plane is about one specimen height. wWith half scale
specimens, this would enable a change of material orientation in the
reconstituted specimens.

TEST GEOMBTRY RECOMMENDATIONS FOR RPV STEELS

Microstructural considerations resulted in the proposed specimen
cross-sectional dimensions being set at half of the standard Charpy
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specimen dimensions. Therefore the miniature specimen cross-section is
S mm by S mm. It was determined that scaling the length of the
miniature specimen so as to maintain the same bending-to-shear ratio as
the standard specimen would be best. This decision was based in part on
the fact that miniature specimens will require relatively higher locad
levels than full scale specimens which could have adverse effects if a
shortened design were selected. The only disadvantage of not using a
shorter design is that fewer specimens can be made from a single broken
Charpy specimen. However, it is believed that this can be overcome by
the use of weld reconstitution. To the extent that it is the spacing
between the support points which determined the bending-to-shear stress
ratio, the miniature specimens can be slightly shorter than half scale
provided that the half scale of the support spacing is maintained.

Although it is possible that keeping the same bending-to-shear
ratio as for the full size specimen (i.e., span-to-depth ratio) could
have prevented the plastic collapse type miniature specimen failures
observed in previous work, the use of side grooves is still highly
advantageous. Although both full size and miniature specimens have
plane strain fields over a significant portion of their notch or crack
fronts, the portion of the front with plane strain behavior tends to
decrease with increasing plasticity. The use of side grooves greatly
increases the percentage of the notch or crack front that exhibits plane
strain behavior. This is particularly important for small specimens
since fracture behavior is known to depend on the size of the region
that is subjected to critical stress levels. By maximizing the plane
strain zone of the miniature specimen, the fracture behavior should be
more like that of a larger specimen. This relatively larger plane
strain zone size should therefore also tend to reduce experimental
scatter such as might be expected for a smaller specimen size.

It was concluded that relatively standard side grooves are
appropriate (20% of thickness, 0.2 to 0.4 mm radius, 45° angle). Using
deeper side grooves than 20% would be expected to result in a net
decrease in the absolute size of the notch or crack region with plane
strain behavior as the result of reducing the total notch front length.
Using shallower side grooves would be expected to provide less
satisfactory stress field improvement at the higher load levels. Using
a larger groove angle would tend to reduce the side groove effectiveness
by reducing the intensity of the stress field induced by the side
groove. Decreasing the side groove angle would tend to increase the
intensity of the side groove stress field and possibly provide slightly
better performance in terms of the notch tip fields, but could lead to
side groove closure on the compression side of the specimen which would
result in discontinuous specimen stiffness behavior.

The use of side grooves is likely to decrease or eliminate the
tendency for ductile fracture (shear lips) near the surfaces of the
specimen. This might be expected to shift the Fracture Appearance
Transition Temperature (FATT) to higher temperatures by reducing the
percent shear at a given temperature. This reduction in shear lip
formation would also seem to result in less resistance to a dynamically
propagating crack; thus again tending to promote a decrease in the
percent ductile fracture evaluation. (It seems likely that tunneling
associated with cleavage crack growth in specimens without side grooves
results in plastic dissipation of energy that would otherwise be
available for cleavage.) These effects would tend to increase the FATT,
making results more conservative, and would therefore be expected to
reduce any correction needed to relate the miniature specimen results to
full scale specimen results.

The above described 2D and 3D, large deformation, finite element
apalyses have shown that plane strain conditions exist over a
significant portion of the standard specimen notch for loads up to those
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representative of upper shelf behavior. For loads below general yield
(lower shelf), about 3/4 of the notch tip is reasonably close to the 2D
plane strain solution. As loads approaching those for upper shelf
fracture behavior are applied, the portion of the notch exhibiting plane
strain behavior decreases to about 1/4 of the total notch length.
Adding 20% side grooves greatly reduces the loss of plane strain at the
higher load levels. At load levels representative of upper shelf
behavior, the side grooved geometry retains plane strain behavior over
about 1/2 of the notch front. For a half scale specimen, the absolute
length of plane strain along the notch is then 1/2 x 80% x 5 mm = 2 mm.
For the full scale specimen, the plane strain region is 1/4 x 10 mm =
2.5 mm. Therefore the side grooves significantly offset the absolute
reduction in the plane strain notch front region.

A 2D simulation of a weld reconstituted specimen showed that if
the weld is too close to the fracture plane, the presence of the weld
can induce larger plastic strains in the fracture process zone for a
given applied displacement level. This increase in the fracture process
zone strain intensity for a given applied displacement can be expected
to reduce Charpy energy levels. This is consistent with available
experimental results [22] [{23). This weld reconstitution simulation,
when combined with plastic zone size information from the 3D simulations
of this study, allow a smallest weld insert size to be determined. The
plastic zones in the 3D models were observed to extend as far as one
specimen height from the fracture plane. Since any interaction between
the weld heat affected zone and the fracture region plastic zone could
result in the weld affecting the specimen behavior, this means that the
weld and its heat affected zone should be no closer to the fracture
plane than one specimen height.

A study of tup design effects on measured Charpy energies showed
that the difference between the ASTM standard tup geometry and the ISO
tup geometry is negligible except when very ductile materials are being
tested {19]. This increase in energy is mainly associated with the
corners of the ASTM tup gouging the contact surface of the specimens
when large deformations are required to break the specimens. Since the
miniature specimens will tend to require relatively larger deflections
than the full scale specimens, it is judged that the ISO tup design is
preferable.

Scaling the ASTM anvil (support) radius and spacing appears most
appropriate for the miniature specimen testing. Scaling the spacing
will result in egual bending-to-shear load ratios for full scale and
mini specimens. Scaling the support radius should result in similar
behavior for both size specimens.

Inertial effects (i.e., stress wave effects) tend to become
insignificant after general yield load is reached due to the damping
associated with plastic deformation. Experimental results show that
general yield conditions are attained prior to crack growth throughout
the transition temperature range [4, 16]. General yield occurs at an
energy level of about 3 or 4 J (standard Charpy). The tendency for
higher load levels in mini specimens relative to the general yield load
should make inertial effects even less significant.

Strain rate effects associated with impact testing (as opposed to
guasi-static testing) are significant for both full scale and mini
specimens. Though strain rates in a half scale miniature specimen will
be twice those of a full scale specimen if equal impact speeds are used,
this change in strain rate is expected to have negligible effects on
specimen behavior. This is because strain rate effects enter primarily
though the elevation of yield stress and a doubling of strain rate
increases the yield stress by only a couple percent.
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Finite element analysis as well as dimensional analysis has shown
that stress and strain states in the miniature specimen can simulate
those in a full scale specimen provided proper scaling is applied.
However, it has also been shown that load and displacement levels
required to induce fracture will be relatively higher in the miniature
specimen (e.g., compared to those at general yield). Before correcting
for the load reduction associated with the use of side grooves, load
levels would be expected to be about 5 to 10% larger in the half scale
miniature specimen. Displacement levels could be 80 to 90% larger.
Energies can be expected to be between 1/8 and 1/4 of those for full
scale specimens.

SUMMARY AND CONCLUSIONS

Design of all miniature specimens should begin with a thorough
examination of the material microstructure to determine the minimum
specimen dimension. In the case of the MNT, the proposed minimum cross
section dimension is 5 mm x 5 mm for RPV materials to ensure that
chemical bands and inclusion stringers within the steel are adequately
represented. In order to simulate the stress state of the conventional
specimen, a 1/2 scale factor has been proposed. The 1/2 scale factor
applies to the specimen dimensions as well as to the span and tup
radius. In addition to scaling the key test parameters, 20% side
grooving is recommended to substantially increase the volume of material
which is exposed to plane strain conditions. Miniature specimens tested
on the upper shelf which are side grooved will produce an absolute
length of plane strain along the notch which is about 80% of that
experienced in conventional 10 mm x 10 mm x 55 mm specimens. Therefore,
side grooves will significantly offset the reduction in plane strain at
the notch/crack tip for miniature specimens.

Generally, it is expected that a smaller specimen will tend to
behave as though the material is tougher. This is the fundamental
result of the nonscalability of the material microstructure and the
mathematics associated with singular crack tip fields. 1In terms of
transition temperature behavior, this means that the transition
temperature measured with a smaller specimen will tend to be lower than
the transition temperature measured with a larger specimen. The design
of the miniature specimen has focussed on minimizing this shift. The
most significant design aspects in terms of reducing this shift are the
side grooves, and the use of proportional scaling. Basically, the side
grooves will make the smaller specimens behave as though the material is
less tough, as compared to the behavior that would be cbtained if a
perfectly scaled Charpy geometry were used.

Although the feasibility preparing 16 miniature specimens from the
broken halves of one conventional specimen has been experimentally
demonstrated, detailed analysis of the miniature specimen stress fields
has shown that the conventional specimen aspect ratio results in a
favorable bending-to-shear ratio. The larger aspect ratio limits the
number of specimens which can be machined from a conventional specimen
to B8 (4 from each broken half). However, the larger miniature specimens
have the significant advantage that they can be weld reconstituted since
the requirement of providing an insert of 4 times the width (W) can be
satisfied. Therefore, it is now possible to produce 24 miniature
specimens (as opposed to 16 earlier) from one conventional specimen
using the weld reconstitution procedure. This strategy is particularly
effective in nuclear reactor pressure vessel surveillance in cases where
a limited fixed volume of material is available. A surveillance capsule
can be withdrawn, the specimens tested, and 8 miniature specimens can
then be machined from the broken halves of each specimen. Then, after
further irradiation, the specimens can be tested and weld reconstituted
to produce an additional 24 specimens for re-irradiation and testing.
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Thus, using this strategy, it will be possible to produce_sgfficignt
data for accurate trend curve development on a plant-specific basis.
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ABSTRACT: The reconstitution of previously tested Charpy impact
specimens via projection welding can be used to obtain additional data
for nuclear reactor surveillance programs. Typically, a broken Charpy
half contains a large portion of untested material. This untested
material can be machined from a broken Charpy half to obtain an
*insert." "Endtabs®" of similar material can then be welded to the
insert. After the welded sample is machined to ASTM E23 specifications,
it is then retested to obtain additional toughness data. The materials
in this study show that 14 mm inserts can be successfully reconstituted
and 10 mm inserts can be reconstituted with limited success.
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BACKGROUND

The Charpy impact test is used as the primary method of monitoring the
effects of irradiation on the fracture toughness properties of nuclear
reactor pressure vessels. Prior to initial start-up, most utilities
placed surveillance material in the downcomer region of the pressure
vessel. This material is used to monitor the degrading effects of
neutron irradiation on the fracture properties of the pressure vessel.
However, in some cases, the limited number of surveillance specimens
does not provide sufficient data to thoroughly assess the effects of
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irradiation. If enhanced assessment of irradiation embrittlement is
required, methodg to obtain more surveillance data must be employed.

There are a number of parameters that affect the Charpy data obtained
from a reconstituted sample. First, the length of the insert must be
large enough to accommodate the plastic zone resulting from the impact
test. Second, the welding process has to provide for high integrity
welds without resulting in high temperatures that change material
properties in the central portion of the insert. Weld heat input is a
function of weld parameters, material geometry, and material properties.
In this study, variations in the weld insert size have been used to try
to minimize the amount of material needed to obtain valid test values.
It has been shown that relatively small inserts can be welded without
large heat inputs, and these inserts are able to accommodate the plastic
zone which occurs at upper shelf test temperatures.

INTRODUCTION

Since the beginning of reactor surveillance, the Charpy impact test has
been used as the primary method of monitoring the effects of
irradiation on the fracture toughness properties of nuclear reactor
pressure vessels. The standard Charpy specimen used in reactor
surveillance is a 10 mm X 10 mm Type A, notched bend bar as described
by the American Society for Testing and Materials (ASTM) E23-91.[1]
The impact specimen is tested by being struck with a heavy swinging
pendulum. From the results of this test, it is possible to determine
the ductile-to-brittle failure mode transition temperature (DBTT) in
ferritic steels. Also, the absorbed energy to failure at service
temperature is measured as a value of fracture resistance. 1In
addition, the Charpy test provides the energy to fracture, the
crystallinity of the fracture face, and the extent of shear lip
formation as a function of temperature.

As a result of neutron irradiation, the impact properties of a pressure
vessel steel can change. The two important changes are a decrease in
the upper-shelf energy, and an increase in DBTT. Prior to initial
start-up, most nuclear utilities placed surveillance material designed
in accordance with ASTM E185 in the form of Charpy, tensile, and
dosimetry specimens in the downcomer region of the pressure vessels.[2]
This surveillance material is used to monitor the degrading effects of
neutron irradiation on the fracture properties of the pressure vessel.
However, in some cases, the limited number of surveillance specimens
does not provide sufficient data to thoroughly assess the effects of
irradiation. Furthermore, some utilities have begun to investigate the
possibility of extending their arbitrarily set forty year operating
license. With the advent of license extension, there is an increasing
probability that pressure vessels may be annealed to recover damage
accrued by neutron embrittlement. If complete assessment of
irradiation embrittlement were to be conducted, or if license
extensions were to be granted, or if recovery of annealed vessels were
to be measured, methods to obtain more surveillance data must be
implemented. One such developed method is the weld reconstitution of
previously tested Charpy impact specimens.
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Through reconstitution and testing of previously fractured Charpy
specimens, more data is available to measure the increases in the
transition temperature and the decreases in the upper shelf energy. 1In
addition, continued surveillance of the reactor pressure vessel can
occur by re-encapsulating and re-inserting previously tested material
for reconstitution. Both of these applications would provide valuable
information to the nuclear utilities, particularly for plant life
extension and plant availability considerations.

THE WELD RECONSTITUTION PROCESS

The primary goal of Charpy weld reconstitution is to obtain additional
Charpy toughness data from previously tested material. The American
Society for Testing and Materials has developed a recommendation guide
for reconstituted Charpy specimens, "Reconstitution of Irradiated
Charpy Specimens," E1253.(3] This recommendation provides guidelines
for Charpy insert size, heat input, reconstitution technique
qualification, and dimensional requirements. E1253 was used where it
was applicable in this reconstitution program.

Typically, broken Charpy halves contain a large portion of untested
material. This untested material can be machined from a broken half of
a sample to obtain an "insert." "Endtabs® of similar material can then
be welded to the "insert." The weld sample is machined to obtain a
Charpy V-notch specimen as described in ASTM E23-91. This
reconstituted sample is then tested to obtain additional data. A
schematic diagram of this process is shown in Figure 1.

Although the process is a simple idea, arriving at the final product
requires knowledge and experience in remote handling, welding, heat
transfer, irradiation effects on materials, and fracture mechanics.
The majority of Charpy samples tested for utilities are radioactive,
and hence, require remote handling, machining, and testing. This can
only be accomplished by use of hot cell capabilities. There have been
a number of weld processes studied to date. Among these processes are
arc-stud, laser, electron beam, and projection welding. Westinghouse's
Nuclear Services and Materials Testing (NSMT) has developed and
implemented a process using projection welding. This process ensures
that heat input to the central portion of the insert does not change
the material's properties. Heat input is monitored through
thermocouple attachments, and heat transfer is increased by using
materials with high thermal conductivity, such as copper, as supports
or clamps in the welding process. Finally, the fracture mechanics of
Charpy testing must be understood in order to have accurate
interpretation of the collected data.

Although the primary concentration of this paper is on irradiated
surveillance material, it should be noted that the reconstitution
process can be applicable to any impact test where the material
available is less than that required for a standard specimen.
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Figure 1. Charpy weld reconstitution schematic showing process from
start to finish. Drawing is not to scale.
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RECONSTITUTION TECHNIQUE - PROJECTION WELDING

The broken halves of a Charpy specimen are machined to remove the
fracture face and the plastically disturbed material that results from
the impact test. Since melting will occur at both ends of the insert
during welding, no specimen preparations are needed. The ends need
only be reasonably flat, smooth, clean, and perpendicular to the
specimen axis. In view of remote handling, this ease of specimen
preparation is an advantage of the projection welding technique.
Endtabs used in reconstitution should have elastic properties similar
to the weld insert.

The welding machine is a spot/projection welder, with a 50-kvA
transformer, a bottom platen type electrode, and a pneumatically
operated 454 kg maximum force system. The welding system is fully
automated and is initiated with a foot switch. A welding cycle
consists of several phases: application of the force, a "squeeze"
period, current flow for a selected time, a force hold period, and
finally, release of the force. Each of the weld phases is adjustable
with respect to time. The force and the current flow can also be
regulated.

A copper jig was designed to hold the pieces during welding. As
mentioned previously, the copper also serves as a chill block. This
increases conductivity (heat flow) and results in minimization of
temperatures within the insert. The weld insert is clamped securely in
the jig to eliminate movement. The endtabs, on the other hand, are
more lightly clamped because they must move more readily under the
applied force during welding. In operation, a current passes through
the top electrode into the top endtab, through the projection to the
weld insert, then through the clamp into the bottom platen. This fuses
the insert to the top endtab (Figures 2 and 3). After the top weld is
made, the clamped section is flipped over in the welding jig, and the
second endtab is welded onto the insert.([4]

After welding, some misalignment along the finished specimen is
inevitable due to weld insert and endtab tolerances, weld cooling
deformation, fixture misalignment, and magnetic force fields during
current applications. This generally results in approximately 0.025 mm
to 0.075 mm of misalignment along the length of the specimen. There is
also considerable metal expulsion at the weld interface. The endtabs
that are welded to the specimen inserts are made 0.25 mm thicker than
the specimen insert. This larger cross-sectional size allows for post-
weld machining of the gpecimen resulting in finished dimensions which
meet ASTM E23 requirements. Welds made with this system are sound and
porosity free. The extent of fusion is near 100 percent.

WELD INSERT CONSIDERATIONS

The insert size determination is based on the meeting of several
requirements. The insert must be of a size to accommodate the plastic
deformation that occurs as the result of impact testing. This minimum
size is determined by the knowledge of the strength and toughness of
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Figure 2. Set-up of projection weld system prior to welding the endtab
to the insert.



76 PENDULUM IMPACT MACHINES

Figure 3. Projection welding process.
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the material as well as the temperature at which the specimen is
tested. It is well established that pressure vessel steels become
brittle at sufficiently low temperatures. A measure of this
brittleness is the fracture appearance of the broken face on a Charpy
specimen. The lower the percentage of shear fracture, the lower is the
toughness of the material. Low toughness materials tend to exhibit
small amounts of plastic deformation, and hence, would require smaller
reconstitution inserts. As expected, a higher percentage of shear
fracture or a higher toughness material (or a material tested at a
sufficiently high temperature where it is tough) requires a larger
volume of material to encompass the plastic deformation involved in the
fracture process. Studies have been conducted to verify this
phenomenon. Shogan et al performed profiled hardness test on an
unirradiated steel that had an upper shelf energy of 169 J (125 ft-
1bs).[4] This material was Charpy tested at a range of temperatures
which resulted in a range of fracture appearances from 2% to 100%
shear. The 100% shear specimen showed that a minimum insert size
required for this material would be approximately 13.6 mm, whereas the
2% shear specimen required approximately 5 mm of material. The results
of this study are shown in Figure 4. [4] 1In terms of irradiated
pressure vessel steels, upper shelf Charpy energies (for the most part)
tend to be less tough than the material used to establish the limit
shown here, and therefore, it would be expected that less material
would be required to reconstitute previously tested, irradiated
specimens.

Another parameter that dictates the limiting size of the Charpy insert
is the temperature profile that results from the welding process.

The temperature at the crack tip notch root should be maintained at
less than the reactor operating temperature of the material being
tested. This requirement becomes increasingly difficult as the size of
insert is reduced. Thermal profile studies were conducted on a typical
pressure vessel steel to show that the temperature in the specimen at
the crack tip notch root was maintained below the normal operating
temperature of most reactors of 288°C (550°F). This study was conducted
on two sizes of inserts, 10 mm and 14 mm, respectively. Thermal
profiles were taken at 1 mm off the notch root in the direction of the
weld. The results of this study concluded that for the weld parameters
used in the program, the 14 mm inserts would not reach temperatures
greater than 193.3°C (380°F). However, the 10 mm inserts showed
variations in temperatures. Temperatures were normally observed at
values below the set limit. Occasionally, however, temperatures above
the limit were also observed. This increased temperature occurred as
the result of the clamping mechanism. If the central insert is not
securely clamped in the copper fixturing, conduction from the insert
into the copper jig is limited resulting in higher temperatures in the
inserts. Figures 5 and 6 show characteristic thermal profiles for the
14 mm inserts and 10 mm inserts, respectively. Figure 6 shows the
profile obtained from improper clamping. Note that the duration of
time above 288°C was less than 2.0 seconds. Further study would need
to be conducted to determine if this small duration of time is really
long enough to affect the material properties.

The width of the weld and the heat affected zone are also parameters
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face. Higher temperature curve is result of improper
clamping in the copper fixturing.
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that need to be considered when reconstituting Charpy specimens.
Hardness measurementgs have been taken across the weld area to determine
the extent of disturbed material as the result of welding. This result
is summarized in Figure 7. This profile is in agreement with other
profiles taken for this weld process with the total disturbed material
approximately equal to 2.8 mm. (4]

Of all the requirements discussed in the previous paragraphs, the
plastic deformation provides the greatest variability. The temperature
profiles tend to be constant {(provided clamping is consistent) in the
insert as is the extent of disturbed weld material. A benefit to the
variability in the plastic deformation is the possibility of using
smaller inserts for reconstituting low toughness samples. This will be
discussed in a later section.
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Figure 7. Characteristic hardness profile for a reconstituted Charpy
using the projection welding. Center of weld area is
approximate location of interface.

TESTING OF UNIRRADIATED MATERIAL

A study was conducted on an unirradiated steel which had a very high
upper shelf energy (average USE = 192.3 J). This approach determined
the minimum insert size applicable for all test temperatures, because
it maximized the amount of plastic deformation in the Charpy test.
Three specimens were tested at an upper shelf temperature of 93.3 °C
(200°F) . The broken halves from these specimens were machined and
reconstituted. Two were machined for 14 mm insert lengths, and two
were machined for 10 mm inserts. All four inserts were reconstituted
and tested. The results of these tests are summarized in Table 1. The
14 mm samples produced results in agreement with the whole specimens.
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Table 1

Unirradiated Reconstituted Charpy Impact Testing
at 93.3 °C for Projection Welding Reconstitution

Energy Lateral Percent
J Expansion (mm Shear (%
Whole Specimen
RR1 195 2.2 100
RR2 183 2.0 100
RR3 199 2.2 100
14 mm Recon
RR1-1 194 2.2 100
RR3-1 195 2.2 100
10 mm Recon
1 137 -=' 100
3 140 -7 100

* - Thege measurements were not taken. Specimens were not available to perform these
measurements.

The 10 mm samples showed results that were lower in energy than the
whole specimens. This is due to the plastic constraints as the result
of the plastic zone interacting with the weld affected material. Based
on these data, it is concluded that for pressure vessel steels, the
minimum amount of reconstituted material needed for a valid Charpy test
is a 14 mm insert. This is further supported when neutron
embrittlement is considered. Other studies have been conducted to show
that the 14 mm insert is a valid insert size for Charpy reconstitution.
A laser welding reconstitution program conducted on an unirradiated
modified A302B steel resulted in similar conclusions for a valid insert
size.[5] Results of this program are summarized in Table 2. Data for
this program were obtained at a temperature of 43.3°C which was on the
upper shelf for this material.

From the unirradiated studies that have been conducted, it has been
concluded that provided a 14 mm insert can be obtained prior to
welding, a reconstituted Charpy specimen can be machined which yields
valid impact data. Of course, it should always be a goal to maximize
the insert size when reconstitution is being used. Neutron irradiation
of pressure vessel steel normally results in materials with lower
fracture energy (due to a lower toughness) for the same test
temperature. This implies that the irradiated insert requires less
volume to accommodate the plastic zone, and that 14 mm inserts,
provided all other requirements are met, are also good for
reconstituted irradiated samples.
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Table 2

Unirradiated Reconstituted Charpy Impact Testing at 43.3°C for Laser
Weld Reconstitution Using a Modified A302B Pressure Vessel Steel -
Longitudinal Oriented

Specimen Energy Lateral Percent
] 1D J Expansion (mm Shear (%)
Whole Specimen
108 116 1.8 100
310 112 1.9 100
20 mm Recon
AH 111 1.7 100
CI 115 1.6 100
14 mm Recon
NH 105 1.6 100
NK 113 1.7 100
NA 99 1.5 100
NQ 115 1.6 100
NG 121 1.7 100
3 108 1.5 100
10 mm Recon
JE 96 1. 100
JO 97 1.3 100

RECONSTITUTION OF IRRADIATED MATERIAL

An annealing study was conducted on an irradiated pressure vessel steel
(A302, Grade B plate with fluence = 3.30X10' n/cm?) to determine how
much temperature shift could be recovered at the 41 J energy level of
the steel. The limited amount of available material to perform this
annealing study resulted in reconstitution as the viable option to
obtain toughness recovery data.

Inserts were obtained from two whole bend bars which were 56.1 mm long,
15.7 mm wide, and 10 mm thick (Specimens $-33 and $-35) and two bend
bar halves which were previously tested and were 10.7 mm wide
(Specimens $-37 and S-39). The specimens were originally oriented to
obtain fracture toughness data in the transverse direction. However,
longitudinal data were required by the program. Two as-irradiated
inserts were taken: one from $-33 which was 15.7 mm in length and one
from $-37 which was 10.7 mm in length. One of the whole bend bars, S-
35, was annealed at a temperature of 341°C for 168 hours in a split
tube furnace . Part of the whole bend bar, $-33, and one of the
previously tested halves, S-39, were annealed at 341°C for 336 hours.
Thermocouples, associated potentiometers, and digital thermometers were
used for measuring and monitoring the temperature. The final thermal
conditions for the bend bars and the number of inserts obtained are
shown in Table 3.
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Table 3

Thermal Conditions of Bend Bar Inserts
for the A302B Steel Irradiated to 3.30X10! n/cm?

Specimen Anneal Anneal Number of Length of
# Temp (C) Time Inserts Ingert
(hrs) (mm)
S-33 NA NA 2 15.7
S-33 341 336 2 15.7
5-35 341 168 4 15.7
S-37 NA NA 1 10.7
S-39 341 336 1 10.7

NA = not applicable/ not performed

All of the inserts were reconstituted into Type A full-sized Charpy
specimens as described by ASTM E23. Qualification tests were also
conducted on an unirradiated, standard pressure vessel steel (AS533B)
using 15.7 mm length ingerts. Hot rolled AISI 1020 carbon steel was
used as endtab material for all of the reconstituted specimens. The
reconstitution technique was performed in accordance with ASTM E1253-
88, where applicable, and techniques described by Shogan et al. [3,4]

Since the length of the irradiated inserts were smaller than
recommended in ASTM E1253-88, the validity of the reconstitution
technique was demonstrated using impact data from a known reactor
pressure vessel material (A533B). These results are summarized in
Table 4. As seen in Table 4, the results were in agreement for
conventional and reconstituted gpecimens. 1In addition to the standard,
reconstituted specimens of known impact properties, temperature
measurements were taken during welding to show that the central segment
of the insert (8.9 mm of the 15.7 mm insert in this case) did not
exceed the predetermined critical temperature of 260°C.

Table 4

Charpy V-Notch Data for an Unirradiated A533B Pressure Vessel Steel

Impact Energy Lateral Expansion Percent Shear
(J) (mm) (%)
Before Recon ]
92.1 1.4 75
96.2 1.4 75
94.9 1.4 65
15.7 mm Ingert
88.1 1.3 75
93.5 1.3 75
88.1 1.1 70
104.3 1.4 75
101.6 1.4 75
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Once it was determined from the standard specimens that valid results
can be obtained from the 15.7 mm inserts, the irradiated material was
reconstituted. Results of the irradiated reconstituted specimens are
summarized in Table 5. Two of the ten specimens failed in the welds;
one in the irradiated condition ($-33-1) and one in the irradiated/
annealed (336 hours) condition (S$-33-4). Failure occurred in the weld
because the fracture resistance of the weld was low in comparison to
the notched area of the specimen. This is attributed to the martensite
formation in the weld which occurs from rapid cooling of the weld zone.
These specimens are not listed in the table.

Table 5
Reconstituted Charpy V-Notch Data for the A302B Reactor Vessel Material

for the Irradiated Condition (Fluence of 3.30X10' n/cm?, E > 1.0 MeV)
and After 168 hrs and 336 hrs of Low Temperature Annealing at 341°C

Specimen Condition’ Temp . Impact Lateral Percent
# (°c) Energy Expansgion shear
(J) (rom) (%)
5-33-2 I 79.4 24.4 .33 30
S-37-1"" I 79.4 56.9 .97 60
S-35-1 IA (168) 51.7 32.5 .43 30
$-35-2 IA (168) 60.0 51.5 .56 50
5-35-3 IA (168) 54.4 65.0 .91 60
5-35-4 IA (168) 51.7 46.1 .58 50
S-33-3 IA (336) 51.7 50.1 .76 50
S-39-2"" IA (336) 43.3 43.4 .18 40
* - I = Irradiated Only ; IA (168) = Irradiated/Annealed for 168 hours
IA (336) = Irradiated/Annealed for 336 hours

** - Insert Size of 10.7 mm

DISCUSSION OF IRRADIATED RESULTS

Original unirradiated baseline data were obtained from records for the
A302B used in the irradiated reconstitution program. This data is
plotted in Figure 8. Reg. Guide 1.99 was used to estimate the shift in
temperature for the irradiated steel.[6] The shift is plotted along
with the reconstituted data. The annealed data are also plotted on
this curve. The curve shows an estimated recovery of 28°C for the low
temperature anneal. Based on all of the unirradiated data studies, the
15.7 mm data is considered valid. However, there are questions in
regards to the validity of the 10.7 mm insert data. This is primarily
due to the scarcity of the available data produced for this size insert
using the ASTM tup. The laser welding study mentioned earlier in this
report attempted to quantify this effect for the modified A302B used in
its program.[5] Reconstituted 10 mm insert specimens were tested for a
number of temperatures to determine the energy level (or temperature)
for which the 10 mm insert would be valid. This study is summarized in
Table 6 and Figure 9. From Figure 9, it can be concluded that the
energy curves begin to merge at energy values approaching 40 J.
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Figure 8. Reconstituted Charpy V-Notch properties of an irradiated
A302B reactor vessel plate material (Fluence =3.30X10!° n/cm?
with longitudinal orientation) before and after irradiation
and before and after post-irradiation anneal.

Table 6

Unirradiated Reconstituted Charpy Impact Testing for Laser Weld
Reconstitution Using a 10 mm Insert of a Modified A302B Pressure Vessel
Steel Longitudinal Oriented

Specimen Test Energy Lateral Percent
ID Temp (°C) (J) Expansion (mm) Shear (%)
JE 43.3 96.2 1.6 100
JO 43.3 96.5 1.3 100
JF 13.7 73.2 1.0 68.5
7 13.7 85.1 1.2 72.0
Jp -12.3 40.7 .53 26.0
8 -12.3 44.1 .71 31.5
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for an unirradiated A302B steel which was reconstituted
using laser welding. The energies for the 10 mm data tend
to merge with the full-size data at lower energies.
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Figure 10. Microhardness versus distance from the fracture face for

broken reconstituted Charpy specimen $37-1 (10.7 mm insert)
indicating the extent of the plastic zone, weld, and the
heat-affected zone.
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Because of the limited amount of specimens tested in this program, it
can only be used to show the tendency.

To validate the 10.7 mm irradiated data, Vickers hardness was performed
on one of the 10.7 mm, reconstituted samples. Figure 10 shows the
results of this study. No change in microstructure can be observed to
a distance of 2.8 mm from the fracture face. Within this distance, the
Vicker's hardness was affected by the plastic zone which raised the
Vicker's hardness from the specimens average of 227 to 256 at a
distance of 2.0 mm from the fracture. The hardness then dropped to 218
at a soft heat affected zone 3.0 mm from the fracture. This hardness
profile suggests that reconstitution of the 10.7 mm inserts was
achieved without changing the original irradiated properties of the
test section containing the V-notch. 1In addition to providing
validation to the 10.7 mm inserts, the hardness profile also reinforces
the values obtained for the 15.7 mm inserts.

CONCLUSIONS

The results of the materials in this study have successfully
demonstrated that inserts equal to or larger than 14 mm for Type A
specimens can be used to obtain valid data for all Charpy tests
performed using the ASTM tup.

Preliminary studies suggest that for low Charpy energies (or for small
amounts of plastic deformation) 10 mm inserts can be used. For higher
energy levels, plastic constraints result in lower Charpy energy values
for the reconstituted specimens. For the same weld process, this loss
may be constant. However, more studies need to be done to verify or
disprove this hypothesis.

This and other reconstitution programs have verified the validity of
obtaining additional data from previously tested material. For
embrittled pressure vessels for which the material to perform required
testing is limited, reconstitution can provide and has provided
accurate and reliable data. For continued surveillance of reactors
beyond the license period, this testing method is a viable and proven
option.
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The Anvils and the Striker
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ABSTRACT: Some new Charpy impact testing machines often report higher energy
values than machines which have been in service for a period of time. "An
investigation into the cause of this phenomenon revealed that a major contributing
factor was the surface finish of the Charpy anvils and the striking bit. Depending on
the trajectory of the Charpy specimen halves after impact and the configuration of the
testing machine, a considerable amount of friction may occur between the specimen
and the anvils as the specimen is broken. Friction may also occur between the
specimen and the striking bit as the specimen exits the machine. Polishing the anvils
and the striking bit minimizes the friction between these parts. As a Charpy impact
testing machine tests many samples, the striking bit and anvils become burnished and
energy absorption due to friction is reduced. If new parts are highly polished prior to
installation, the burnishing, normally caused by testing many samples, is simulated.
In this way energy absorption associated with friction during the wear-in period is
minimized and remains more constant during the life of the anvils and striking bit.
ASTM Standard Test Methods for Notched Bar Impact Testing of Metallic Materials
(E 23) requires the surface finish of the anvil and striking bit to be better than 4 um
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(125 pin.). Specifying a 0.1 um (4 uin.) surface finish as a requirement in E 23 will
not only eliminate the wear-in period, but will minimize shifts in test results when
anvils and/or striking bits are replaced in Charpy impact testing machines.

KEYWORDS: anvils, Charpy impact test, energy loss, friction, impact test, striker,
surface finish

BACKGROUND

In the fall of 1991, several new Charpy impact testing machines were verified
using National Institute of Standards and Technology (NIST) Low-Energy Samples for
Charpy V-Notch Machines (SRM 2092). The test results indicated absorbed energies
which exceeded the average by more than 1.4 J. An extensive investigation into the
cause of the discrepancy was initiated.

All dimensional aspects of the machines were evaluated and were found to be
well within the ranges permitted by ASTM E 23. Measurements were made by three
different investigators, all of whom developed similar results.

The structural integrities of the machines’ frames and foundations were
investigated. Experiments were conducted that stiffened the frame. Other
experiments that stiffened the pendulum were conducted. No improvements due to
these procedures were noted.

One observation made at the time was that the NIST reference specimens
(SRM 2092) were tending to exit the testing machine in the direction of swing of the
pendulum. In the past, it was typical for these specimens to exit the testing machine
in a direction opposite to the direction of swing of the pendulum, Further, the
striking bits and anvils on the NIST reference Charpy impact testing machines used to
develop the reference value for the SRM’s, were burnished to a high polish as a result
of having been used to test many specimens. We hypothesized that perhaps the
relatively rough surfaces on the new striking bits and anvils were causing additional
friction with the specimens as they were being broken. The friction would add to the
energy absorbed during a test.

In order to test this hypothesis, new anvils and striking bits were polished to a
mirror-like surface and installed on a machine which had previously been unable to
pass the NIST requirements on low-energy specimens. A dramatic decrease in energy
absorbed was observed at that time. The average energy obtained on the NIST
specimens tested on that machine dropped approximately 0.7 J. The tests conducted at
that time were not well structured or documented, due to the expediency and shipping
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schedule demands for the new impact testing machines. As a result, the data from
those tests are not included in this paper. A more structured experiment was designed
and the results are offered here.

EXPERIMENTAL METHOD

Charpy V-notch tests were performed in accordance with ASTM Standard Test
Methods for Notched Bar Impact Testing of Metallic Materials (E 23). The test
temperature in all cases was -40°C. The tests were performed on a 400 J capacity,
pendulum Charpy impact testing machine having a "U" type pendulum. The standard
size Type A specimen was used. Some of the tests were performed with a 2 mm
radius striking bit instead of the standard 8 mm radius striking bit. This machine had
been evaluated for repeatability when the strikers were interchanged. The
repeatability was found to be better than the uncertainty in the test data.! These tests
conformed to E 23 in all other ways.

Three types of specimens were tested. The three types of specimens were:

Lot LL-1: Nominal 16 J energy specimens which exited the
testing machine opposite the direction of swing of
the pendulum.

Lot LL-44 & 33:  Nominal 16 J energy specimens which exited the
testing machine in the direction of swing of the
pendulum (note: the material used for the tests
employing the 2 mm striker were not from the
same lot of material as the tests employing the 8
mm striker).

Lot HH-1: Nominal 100 J energy specimens which exited the
machine in the direction of swing of the
pendulum.

Five different test conditions were used. The five conditions were:

Condition 1: Rough anvils and a rough 8 mm radius striker.

Condition 2: Smooth anvils and a rough 8 mm radius striker.

Condition 3: Smooth anvils and a smooth 8 mm radius striker.

Condition 4: Smooth anvils and a rough 2 mm radius striker.

Condition 5: Smooth anvils and a smooth 2 mm radius striker.

Under Condition 1, five LL-1 specimens, five LL-44 specimens, and five HH-
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1 specimens were broken. The anvils had an rms surface finish of approximately 0.25
pm (10 gin.). The 8 mm striking bit had an rms surface finish of approximately 0.25
um (10 pin.) on the nose and the 30° sides. On the parallel sides the rms surface
finish was approximately 0.625 pm (25 pin.) (Fig. 1).

ANV ILS

0.625 D.625
STRIKING BIT

FIG. 1--Surface Finish (#m) of Unpolished Anvils and Striking Bit

After the first tests, the anvils were removed and polished to a mirror finish.
The rms surface finish measured 0.05 um (2 uin.) after polishing. The anvils were
reinstalled in the impact testing machine. Five LL-1 specimens, five L1.-44
specimens, and five HH-1 specimens were then broken. This was Condition 2,

The striking bit was then removed and polished to a mirror finish. The nose,
the 30° sides and the parallel sides were all polished to the same rms finish,
approximately 0.05 pum (2 pin.). Five LL-1 specimens, five L1.-44 specimens, and
five HH-1 specimens were again broken. This was Condition 3.

The striking bit was again removed and a striking bit with a 2 mm radius nose
was installed. The 2 mm striking bit had a rms surface finish of approximately 0.25
pm (10 pin.) on the nose and the 30° sides. On the parallel sides the rms surface
finish was approximately 0.625 pm (25 pin.). Five LL-1 specimens, five LL-33
specimens, and five HH-1 specimens were broken. This was Condition 4.

The 2 mm striking bit was then removed and the nose, the 30° sides and the
parallel sides were all polished to an rms finish of approximately 0.05 um (2 gin.).
Five LL-1 specimens, five LL-33 specimens, and five HH-1 specimens were again
broken. This was Condition 5.

After a quick examination of the data, we decided to test five more LL-44
specimens which had been reserved. We removed the 2 mm striker and reinstalled the
polished 8 mm striker. The five specimens were then tested under Condition 3.
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RESULTS

Twenty-five specimens were tested from lot LL-1 (Table 1). These specimens
tended to exit the testing machine in a direction opposite the direction of swing of the
pendulum. As seen in Table 1, there was very little difference in the average of the
five different test conditions.

TABLE 1--Results of tests on specimens (lot LI-1) with a nominal energy of
16 J which exit the testing machine opposite the direction
of swing of the pendulum. Test results are in joules,

Condition 1 2 3 4 5
16.3 16.6 16.9 15.9 16.9
16.9 16.6 16.6 16.6 16.9
16.9 16.9 16.3 16.9 16.6
16.5 15.9 15.6 18.0 16.3
16.0 16.3 16.6 16.6 15.9
-Average 16.52 16.46 16.40 16.80 16.52
Standard 0.35 0.34 0.44 0.68 0.38
Deviation

TABLE 1A--Results of tests on specimens (lot LL-1) with a nominal energy of
16 J which exit the testing machine opposite the direction
of swing of the pendulum. Test results are in joules. Outlier removed.

Condition 1 2 3 4 5
16.3 16.6 16.9 15.9 16.9
16.9 16.6 16.6 16.6 16.9
16.9 16.9 16.3 16.9 16.6
16.5 15.9 15.6 16.3
16.0 16.3 16.6 16.6 15.9
Average 16.52 16.46 16.40 16.50 16.52
Standard 0.35 0.34 0.44 0.37 0.38
Deviation
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The condition with the highest variation was Condition 4 (smooth anvils and a rough
2 mm radius striking bit). An examination of the data for that group of tests indicated
that the fourth specimen tested under Condition 4 was almost two standard deviations
higher than the average. If this specimen is eliminated as an outlier, Table 1A is the
result.

An examination of the averages and standard deviations listed in Table 1A
yields very close agreement between the various conditions. The differences in the
averages are much less than the standard deviations.

Twenty specimens were tested from lot LL-44 with an 8 mm striking bit (Table
2). These specimens tended to exit the testing machine in the direction of swing of
the pendulum. Originally, five specimens were tested for each of the first three
Conditions, After we noticed a substantial drop in the absorbed energy between
Conditions 2 and 3, five additional specimens were tested under Condition 3 so a
greater population could be analyzed. There is a difference of approximately a 0.4 J
(0.3 ft-1b) between the tests that were run before and after polishing the striking bit.
This difference amounts to about 1 standard deviation.

TABLE 2--Results of tests with an 8 mm striker on_specimens (lot LIL.-44)
with a nominal energy of 16 J which exit the testing
machine in the direction of swing of the pendulum.
Test results are in joules.

Condition 1 2 3 3
17.5 17.6 17.3 16.3
18.0 18.8 17.6 17.6
17.3 17.4 16.9 17.3
16.9 17.6 16.6 17.3
18.0 17.4 17.3 17.6

Average 17.54 17.76 17.14 17.22

Standard 0.42 0.53 0.35 0.48

Deviation

Average 17.65 17.18

of 10

Standard 0.49 0.42

Deviation

of 10
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There is a difference of approximately a 0.2 J (0.15 ft-1b) between the tests
done before and after polishing the anvils. The tests done with the polished anvils
show a higher average absorbed energy than the average for tests done with
unpolished anvils.

Two specimens in Table 2 are almost two standard deviations from the average
for their condition. Table 2A is a presentation of the results with these two specimens
removed. Using this data, there is virtually no change between the results for
polished and those for unpolished anvils. The difference between the polished and
unpolished striking bit, although not as notable, is still evident.

TABLE 2A--Results of tests with an 8 mm striker on specimens (lot LI -44)
with a nominal energy of 16 J which exit the testing
machine in the direction of swing of the pendulum.
Test results are in joules. Qutliers removed.

Condition 1 2 3 3
17.5 17.6 17.3
18.0 17.6 17.6
17.3 17.4 16.9 17.3
16.9 17.6 16.6 17.3
18.0 17.4 17.3 17.6

Average 17.54 17.50 17.14 17.45

Standard 0.42 0.12 0.35 0.17

Deviation

Average 17.52 17.28

of 9

Standard 0.32 0.34

Deviation

of 9

Ten specimens were tested from lot LL-33 with a 2 mm striking bit (Table 3).
We expected these specimens to exit the testing machine in the direction of swing of
the pendulum. Many of the specimens exited in the opposite direction or did not exit
the area of the anvils at all. Testing performed with an 8 mm striking bit led us to
think that these specimens would exit the testing machine in the direction of swing of
the pendulum. Perhaps it was a higher stress concentration due to the smaller radius



98 PENDULUM IMPACT MACHINES

striker used in these tests that caused the specimens in most cases to exit the machine
in the direction opposite that of the pendulum or to not exit at all. Even though the
specimens did not exit the machine in the direction of swing of the pendulum, a
reduction in absorbed energy was observed when the striking bit was polished.

TABLE 3--Results of tests with a 2 mm striker on specimens (lot L1-33) with
a nominal energy of 16 J which exit the testing machine in the
direction of swing of the pendulum. Test results are in joules.

Condition 4 5
17.3* 16.6"
16.9° 17.4™
16.9™ 16.9™
16.9™ 16.9
17.3" 16.6™
Average 17.06 16.88
Standard 0.20 0.29
Deviation
*x Specimens which exited opposite to the direction of swing
* Specimens which remained in the area of the anvils

TABLE 4--Results of tests on specimens (lot HH-1) with a nominal energy of

100 J which exit the testing machine in the direction

of swing of the pendulum. Test results are in joules,

Condition 1 2 3 4 5
86.8 89.2 96.6 95.6 92.5
91.9 92.9 93.6 90.5 88.1
92.2 85.8 87.1 85.1 91.9
94.2 89.8 89.2 89.5 90.2
92.2 89.8 86.1 94.2 91.2
Average 91.46 89.50 90.52 90.98 90.78
Standard 2.47 2.26 3.99 3N 1.54
Deviation
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Twenty-five specimens were tested from lot HH-1 (Table 4). These specimens
tended to exit the testing machine in the direction of swing of the pendulum. While
the differences in the average absorbed energies are substantial by comparison with the
energies for the low-energy specimens, with the exception of Condition 1 the
difference between the test results is insignificant. The tests performed under
Condition 1 with the unpolished anvils may have significantly higher energies than the
other four cases with polished anvils.

CONCLUSION

For low-energy specimens which exit the testing machine in the direction
opposite to the direction of swing of the pendulum, there seems to be very little
difference between polished and unpolished anvils and strikers, There is only a slight
downward trend in the average absorbed energies as the tooling is polished.

For low-energy specimens which exit the testing machine in the direction of
swing of the pendulum, the average absorbed energy dropped as much as 0.4 J (0.3
ft-1b) when the striking bit was polished. When a low-energy specimen is broken, the
broken halves spin at high velocity and strike the anvils a second time (Fig. 2).
Specimens which exit the machine in the direction of swing of the pendulum rebound
off the anvils and may continue to rotate in such a way as to scrape between the anvil
support and the sides of the passing striking bit. We think that when we polish the
striking bit, the friction is reduced between the striking bit and the specimen after the
specimen breaks.

While the differences reported here may not seem large, 0.4 J can be important
when compared to the + 1.4 J range permitted by ASTM E-23 when verification
specimens are tested. A machine that may pass with an old striker that has been
burnished by testing many specimens may fail when a new striker that is not highly
polished is installed.

| 1L JL 0

FRICTION
FIG. 2--Proposed Trajectories of Low-energy Specimens which cause
Lost Energy due to Friction with the Striking Bit

For high-energy specimens, we found that the absorbed energy dropped as
much as 2 J (1.5 ft-1b) when the anvils were polished. Again a 1 or 2 J reduction in
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energy when attempting to qualify a machine can determine whether a machine passes
or fails verification tests.

High-energy specimens are dragged across the anvils as they are broken (Fig.
3). Higher friction between the anvils and the specimen causes the testing machine to
indicate higher absorbed energy values.

| 0000 00,30

FIG. 3--Proposed Trajectories of High-energy Specimens Which Cause
Lost Energy due to Friction with the Anvils

ASTM Standard Test Methods for Notched Bar Impact Testing of Metallic
Materials (E 23) requires a 4 um (125 pin.) rms finish on the anvils and the striker.
Through use, these parts are burnished to a high polish. In order to reduce the shift
in results that may result from a change in the striker or anvils, ASTM E 23 should
require that these parts be highly polished. We suggest that ASTM E 23 be changed
to require that the anvil and striking bit have rms finishes of 0.1 um (4 win.) or better.

REFERENCES

1 Siewert, T. A. and Vigliotti, D. P., "The Effect of Charpy V-notch Striker

Radii on the Absorbed Energy," Pendulum Impact Machines; Procedures and
Specimens for Verification, ASTM STP 1248.



Earl A. Ruth,!

STRIKER GEOMETRY AND ITS EFFECT ON ABSORBED ENERGY

REFERENCE: Ruth, E. A., "Striker Geometry and its Effect on Absorbed
Energy", Pendulum Impact Machines: Procedures and Specimens for Verification,
ASTM STP 1248, Thomas A. Siewert and A. Karl Schmieder, Eds., American
Society for Testing and Materials, Philadelphia, 1995.

ABSTRACT: ASTM Standard Test Methods for Notched Bar Impact Testing of
Metallic Materials (E 23) requires the face of the striker to have an 8 mm radius and
to be 4 mm wide. At the corners where the 8 mm radius meets the sides of the
striker, E 23 calls for a radius of 0.25 mm + 0.05 mm. This 0.25 mm radius causes
a problem, as it can be worn out of tolerance quickly during normal testing. This
paper presents data which exhibits the effects on absorbed energy when the corner
radius is enlarged. Data is also presented which compares absorbed energy obtained
using an ASTM E 23, 8 mm striker with absorbed energy obtained using an ISO 2
mm striker.

KEYWORDS: Charpy impact test, impact test, striker, striker geometry

BACKGROUND

In the 1960’s, a 0.25 mm radius was added to the corners of the striking bit in
ASTM Standard Test Methods for Notched Bar Impact Testing of Metallic Materials
(E 23). This 0.25 mm radius is specified where the 8 mm nose radius meets the 30°
sides of the striker. To conform to ASTM E 23 now, one must maintain that corner
radius at 0.25 mm + 0.05 mm. During routine testing, these corners can be worn out

"Manager, Engineering & Systems, Tinius Olsen Testing Machine Co., Inc.,
Willow Grove, Pennsylvania 19090
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of tolerance in a short period of time. In 1989 this problem was presented to the
ASTM Task Group (E28.07.02) which has oversight of ASTM E 23. An ad hoc
committee was formed to learn if the tolerance of the radius of the corner of the
striker could be relaxed.

EXPERIMENTAL METHOD

Standard Charpy V-notch specimens (ASTM E 23 Type A) were supplied by
the U. S. Army, Watertown Arsenal who were supplying reference specimens at that
time. The specimens supplied were made from three different lots of steel, each lot
having a different nominal absorbed energy value. The three absorbed energy values
were 16 J, 100 J, and 200 J.

All of the tests were performed on one 400 J capacity machine at -40° C.
Tests were performed using five different striker geometries. The same striking bit
was used for all tests. Between each set of tests the striker was removed and ground
to the new geometry. The striker was then reinstalled in accordance with the
manufacturer’s specifications. A thin layer of machinist bluing was applied to the
mating surface of the striker each time the striker was installed. This was done so
that the fit of the striker could be evaluated upon removal by looking at the mounting
surface on the pendulum of the impact testing machine. In every case, blueing had
been transferred to more than 80% of the mounting surface.

Twenty specimens of each of the three energy levels were tested using the
standard ASTM E 23, 8 mm striker geometry with the 0.25 mm corner radius (see
Fig. 1). The corner radius was then increased to 0.50 mm and ten specimens of each
energy level were tested. The corner radius was increased again, this time to 1.00
mm and ten specimens of each energy level were tested. The next geometry tested
was an attempt at a compromise between the ASTM E 23, 8 mm geometry and ISO 2
mm geometry. The nose of the striker had an 8 mm radius and the corners were 1.50
mm in radius. The width was the same as an ISO 2 mm striker. Ten specimens of
each energy level were tested with this geometry. The final geometry to be tested was
an ISO 2 mm striker. Twenty specimens of each energy level were tested with this
striker.

Tables 1 through 3 include all of the test results. Table 4 is a summary of the
test results. Table 5 is a summary of the test results with a couple of probable outliers
removed. Figure 2 is a graphical representation of the results for each of the
materials with the outliers removed.
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DIMENSIONS: MILLIMETER
TOLERANCE: £0.05

) vt

4.00

FIG. 1 —— Striker Geometries
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TABLE 1--Low Energy Test Results

; Low Energy Test Results, J

ASTM 8 mm | ASTM 8 mm | ASTM 8 mm | ASTM/ISO ISO 2 mm

with 0.25 mm | with 0.50 mm | with 1.00 mm | Compromise Radius.

Radius Radius Radius 8 mm nose

Corners. Corners. Corners. with 1.5 mm

Comers.

14.0 16.2 16.9 16.7 15.1
17.3 15.4 15.3 17.0 15.9
16.9 15.3 16.4 17.1 16.2
17.4 16.7 15.9 .16.9 17.0
16.0 17.5 16.9 17.1 17.2
16.0 16.0 16.2 16.6 18.1
15.2 17.3 15.0 17.1 19.0
16.0 15.2 15.2 15.0 15.9
16.1 15.1 16.3 15.0 18.3
15.7 15.9 15.8 16.2 17.8
15.0 16.6
16.4 17.5
16.3 17.1
16.4 17.1
16.7 17.0
16.1 15.0
17.9 16.9
15.5 16.0
17.0 16.9
15.5 17.0
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TABLE 2--Medium Energy Test Results

105

Medium Energy Test Results, J

ASTM 8 mm | ASTM 8 mm | ASTM 8§ mm | ASTM/ISO 1SO 2 mm

with 0.25 mm | with 0.50 mm ] with 1.00 mm | Compromise Radius.

Radius Radius Radius 8 mm nose

Corners. Corners. Corners. with 1.5 mm

Corners.

93.2 93.8 96.0 92.0 97.2
98.0 96.5 100.4 99.0 97.0
97.0 103.0 95.0 93.3 90.0"
96.0 100.4 97.0 93.7 98.0
100.8 98.2 103.0 94.3 97.5
99.8 96.8 102.5 98.0 99.8
94.1 99.0 98.3 96.0 95.3
103.3 89.4 99.7 95.5 100.0
95.3 93.0 99.7 97.0 98.1
89.3 93.9 96.9 95.0 98.2
92.2 98.8
929 97.9
96.3 94.9
96.2 100.0
95.4 96.2
96.7 98.2
101.6 91.0"
99.0 99.8
97.1 97.9
100.5 100.0

Values marked with an * are possible outliers
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TABLE 3--High Energy Test Results
High Energy Test Results, J

ASTM 8 mm | ASTM 8§ mm | ASTM 8§ mm | ASTM/ISO ISO 2 mm

with 0.25 mm | with 0.50 mm | with 1.00 mm | Compromise Radius.

Radius Radius Radius 8 mm nose

Corners. Corners. Corners. with 1.5 mm

Corners.

199.4 188.2 216.5 192.0 204.0
197.5 190.5 213.5 203.5 174.0
201.0 194.3 196.5 206.8 180.5
197.5 185.3 207.5 201.8 186.5
202.3 197.0 206.0 199.2 194.5
217.5" 205.8 211.0 205.5 181.0
192.0 200.5 196.8 225.0°7 176.0
200.5 206.3 212.5 206.0 196.2
191.5 190.0 203.5 197.5 207.7
201.4 203.8 203.1 188.5 182.0
194.0 193.5
195.5 188.0
200.0 199.2
207.3 184.5
205.0 183.0
194.0 217.2
203.0 202.2
199.0 195.3
217.7° 182.0
199.7 192.8

Values marked with an * are possible outliers
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TABLE 4--Summary of all Test Results

Low Energy Medium Energy High Energy
J J J

Avg. S.D. Avg. S.D. Avg. | S.D.
ASTM 8 mm

with 0.25 mm 16.17 0.91 96.7 3.47 200.8 7.05
Radius
Corners.
n=20

8 mm with
0.50 mm Radius 16.06 0.87 96.4 3.99 196.2 7.66
Corners.
n=10

8 mm with
1.00 mm Radius 15.99 0.67 98.8 2.68 206.7 6.84
Corners.
n=10

ASTM/ISO
Compromise 8 16.47 0.82 95.4 2.18 202.6 9.94
mm with 1.5
mm Corners.
n=10

ISO 2 mm
Radius 16.88 1.01 97.3 2.75 191.0 11.28
n=20
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TABLE 5--Summary of Test Results with Probable Outliers Removed

Low Energy

Medium Energy
J

High Energy

J

Avg.

S$.D.

Avg. S.D.

Avg.

S.D.

ASTM 8 mm
with 0.25 mm
Radius
Corners.
n=20

16.17

0.91

96.7 3.47

198.9
n=18

4.32
n=18

8 mm with
0.50 mm
Radius
Corners.
n=10

16.06

0.87

96.4 3.99

196.2

7.66

8 mm with
1.00 mm
Radius
Corners.
n=10

15.99

0.67

98.8 2.68

206.7

6.84

ASTM/ISO
Compromise 8
mm with 1.5
mm Corners.
n=10

16.47

0.82

95.4 2.18

6.43

ISO 2 mm
Radius
n=20

16.88

1.01

98.0
n=18

1.56
n=18

191.0

i1.28
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Low Energy - Average Low Energy - Std. Deviation

Medium Energy - Average Medium Energy - Std. Deviation

025 050 1.00 Comp. ISO

High Energy - Average High Energy - Std. Deviation

E25

0.25

FIG. 2 -- Graphs of Test Results with Outliers Removed
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DISCUSSION

There was little or no difference in absorbed energy between tests using the
standard ASTM E 23, 8 mm striker with a 0.25 mm comer radius and tests using a
striker with a corner radius of 0.50 mm. When the corner radius was increased to
1.00 mm the absorbed energy in tests at the 100 J and 200 J level increased
significantly.

The striker which we had hoped would be a compromise between the ASTM E
23, 8 mm striker and the ISO 2 mm striker gave disappointing results. It had been
speculated that it would agree with the ASTM E 23, 8 mm striker at low absorbed
energies and with the ISO 2 mm striker at high absorbed energies. Unfortunately that
was not the case.

The energy absorbed by the tests using the ISO 2 mm striker was considerably
higher than the energy absorbed in tests using the ASTM E 23, 8 mm striker at the 16
J level. The material used in these tests was a high strength 4340 steel. A possible
reason for the higher absorbed energy by the ISO 2 mm striker is greater plastic
deformation of the steel due to the higher contact stresses at the point of impact.
Compressive contact stresses due to the smaller radius could be twice as high as those
with the ASTM E 23, 8 mm striker.

The energy absorbed by the tests using the ASTM E 23, 8§ mm striker was
considerably higher than the energy absorbed in tests using the ISO 2 mm striker at
the 200 J level. The wider width of the ASTM E 23, 8 mm striker required that the
specimen be bent around the comers of the striker. While one can argue that this
additional bending process is absorbing more energy, the specimens broken with the
ASTM E 23, 8 mm striker were completely fractured. This was not the case with the
ISO 2 mm striker.

CONCLUSION

The tolerance on the corner radius of the striker given in ASTM Standard Test
Methods for Notched Bar Impact Testing of Metallic Materials (E 23) could be
relaxed to a range of 0.25 mm to 0.50 mm with little or no effect on absorbed energy.

There seem to be advantages and disadvantages for both the ASTM E 23, 8

mm and the ISO 2 mm strikers. Additional work is needed to fully understand why
there are differences in absorbed energy between the two strikers.
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ABSTRACT: The Heavy-Section Steel Irradiation Program at Oak Ridge National
Laboratory is involved in two cooperative projects, with international participants,
both of which involve Charpy V-notch impact tests with instrumented strikers of
2-mm and 8-mm radii. Two heats of A 533 grade B class 1 pressure vessel steel and
a low upper-shelf (LUS) submerged-arc (SA) weld were tested on the same Charpy
machine, while one heat of a Russian Cr-Mo-V forging steel and a high upper-shelf
(HUS) SA weld were tested on two different machines. The number of replicate
tests at any one temperature ranged from 2 to 46 specimens. Prior to testing with
each striker, verification specimens at the low, high, and super high energy levels
from the National Institute of Standards and Technology (NIST) were tested. In the
two series of verification tests, the tests with the 2-mm striker met the requirements
at the low and high energy levels but not at the super high energy. For one plate,
the 2-mm striker showed somewhat higher average absorbed energies than those for
the 8-mm striker at all three test temperatures. For the second plate and the LUS
weld, however, the 2-mm striker showed somewhat lower energies at both test
temperatures. For the Russian forging steel and the HUS weld, tests were conducted
over a range of temperatures with tests at one laboratory using the 8-mm striker and
tests at a second laboratory using the 2-mm striker. Lateral expansion was also
measured for all specimens and the results are compared with the absorbed energy
results. The overall results showed generally good agreement (within one standard
deviation) in energy measurements by the two strikers. Load-time traces from the
instrumented strikers were also compared and used to estimate shear fracture
percentage. Four different formulas from the European Structural Integrity Society
draft standard for instrumented Charpy test are compared and a new formula is
proposed for estimation of percent shear from the force-time trace.
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Charpy V-notch (CVN) impact testing is performed by hundreds of
organizations around the world using very similar procedures, usually either that of
the American Society for Testing and Materials (ASTM) [1] or that of the
International Organization for Standardization (ISO) [2]. Unfortunately, two
different specimen striker designs are described and are sufficiently different so that
the equivalence of the test results is questionable. Figure 1 shows that the 2-mm
striker described in the ISO standard is thinner and has a 2-mm radius compared to
the 8-mm radius of the striker described in the ASTM standard. Recently, the ISO
incorporated the 8-mm striker into the standards in addition to the 2-mm striker.
This situation can present difficulties for manufacturers of materials and structures
which are required to meet minimum specified CVN impact toughnesses according
to, for example, the ASTM (which allows only the 8-mm striker), but they have data
avaijlable from tests conducted with the 2-mm striker. Likewise, for codes and
standards organizations, adoption of materials based on data obtained with the 2-mm
striker into a code which references the ASTM specification presents a dilemma.
Towers [3] tested verification specimens from the Army Mechanics and Materials
Research Center (AMMRC) and nine other materials (e.g., aluminum alloys,
aluminum-bronze, stainless steels, carbon steel, 5% Ni and 9% Ni steels) with the two
different strikers. For the verification specimens, which ranged in nominal absorbed
energies up to 107 J, the two strikers gave equivalent energies. For the nine other
materials, he observed equivalent results up to about 60 J, as shown in Fig. 2. Above
that energy, however, although the 8-mm striker showed generally higher energies,
the energies at which the differences were observed and the magnitudes of the
differences were material dependent. Naniwa [4] tested carbon and low-alloy steels
and, as shown in Fig. 3(a), observed general equivalence up to about 200 J; above
that level, the 8-mm striker gave higher energies with the differences increasing with
increasing energy. Naniwa stated no differences were observed in lateral expansion,
percent shear, or transition temperature. The data from Ref. 4, however, shown in
Fig. 3(b), appear to show a general deviation from equivalence with the 2-mm striker
showing a tendency for greater expansion. Revise [5] tested "metallic samples” at a
few different energy levels and observed equivalence up to about 100 J; at the level
of 160 J for the 2-mm striker, however, the 8-mm striker gave about 165 J. The
Heavy-Section Steel Irradiation (HSSI) Program at Oak Ridge National Laboratory
(ORNL) is involved in two cooperative projects that include international
participants. For both projects, CVN impact tests were performed with both the
2-mm and 8-mm strikers; one objective of both projects was to compare the results
from the two strikers with different materials and, where practicable, with enough
tests for statistical evaluations.
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FIG. 1. Schematic drawing showing the differences in the striking ends of the
(a) 8mm and (b) 2-mm radius Charpy impact strikers. The 8-mm striker
is thicker and has a substantially larger radius of curvature and relatively
sharp edges.
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FIG. 2. Plot of data from Tower showing effect of striker shape on absorbed energy
in Charpy impact test for different materials.
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FIG. 3. Plot of data from Naniwa for carbon and low-alloy steel: (a) general
equivalence of energy values for the two strikers was observed to about
200 Nm (J) with the 8-mm striker measuring higher energies than the 2-mm
striker above that level, and (b) tests with the 2-mm striker appear to
exhibit a tendency for greater expansion values.
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MATERIALS AND PROCEDURES

Table 1 summarizes the test matrix for the various materials. Verification of
4340 high-strength steel from the National Institute of Standards and Technology
(NIST) were tested at ORNL on the same machine using the 2-mm and 8-mm
strikers. Two different heats of A 533 grade B class 1 low-alloy (Mn-Mo-Ni) pressure
vessel steel plate and a low upper-shelf (I.US) submerged-arc (SA) weld (Mn-Mo-Ni)
were tested on the same Charpy machine, while one heat of a Russian forging steel
(Cr-Mo-V) and a high upper-shelf (HUS) SA weld (Mn-Mo-Ni) were tested on three
different machines, one at ORNL with the 8-mm striker and two in Russia with the
2-mm striker. One of the heats of A 533 grade B (HSST Plate 13) was also tested.
on two machines in Russia with the 2-mm striker. Tests were conducted at four
temperatures for one plate, while two test temperatures were used for the other plate
and the LUS weld. Table 2 provides the room temperature tensile properties of the
five steels tested, respectively. The number of replicate tests were quite variable and
were dependent on the specific program of testing. In some of the cases, the number
of tests were relatively high, (e.g., 23 and 46) which provides for reasonable credibility
from a statistical basis.

In most of the cases shown in Table 1 for ORNL, tests were conducted to
provide direct comparison of results with the two strikers on the same Charpy
machine. Prior to testing of these materials with each striker, verification specimens
at the low, high, and super high energy levels from NIST were tested. These
specimens are designed to be applicable to the verification of a pendulum impact
machine with the 8-mm striker. The energy levels are specified in English units and
are nominally about 12, 75, and 160 ft-Ib (about 16, 102, and 217 J), respectively, with
the actual values dependent on the particular heat of steel used to produce the
supply of specimens. For the verification testing, five specimens from each energy
level are tested. For each level, the average energy of the five tests must be within
a specified deviation from a specified mean value supplied by NIST for the heat of
material used. The general procedure followed in this series of experiments was,
(1) verification with the 8-mm striker, (2) verification with the 2-mm striker,
(3) testing of test materials with the 2-mm striker, (4) verification with the 8-mm
striker, and (5) testing of test materials with the 8-mm striker. This procedure was
designed to provide assurance that the machine stayed in calibration throughout the
series of tests and striker changes.

For the testing at ORNL, a 326-J (240-ft-Ib) capacity pendulum-type impact
machine, Baldwin Model SI1C, was used. Both the 8-mm and 2-mm strikers are
instrumented with strain gages to provide a load-time record, but all energy values
reported herein were obtained from the dial energy. The machine is equipped with
a semiautomated specimen thermal conditioning and transfer system. The transfer
system places the specimen in the thermal conditioning system which heats the
specimen by contact with graphite electrodes, cools the specimen with cold nitrogen
gas, and includes a calibrated contact thermocouple for temperature measurement.
The transfer system allows for transfer of the specimen to the anvils for testing in less
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TABLE 1--Number of test temperatures, machines, and
replicate tests for the tested materials

Material Number of Test Replicates
n temperatures | laboratories
A533B (HSST-03) 2 ORNL 2-mm: 23/46
8-mm: 23/46
AS533B (HSST-13) 3 ORNL 2-mm: 10/20
8-mm: 10/20
A533B (HSST-13) 4 RUSSIA 2-mm: 2-5
4 ORNL 8-mm: 2-5
HUS weld 72W 4 ORNL 8-mm: 6-10
HUS weld 72W 4 RUSSIA 2-mm: 2-5
LUS weld 2 ORNL 2-mm: 23/46
8-mm: 23/46
15Kh2MFA forging 7 ORNL 8-mm: 46
15Kh2MFA forging 7 RUSSIA 2-mm: 4-6
15Kh2MFA forging 2 ORNL 8-mm: 10
15Kh2MFA forging 2 RUSSIA 2-mm: 10
NIST verification 1 ORNL 2-mm: 3 sets
(3 energy levels) 8-mm: 35 sets

TABLE 2--Tensile properties of tested materials at room temperature

. Yield strength Ultimate strength
Material (MPa) (MPa)
AS533B (HSST-03) 460 618
A533B (HSST-13) 424 600
SAW, Linde 80 500 603
SAW HSSI weld 72W 500 609
15Kh2MFA forging 103672 630 680
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than 5 s following removal from the conditioning chamber. Figure 4 shows a
composite photograph of the system (photo shows a different Charpy machine). The
percent shear fracture was visually measured and the lateral expansion was measured
with a device similar to that described in ASTM E-23. For the testing in Russia, a
300-J (221-ft-Ib) capacity pendulum-type machine, Amsler Model RKP-300 was used,;
only the 2-mm striker was used for those tests. Calibration of that machine was
performed by direct methods of alignment, etc. by the official state standardization
committee of Russia.

RESULTS

Verification Specimens

Figure 5 summarizes the results of NIST verification specimen tests for both
the 8-mm and 2-mm strikers in terms of deviation from the NIST supplied nominal
mean values for each particular set of specimens tested. The 8-mm striker met the
specified requirements at all three energy levels in all cases. The 2-mm striker met
the requirements in all cases for the low and high energy levels but not at the super
high level, with the average energies being about 25 J (about 11%) below the
nominal mean values. The nominal mean values for verification are supplied for the
8-mm striker only.

Low-Alloy Steels

For tests conducted with HSST Plate 13 to directly compare the two strikers,
10 tests with each striker were conducted at -60°C and 150°C, while 20 tests with
each were conducted at 0°C. Figure 6(a) shows the average energies, as well as the
minimum and maximum values, and two standard deviations for each case.
Somewhat surprisingly, tests with the 2-mm striker showed generally higher energies
at all three temperatures. The differences, however, are within one standard
deviation in each case. The lateral expansion results exhibit a similar comparison,
Fig. 6(b). The percent shear fracture results are the same for the two studies,
Fig. 6(c). Figure 6(d) shows the definite trend for the 2-mm striker to result in
somewhat higher lateral expansion per unit of absorbed energy. Tests with HSST
Plate 13 were also conducted in a separate study on different machines, one at
ORNL and two in Russia. Figure 7 shows the same trend as obtained with a large
number of tests on the ORNL machine (Fig. 6); the tests with the 2-mm striker
exhibited somewhat higher average energies, although these results also revealed
overlap within one standard deviation. Thus, all the results with that material show
consistent comparisons.

In two other similar studies to compare results on different machines in the
United States (8-mm striker) and Russia (2-mm striker), Figs. 8 and 9 show
somewhat mixed results. Although the results in Fig. 9 would appear to indicate that
the 2-mm striker gives much higher results, the data were highly scattered for this
Russian Cr-Mo-V forging steel, and the average values did overlap within one
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two machines).
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standard deviation. Even so, the tendency in that case is, as with HSST Plate 13, for
the 2-mm striker to measure somewhat higher energies.

In a separate study on the same ORNL test machine, a relatively large number
of specimens were tested with each striker, 46 at the low temperature and 23 at the
high temperature for a plate steel and a SA weld. The A 533 grade B steel (HSST
Plate 03) was tested at —12 and 93°C (10 and 200°F), while the high-copper low
upper-shelf SA weld was tested at 2 and 93°C (35 and 200°F). Figures 10(a) and
10(b) show the average absorbed energies and lateral expansions. The results from
the two strikers are very comparable at the three lower energy levels. At the
=160-J level, the 8-mm striker results are somewhat higher but, again, they are within
one standard deviation. The lateral expansion results are similar except the 2-mm
striker has a tendency for the higher value at the higher temperature.

DISCUSSION OF TEST RESULTS

Prior to conducting the testing described above, it was anticipated that, for the
steels included in the testing programs, the 8-mm striker would be observed to
measure higher energies, especially at temperatures where the specimen bending and
plastic deformation were relatively high. Figure 11, however, shows general
equivalence of the absorbed energy results up to almost 200 J. There is scatter about
the 1:1 equivalence, but all the results are within two standard deviations of the
equivalence line. For the lateral expansion measurements, a linear fit to the overall
data shows that tests with the 2-mm striker tend to give about 8% higher values.

The expectation of higher energy measurements with the 8-mm striker was
based not only on previous results (e.g., Ref. 4) and the rationale that higher energy
would be measured by a striker with a large radius when the specimen bending is
sufficient, but also on observations from load-time record comparisons. Figure 12
shows the original load-time records at two temperatures for A 533 grade B steel
(HSST Plate 13) for both the instrumented 2-mm and 8-mm strikers. For this
comparison, the specific specimen records were chosen because the two strikers
measured the same absorbed energy in each case. In Figs. 12(a) and (b), the records
are comparable, although the 8-mm striker appears to have a somewhat greater
increase in load from the point of general yielding to maximum load. Other
comparisons have not yet been conducted to ascertain if that is a general observation.
At the higher temperature, however, a comparison of Figs. 12(c) and (d) show that
the 8-mm striker load-time record includes a region near the end of the test whereby
the rate of load decrease is substantially reduced for about 1.5 ms. If the absorbed
energy were obtained from the load-time record, that feature would result in a higher
energy determination due to the additional area under the curve. This feature is
associated with increased loading on the striker from the specimen "wrapping around”
the striking edge and/or, if the bending angle is very high, the specimen being forced
through the anvils with a resultant side loading. The load-time record for the 2-mm
striker does not indicate such a change in the loading of the striker. It is assumed
that all interactions between the specimen, striker, and/or anvils would undoubtedly
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FIG. 12. Load-time records from Charpy impact tests with A 533 grade B class 1
steel (HSST Plate 13) at two temperatures with both the 8-mm and 2-mm
strikers: (a) 8-mm at 0°C, (b) 2-mm at 0°C, (c) 8-mm at 150°C, (d) 2-mm
at 150°C. At 0°C, both tests showed 78-J energy, while at 150°C, both
tests showed 157 J.
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result in additional energy reflected by the machine dial. This observation does not
explain the case presented earlier where the 2-mm striker showed a tendency to
measure higher energy. Other factors, such as deeper penetration of the smaller
striker into the test material and effects of more localized plastic deformation, may
contribute to these observations. Differences in tensile properties, strength, and
strain hardening, for example, likely contribute to a material-specific rationale for
some of the observed results. This also applies to the lateral expansion observations.
An analysis of all the test results regarding the load-time records, bending analyses,
etc., has not yet been performed.

ESTIMATION OF SHEAR FRACTURE PERCENTAGE

Determination of the percentage of shear fracture is based on the
measurement of the cleavage portion of the fracture surface of broken Charpy
V-notch (CVN) specimens and comparison with the full fracture surface by any of
four methods given in E-23 [1]. The disadvantage of such a procedure is the
dependence of the measured percentage of shear on interpretation of the cleavage
portion of the fracture surface which can vary from person to person. For example,
the fracture surfaces of CVN specimens representing weld metal of reactor pressure
vessels can be particularly difficult to interpret. In-service surveillance programs
require the performance of tests remotely. Thus, the remote measurement of the
percentage of shear on the fracture surface of irradiated specimens can be even more
complicated. As a result, some researchers have attempted to develop a more
objective and simple procedure by analyzing the instrumented CVN impact
trace [6,7]. The main idea of that approach is based on association of the cleavage
part of the fracture with the fast load drop observed on the load-time diagram of an
instrumented CVN test. Moreover, the European Structural Integrity Society (ESIS)
has prepared a draft of a standard method for the instrumented CVN test on metallic
materials [8], which allows one to estimate an approximate value of the proportion
of ductile fracture surface by using one of the following formulae:

% shear = [1 - (P;, - P,)/P] X 100% , (1)
% shear = [1 - (P, - P,)/(Py, — Pyy)] X 100% , 2)
% shear = {1 - (P, ~ P)[Pp+ 05 (P - Py)]} X 100% 3)
% shear = {1-V[Py./Py) + 2]/3 X [Py /Py - VP,/P} X 100% 4)

where P,., P, P, and P, are characteristic points on the load-time diagram which
will be cﬁcyscribed later.

This portion of the paper discusses the correlation between visually measured
shear fracture percentages and those estimated from the load-time traces of the
instrumented 8&-mm and 2-mm design strikers. A typical load-time trace from an
instrumented CVN test is presented in Fig. 13. The load at the point of general
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FIG. 13. Load versus time record showing the definitions of the various load points
used in various models to estimate the percent shear fracture.
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yield, P, is a characteristic value of the onset of plastic deformation and it was
determined as the load at the intersection of the linear rising portion of the load-time
trace and the fitted curve through the oscillations of the load-time trace following the
onset of the plastic strain part to maximum load. The maximum load, P, is the
largest load in the course of the load-time trace and was determined as the maximum
value on the fitted curve through the oscillations of the load-time trace in the area
of the maximum load. The load at the initiation of unstable crack propagation, P,
characterizes the start point of the unstable crack propagation and was determined
as the load at the beginning of the rapid drop-in-load in the load-time trace. The load
at the end of unstable crack propagation, P,, characterizes the point of crack arrest
and was determined as the load at the end of the drop-in-load in the load-time trace.

The load-time traces of HSST Plate 03 and the LUS weld specimens, tested
by 8-mm and 2-mm strikers, were analyzed using Egs. (1) through (4) to calculate the
value of percent shear fracture. The calculated values were then compared with the
visually measured percent shear fracture (see Figs. 14 through 17). No significant
differences were observed between values of shear calculated from instrumented
8-mm or 2-mm striker traces for all four models. Thus, the same approach can be
used for both striker geometries. Furthermore, each of the four models provides an
overestimation of percent shear compared with the visually measured value. Of the
four models (i.e., equations), the relatively simple model 1 showed closer correlation
with visually measured percent shear. The more complicated model 4 showed the
worst correlation. This overestimation can be explained by closer consideration of
the proposed models. The main approach is based on association of the cleavage
portion of the fracture with the ratio of the drop-in-load value (P;, - P,) to the
maximum load P, in model 1, with some variations in models 2, 3, and 4. The
maximum load P is considered the point at the beginning of crack extension.
However, the ductile portion of the fracture can be formed also during flow of the
material (plastic deformation), which begins at the point of general yield. Taking that
into account, then, we. consider an equation:

% shear = [1 - (P}, — P)/0.5 (P, + Ppp)] X 100% , )

iu”~
as a more reasonable formula for estimation of the percentage of shear fracture from
the instrumented CVN specimen test, where 0.5(P,, + P,;) can be assumed to be the
load at the point of material flow. Comparison of visually measured and calculated
percent shear by the proposed Eq. (5) shows good correlation (see Fig. 18). In the
range of small percentages of shear calculation, Eq. (5) can provide negative values
which should be assumed equal to zero. Determination of percent shear fracture
based on calculation from the instrumented striker provides a more objective value
and can be especially worthwhile for testing of irradiated specimens or any specimens
where interpretation of the fracture surfaces could be difficult.
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FIG. 14. Calculated shear from instrumented strikers using Model 1 (see text) versus
visual measurements for A 533 grade B class 1 steel (HSST Plate 03) and
a high-copper, low upper-shelf submerged-arc weld metal.
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FIG. 15. Calculated shear from instrumented strikers using Model 2 (see text) versus
visual measurements for A 533 grade B class 1 steel (HSST Plate 03) and
a high-copper, low upper-shelf submerged-arc weld metal.
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FIG. 16. Calculated shear from instrumented strikers using Model 3 (see text) versus
visual measurements for A 533 grade B class 1 steel (HSST Plate 03) and
a high-copper, low upper-shelf submerged-arc weld metal.
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FIG. 17. Calculated shear from instrumented strikers using Model 4 (see text) versus
visual measurements for A 533 grade B class 1 steel (HSST Plate 03) and
a high-copper, low upper-shelf submerged-arc weld metal.
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FIG. 18. Calculated shear from instrumented strikers using ORNL proposed model
(see text) versus visual measurements for A 533 grade B class 1 steel
(HSST Plate 03) and a high-copper, low upper-shelf submerged-arc weld
metal.
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CONCLUSIONS

Five different low-alloy pressure vessel steels, a U.S. plate, a Russian forging,
and two U.S. submerged-arc welds, were tested in various programs to evaluate
differences in test results between the instrumented 8-mm and 2-mm strikers. The
number of replicate tests ranged from as low as 2 to as high as 46. Although most
of the testing was performed on the same machine, comparisons were also made with
results from other machines. Testing with each striker was also conducted with the
high-strength 4340 steel verification specimens supplied by NIST. Additional analyses
of the test results, especially the force-time traces, remain to be performed, but the
following observations and conclusions can be stated:

1. The results of tests of the NIST verification specimens with 2-mm and
8-mm strikers show close agreement at the "low" (16-J) and "high" (~102-J) energy
levels, but the 2-mm striker measured about 11% lower energy at the "super high"
(~217-J) level.

2. For energy measurements, the overall results for the low-alloy steels
showed good agreement, within one standard deviation, up to about 175 J.

3. For lateral expansion measurements, the overall results for the low-alloy
steels showed somewhat greater values, up to about 8%, for the 2-mm striker tests.

4. The load-time record from the instrumented 8-mm striker sometimes shows
an effect of loading not associated with fracture of the specimen.

5. The instrumented striker load-time record can be used to estimate the
percent shear fracture and a proposed model shows good agreement with visual
measurements. In this regard, no differences were observed between the 2-mm and
8-mm strikers.
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ABSTRACT: The two most common Charpy V-notch striker designs (8-mm and 2-
mm radii on the striking edge) were compared using verification (reference-grade)
impact specimens. Other variables in the test matrix included two different brands
of U-type pendulum machines and four different specimen energy ranges (near 18,
45, 100, and 200 J). In this comparative study, we found a very small difference
between the two striker designs and an even smaller difference between the two
brands of machines. At 200 J, the difference between the two striker designs was
about 10 J. This difference might not be important in most production testing, but
must be considered in verification testing where the acceptable range may be 5 %.
The standard deviations of absorbed energy for the two strikers were similar, except
at 200 J where the 2-mm striker produced standard deviations about 3 times higher
than the 8-mm striker.

KEYWORDS: absorbed energy, Charpy V-notch, impact test, striker radius,
verification specimens

Two different striker designs are commonly found on Charpy V-notch (CVN)
machines. These two common designs are described in ASTM E23 and ISO
Standard R442-1965 (presently being revised by ISO TC 164/SC 4) and are
distinguished primarily by the radii of the leading edge that strikes the specimen,
prompting their common identification as the 8-mm and 2-mm strikers, respectively
[1}. Figure 1 compares the specified profiles near the nose of the two striker
designs. The 8-mm striker is more common in the U.S. and is required for the CVN
testing procedure described in ASTM Standard E 23 [2]. The 2-mm striker is more

!Supervisory Metallurgist and Technician, respectively, Materials Reliability Division,
National Institute of Standards and Technology, Boulder, Colorado 80303
Contribution of NIST; not subject to copyright.
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common in Europe and Asia. A few machines with the less common strikers are
also found in each country, since some companies have contracts with organizations
in other countries that require impact data with the other striker design. The
difference in the dimensions between the two strikers is many times greater than the
tolerances, so there is no possibility of producing a striker that can meet the
requirements of both designs.

Interchanging strikers (of the two designs) on a single impact machine is not
a simple solution for obtaining data with the two strikers. One reason for not
interchanging strikers is that replacing a striker can be very difficult for certain
machine designs. Further, ASTM Standard E 23 requires recertification of the
machine performance when the striker is changed [2]. The generally accepted
justification for this requirement is that improper mounting of a striker could have
such an effect on the machine performance that the machine would fall outside the
certification limits.

| !
— 3'00 3(:)°

8mm; }
radius! 025r§d%2 mm

|
2-2.5 mm
radius

40+20.1 mm 4.5 mm
8-mm Striker 2-mm Striker

Figure 1. Comparison of the 8- and 2-mm striker dimensions.

Recent comparisons of the two striker designs have reported differences in
the energies. A study by Fink describes the effects of striker radius (8 mm versus
2 mm) and notching procedure on the energy {3]. He reported a linear correlation
between the energies (in ft-1b) produced with the two strikers,

(Erom) = 1.0420 (E;,,,) + 0.5160,

with a coefficient of determination (r) of 0.9987 and a standard error of estimate of
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1.36 ft-Ib. In metric units, (with the number of significant digits reduced to reflect
the standard error), this equation is

(Bpmn) = 1.042 (Eg) + 0.70,

where E is expressed in joules. The coefficient of determination (r?) is 0.9987 and
the standard error of estimate is 1.84 J. The study included three steels (AISI 4340,
ASTM A 537, and HY-80) covering the range of 15 to 200 J.

A study by Naniwa et al. also compares the effect of the two striker designs
[4). They compared steels over a range in strengths to produce a range in CVN
energies (well distributed within the range of 100 to 400 J when tested with the 8-mm
striker). They did not report any difference between the two striker designs for
energies below 200 J, but found that the absorbed energy with the 8-mm striker was
greater than that with the 2-mm striker for energies above 200 J. The difference in
absorbed energies was as great as 100 J when the 2-mm striker indicated 300 J. This
conclusion is in opposition to the relationship reported by Fink, who indicated that
the 2-mm striker developed the higher energies.

The conflicting conclusions in these two reports indicated a need to further
investigate the effects of striker design. Ideally, a relationship might be developed
between the data generated with the two strikers, so that data for either striker could
be calculated from the other. At least, there is a need to understand the reason for
the different conclusions in these two studies. In this report, we compare the results
when high-precision verification specimens were tested on two different brands of
CVN machines using both striker designs.

EXPERIMENTAL PROCEDURE

The primary purpose of our program was to evaluate the effects of striker
design (8 mm versus 2 mm) over a range in absorbed energy, but we broadened the
test matrix to include machine-specific effects. The machine-specific effects were
evaluated with two brands of U-type pendulum machines.

We produced specimens with mean energies near the verification ranges
currently used in the United States (18, 100, and 200 J) and additional specimens
near 45 J. We used the same steel from which we manufacture the verification
specimens (NIST Standard Reference Materials - SRM 2092, 2096, and 2098). We
used a heat-treatable low-alloy steel for absorbed energies up to 100 J and a
maraging steel for the 200 J energy. We obtained mean energies from 18 to 100 J
in the low-alloy steel by varying the heat treatment (tempering temperature), with
the lowest energies being produced by the treatments with the highest hardnesses.
A wide range of energies was considered important because we wanted to span the
ranges of the Fink and the Naniwa studies. We were most interested in the effect
at 18 J because this is the energy that is most commonly the cause of a machine
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failing the verification test using the NIST specimens. It is also the energy closest
to the requirements of many fabrication standards that require a minimum CVN
energy. We do not yet have a reference grade material with energies near 400 J, so
we were unable to reevaluate the upper end of the trend noted by Naniwa et al.

Each CVN test is destructive; an individual specimen cannot be evaluated
again (without complex reconstitution techniques). To allow us to compare
machines, we produced our specimens in conveniently sized batches (also called
series), each identified by one or two letters followed by one or two numbers. The
specimens in each batch were kept together through the machining and heat treating
operations to minimize the effect of processing variables. Each batch was divided
into fourths at random, providing between 5 and 11 specimens from each batch for
testing on each machine at each combination of energy range and striker. These
data were analyzed to obtain an estimate of the standard deviation in the absorbed
energy for each combination.

The use of reference-grade specimens (meeting all the requirements of E 23,
but with stricter controls on their manufacturing procedures) was the most important
part of our procedure. These steels and heat treatments are characterized by a
narrow spread in the energy, which permits very small effects to be resolved.
Verification specimens consistently have standard deviations of 5% or less of the
mean energy, standard deviations smaller than those for most commercial steels.
ASTM Research Report E28-1014 lists 2.4 J as the 95% Repeatability Limit for
these 18-J absorbed-energy verification specimens when evaluated by the ASTM E
691 interlaboratory test procedure [3,8].

We purchased two new CVN machines (from different manufacturers), each
with both the 8-mm and 2-mm strikers. We selected new machines so they would
reflect the latest in machine design and construction techniques. Each was of the U-
pendulum design (see Ref. 2), and had a maximum capacity of 405 J (300 ft-Ib). On
both machines the strikers were held in place by only four bolts and could be
removed and replaced easily.

The machines were carefully mounted according to the requirements of
ASTM E 23. Both machines were evaluated with NIST verification specimens and
were certified to the requirements of E 23. We also checked the machine's
performance with NIST-certified reference materials for CVN machines (5 specimens
at 18-J nominal energy and S specimens at 100-J nominal energy) after removing and
remounting the strikers. We could detect no differences in the mean or standard
deviation of the specimen energies after striker replacement. Apparently these two
machines have very tight striker mounting tolerances and have mounting designs that
permit accurate realignment of the striker.

We used a single operator to perform the tests and to record the data, to
further reduce the variation in the data. The strikers were changed after testing each
series, a total of 8 changes on each machine. A machine's performance was not
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checked after each change in the strikers. Our initial tests of striker replacement
with NIST-certified specimens convinced us that changing the strikers on these
machines had an effect smaller than we could measure. The specimens with mean
energies near 18, 45 and 100 J were tested at -40°C, and the specimens with mean
energies near 200 J were tested at room temperature.

RESULTS AND DISCUSSION

Table 1 lists the mean energies obtained for each combination of energy
range, machine, and striker. Figure 2 shows the data from Table 1 as an X-Y plot
with the 8-mm data along the Y axis and the 2-mm data along the X-axis. The data
fall very close to the solid line, which represents a one-to-one relationship between
the two strikers, so close that it is difficult to determine the fine structure on this
scale. To reveal the small differences between the two strikers, we have replotted
the data in Figure 3 as the difference in the energy (2-mm minus 8-mm) for the
various combinations of the test matrix. Either the 2-mm or 8-mm data could have
been selected for the horizontal scale: we arbitrarily selected the 8-mm data for this
axis. Figure 3 shows that the 2-mm striker gives higher energies than the 8-mm
striker at 45 J, and vice-versa at 200 J. It also indicates that the two brands of
machines have similar behavior.

Table 2 lists the standard deviation for each combination of energy range,
machine, and striker, together with the number of specimens tested. We have
plotted the standard deviation as a vertical bar extending one standard deviation both
above and below the mean data from Figure 3. Figure 4 is intended only to show
how the standard deviation compares to the bias in the means as a function of
energy. A detailed comparison of the standard deviations for the two strikers is
included near the end of this section. Figure 4 reveals that the standard deviation
is roughly proportional to the energy, increasing with increasing energy. The means
for the two different machines differ by less than one standard deviation, according
to the data from Table 2, suggesting that the machine effect is small. However,
Figure 4 shows the difference between the two strikers is sometimes greater than one
standard deviation in the 8-mm data, at least for certain energies. The difference
between the two strikers is less than one standard deviation at 18 J, slightly more
than one standard deviation at 45 J, nearly O at 100 J, and about two standard
deviations at 200 J. We interpret this to indicate that the radius of the striker nose
can be an important parameter, varying in importance as a function of energy.
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Table 1. Averages (Mean) Energy from CVN Testing of Reference-Grade

Specimens
CVN 8-mm 2-mm
Specimen Machine Striker, Striker, Difference,*
Series Brand J g i
LL-39 A 183 18.6 0.3
B 18.1 18.4 0.3
LL-40 A 18.5 18.8 0.3
B 18.4 18.2 -0.2
M-6 A 43.3 45.2 1.9
B 44.0 45.8 1.8
HH-37 A 1125 115.1 2.6
B 116.7 114.0 -2.7
HH-39 A 99.8 102.0 2.2
B 1047 103.2 -15
HH-40 A 100.5 99.8 - 0.7
B 100.9 101.7 0.6
SH-1 A 215.9 204.1 -11.8
B 216.5 200.9 -15.6
SS-1 A 225.2 215.6 - 9.6
B 223.8 215.3 -85

* Derived by subtracting the 8-mm absorbed energy from the 2-mm absorbed energy.
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Figure 2. Energy means when tested by the two striker designs. Each point
represents data from a single batch tested by the two strikers.
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Figure 3. Graphical representation of the differences in the means for the
data in Table 1 (2-mm minus 8-mm striker data for each series and each machine).
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Table 2. Standard Deviations of the Energy from CVN Testing of Reference-
Grade Specimens

Number of CVN 8-mm 2-mm
Specimen  Specimens in Machine Striker, Striker,
Series —Series* Brand . g
LL-39 40 A 0.48 0.36
B 0.60 0.35
LL-40 40 A 0.43 0.58
B 0.86 0.44
M-6 20 A 2.25 2.02
B 1.81 2.21
HH-37 44 A 3.61 3.85
B 3.36 3.48
HH-39 44 A 1.81 2.88
B 3.64 332
HH-40 36 A 2.77 2.29
B 3.38 2.35
SH-1 20 A 4,70 11.60
B 2.51 11.67
§S-1 20 A 5.41 16.56
B 2.57 12.97

* Number of specimens in a series which was split between two machines and two
strikers, so each standard deviation is based on one-fourth of this number.
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Figure 4. Graphical representation of the standard deviations for the 8-mm
striker data in Tables 1 and 2.

The data in the Naniwa report were only graphical and the uncertainties in
recovering the correct energies have precluded us from attempting to develop
statistical measures of the scatter. Their report suggests that they performed a
comparison similar to ours, splitting batches for testing by the two striker designs.
Figure 5, which we have reproduced from their report, shows their data as the open
circles on a plot with the two energies on the two axes [4]. We have added our data
as solid circles, Fink's data as X's, and a line which represents our best estimate of
the mean of the Naniwa data. The apparent scatter in their data suggests a standard
deviation near 40 J. Unfortunately, the scale necessary to contain the Naniwa data
is so coarse that the fine structure in the data below 100 J (the Fink data and our
data) can not be resolved.

To show the small differences between the two strikers, we have replotted in
Figure 6 our standard deviation data, the Fink data, and the mean for the Naniwa
data in this energy range, as difference between the two strikers versus the mean.
We have drawn smooth lines through both the upper and lower bounds of our
standard-deviation data from Figure 4 and shaded the band between them. Although
we have data gaps with our energy range that could affect the shape of the band in
between our data, the band shows the general trend of our data and emphasizes that
the differences between the two striker designs are nonlinear. Figure 6 indicates that
the 2-mm striker (relative to the 8-mm striker) has a small positive bias that grows
as the mean energy increases from 18 to 45 J, then decreases and goes negative.
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Figure 5. Data from the Naniwa study as open circles (Figure 3a in their report) to
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Figure 6. Comparison of our standard deviation scatter band to the mean of the
data reported by Fink and Naniwa et al.
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The Naniwa data appear to support the negative trend that we observed above
100 J. It is not surprising that steels with this large a standard deviation in absorbed
energy would not resolve the trend noted by Fink between 100 and 200 J.

Our band follows the relationship reported by Fink [Equation (2)] up to about
100 J. In this range, Fink used materials that were very similar to ours, and this may
help to explain the good fit with our data. Beyond this, our data indicate a
significant negative deviation from his prediction. Fink's report included all his data
in tabular format, so we were able to calculate standard deviations for his data [3].
Although his data near 200 J show a positive bias, the standard deviation (15 J) is
sufficiently large that our mean is within one standard deviation of his mean.
However, the HY-80 material that he used for his 200 J specimens has a composition
and microstructure significantly different than those for the martempering steel that
we used in this range, so there might be a material effect, perhaps hardness or strain
hardening.

These results indicate that great caution should be used when comparing the
data developed on two different striker designs. Data generated with the wrong
striker (a striker other than the striker specified in a standard or testing protocol)
should be used only to obtain a rough estimate of material performance. Conversion
of data generated with one striker to the other type of striker is subject to the
uncertainty of our scatterband and additional uncertainty if the material properties
are different from those used in our study. While the difference above 200 J is most
dramatic, the bias between the two strikers appears to be about 0.3 J for an energy
near 18 J. This bias seems small but can be important when material is very near
a specification requirement. The 1.8 J bias at 45 J makes comparison of data
developed with the two different strikers even more difficult in this range.

We noticed one other difference between the two designs of striker. Figure
7 shows the standard deviation in our data by striker. Both strikers had similar
standard deviations (following a linear trend) up to 100 J, but at 200 J we found a
significant difference. For both machines and with two different batches of
specimens, we found the same result: the 2-mm striker produced standard deviations
at 200 J about 3 times as great as those with the 8-mm striker. We have not yet
found the reason for the difference, but it does suggest that the 8-mm striker
produces more reproducible results when testing materials with absorbed energies
of 200 J. Perhaps this is due to the fact that there is a greater tendency for
specimens to wrap around the 2-mm striker in this energy range, rather than
completely separate into two pieces.
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Figure 7. Comparison of the standard deviation in the energies for the two strikers.

CONCLUSIONS

L.

Up to 100 J, the two striker designs produce very similar data, differing by
less than one standard deviation (2 to 5%) of the energies when measured
with verification specimens. The practical effect of this difference is small,
based on the qualitative nature of CVN impact testing.

At 200 J, the differences exceed one standard deviation, being about 10 J.

Although the differences between the two strikers are small they must be
considered in a verification program, where the acceptable range may be near
5 %.

The difference between energies measured using 2-mm and 8-mm strikers is
complex. It is unlikely that a general relationship can be developed that will
allow one machine to be certified for both strikers from a test with only one



152

PENDULUM IMPACT MACHINES

striker (except perhaps for low energies, where the difference is least).

The 8-mm striker produces a 3-times-smaller standard deviation that the 2-
mm striker near 200 J, but no explanation for this effect is yet apparent.
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ABSTRACT: The effects of the striking edge radius of the Charpy
impact test on the absorbed energy and lateral expansion were
investigated. The effects of the changes of the length of test
specimens and effects of symmetry of test specimens was also
investigated. The absorbed energy of the 8mmR's was higher than
the 2mmR’'s as in the study by Naniwa et al.[1]. For every machine
tested, the absorbed energy was higher when the striking point
did not contact the specimen opposite the notch. The effects of
the length of test specimens were larger when the asymmetric test
specimens were tested.

KEYWORDS: Charpy impact test, pendulum striking edge,absorbed
energy, lateral expansion, striking point, location of notch

INTRODUCTION

Two different types of strikers are found in Charpy impact
tests. The radius of ISO and JIS type Charpy impact testing
machines is 2mm (2mmR's), and the radius of ASTM type Charpy
impact testing machines is 8mm (8mmR’'s). So,the ironworks in
Japan must have both two types of machines in order to keep both
of these standards. Maintaining two types of machines interferes
with attempts to establish intensive and automated facilities in
the near future. During the establishment of the ISO standard for
Charpy impact testing machines, there were discussions to
standardize the test around the 2mmR's, however the 8mmR's was
also standardized. If the ASTM standard accepts the 2mmR's, many
companies can avoid maintaining both types of Charpy impact
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testing machines.

It is commonly understood in Japan, that the absorbed energy
obtained from the 8mmR's is higher than that of 2mmR's when the
absorbed energy is above 200J. There were two reports in the last
(1989) ASTM symposium concerning this point[1],[2].

The verification of the specifications for JIS type Charpy
impact testing machines is now performed in the same manner as
ASTM type Charpy impact testing machines by Class NK (Nippon
Kaiji Kyoukai). The verification uses the total error factor
taken from the test results.

On the other hand, National Institute of Standards and
Technology (NIST) has supplied the standardized test specimens
for the verification of 8mmR's on the level of absorbed energy
L (about 20J),M (about 50J),and H (about 100J). Recently NIST
began supplying SH (about 200J) test specimens for the demand
from the users in the U.S.A..

In Japan, 400J class absorbed energy appears in the ful-curve
test of Charpy impact tests, when the line pipe is for North
Europe or the U.S.A.. It is a matter of strong concern whether
the test results of absorbed energy are correct or not.

EXPERIMENTS
Material
Table 1 terials Tested
No. | Material tested Yp TS El YP:yield point
(N/mm2) | (N/mm2) | (%) TS:ultimate
JIS SM570Q 579 662 26 tensile
JIS SM40QC _315 450 36 strength
JIS SM400B 289 444 42 El:total
API 5L X56 408 517 36 elongation
A,B,C : Rolled steels for welded structure
D : Line Pipe

Determination of the temperature for experiments

Depending on the results of the full-curve tests performed by
the ASTM type and ISO type Charpy impact testing machines, the
temperature for experiments are determined by the lowest
temperature when the absorbed energy becomes stable in the upper
shelf side.

Checking of the capabilities of the machines

Nine test specimens sampled from the same lot are tested by
each of 8 machines (ASTM 4,IS0 4) which are used for the
experiments.

Investigation of the effects of the accuracy in manufacturing the
test specimens

The experiments and the dimension of test specimens (TSP)
prepared are shown in Table 2.

Procedure of experiments
The experiments were performed using the test specimens
sampled from the same lot of the materials listed in Table 1.
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Nine test specimens were tested in each case listed in Table2.
The absorbed energy, the percent brittle fracture, and the
lateral expansion were measured. The average,standard deviation,
and each value of the test results were evaluated. Experiments
were performed by the material test centers of four ironworks,
and 36 test specimens sampled from the same lot were tested in
each case listed in Table2.

Table 2 iments
Radius of| Location of Method of Length of T mn
striker V-notch setting TP 52.5(53. 4.4(55.0155.6
8mmR center of TP tongs @) @) O
end-centering O O O
end-oriented tongs @) O o
end-centering ¢ 1010
2mmR center of TP tongs
end-centering @) @) @
end-oriented tongs
end-centering @] G O G

RESULTS

Determination of the temperature for experiments

The temperatures for experiments of materials were determined
by the full-curve tests. There were no substantive difference in
the transition temperature between two types of testing machines.

Table 3 Temperature i ts (°C)
No.| Materials Test Machine | Transition temperature
tested type temperature | for experiment |

A |JIS SM570Q ASTM =90 -20
JIS -96

B |JIS SM400C ASTM =50 +20
JIS -50

¢ |JIS SM400B ASTM -40 +30
JIS -39

D {API 5L X56 ASTM -129 -80
JIS -108

Checking of the capabilities of the machines

The average and the standard deviations(l ) of the absorbed
energy were plotted in Figure 1. The horizontal axis shows the
average of the absorbed energy obtained from the tests using 2mmR
striker. The vertical axis shows the absorbed energy of 8mmR and
the standard deviation between themn.

(1)There were no remarkable difference among machines in the
absorbed energy. The absorbed energy differs 20-45J in the
case of 2mmR's, and 15-48J in the case of 8mmR's depending on
materials. But no testing machines showed substantive
difference in the test results with the same material.

(2)The standard deviation of the absorbed energy did not change
so much while the level of absorbed energy differed in the
range above 200J.

(3)The standard deviation of the absorbed energy is smaller and
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stable in the case of 8mmR's than the case of 2mmR's.

Figure 2 shows the standard deviation in absorbed energy for
specimens tested with 2mm and 8mm strikers. The results show
the result of the difference of curvature of 2mm and 8mm
strikers. 1In the case of 8mmR's, the fracture energy is
combined with additional plastic deformation as the specimen
is bent around the cormners of striker. In the case of 2mmR's,
the test specimens fractured instantaneously because of the
small curvature. It is clear from the Photo 1 of the study by
Naniwa et al[l]. And so, the results of 2mmR's seems to be
more sensitive to the fracture characteristics of materials
than 8mmR's.

(4)The absorbed energy and the lateral expansion are evaluated

in Figure 3. The horizontal axis shows the average of the
absorbed energy obtained from four 2mmR machines. The
vertical axis shows the average of the lateral expansion and
the absorbed energy of each machine.

Table 4 Angle of test specimens after tests (deg)

Test Machine Angle of

type test specimens |
8mmR 52-54
2mmR 56-57

The test specimens halves did not separate in three of
materials tested. The test results of these materials showed
that the absorbed energy of 8mmR's were higher than 2mmR's.
The absorbed energy of 8mmR's and 2mmR's were about the same,
only in the case of the test specimens which indicated an
absorbed energy about 260J, and these which separated after
the tests.

Table 4 shows the fine angle between specimen ends for test
specimens which did not separate after strike. In the case of
8mmR's, the angle of 52-54 deg was necessary for the test
specimens to pass through the anvil, while the angle was
56-57 deg in the case of 2mmR's. These results may come from
the behavior at the critical condition where the test
specimens have the possibility of separation. In the case of
260J material, it was likely that the absorbed energy related
to the friction did not appear when tested by 8mmR's and so
the absorbed energy level was same as the case of 2mmR's.

In the cases that the test specimens did not separate, it is
likely that the absorbed energy increases depending on the
bending deformation of test specimens and the friction
between the anvil and the test specimens like a study of
Naniwa et al..

Difference of the absorbed energy between 2mmR striker and 8mmR

striker when the absorbed energy is above 200J

The average(n=9) of the absorbed emergy of test specimens

which were used for the check of the capabilities of the machines
for experiments are plotted in Figure 4, including the test
results of the study of Naniwa et al.. The distribution of the
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plots may be mainly influenced by the characteristics of the
materials prepared for the tests,because the area of distribution
spreads more than three times of the standard deviation (2mmR:
4-17J,8mmR:5-15J) shown in Table 5.

__Table Check of the capabilities of the machines
No. [supllier ASTM ty machines IS0 type machines |
absorbed lateral absorbed lateral temp.
energy expansion |energy expansion |for
ave. §.D. [ave. S§.D ave. S.D. [ave. S.D tests
a 262 | 5.2 12.46 0.0 252 6.3 (2.30 0,12
A 2 269 1 8.2 2.3 18 268 13.4 12.50 0.11 -20
3 261 1 8.5]12.41 04 259 11.9(2.34 0.10
4 274 11.312.3310.11 255 10.2 [ 2.41 0,11
1 342 18.312.40 0.11 245 13.2 [ 2.76 0.12
B @ 338 15.812.41 0.06 223 8.7 {2.95 0.03 +20
3 334 15 2.30 12 220 4.6 12.82 0.05
4 293 11.5 | 2.44 10.11 233 14.1 (2.77 0.06
1 345 [ 3 2.47 0.06 284 12.8 [ 2.50 0.12
C 2 342 |1 2. 2.43 10.05 201 8.31:2.85 0.10 +30
3 347 [ 2.5 1 2.47 10.04 232 5.2 12.68 0.03
@ 331 10.8 1 2.56 {0.10 284 19.4 | 2.45 0.10
1 479 1 5.7 1 2.43 0.07 380 14.012.34 0.11
D 2 465 116.6 | 2.35 0.06 381 17.112.46 0.08 -80
@ 467 1 4.5 12.34 0.05 335 3.812.64 0.02
4 467 15.212.24 10.06 346 10.912.42 0.09
Effects of the changes of the length of test specimens within the

tolerance and effects of the displacement between the strike
point and the location of notch

For the investigation of the effects of the changes of the
length of test specimens, test specimens whose length were
distributed within the tolerance of ASTM standard and ISO
standard were prepared as shown in Table 2. And for the
investigation of the effects of the displacement between the
strike point and the location of notches, one group of the test
specimens were manufactured with the V-notches at the center of
the test specimens,and another group of them were manufactured
with the notches a certain location from one end of the test
specimens. The placement of test specimens are establishe by
tongs or a end stop.

Figure 5 shows the dimensions of test specimens and the
location of V-notches and the striking points.

(1)Comparison of the test results between ASTM type machines
(8mmR's) and ISO type machines(2mmR's) is shown in Figure 6.
Figure 6 shows the test results in the case when the striking
points met the location of the notches.

The absorbed energy of the 8mmR's was higher than the 2mmR's
as in the study of Naniwa et al., while the lateral expansion
indicated different behavior depending on materials. Lateral
expansion of 8mmR's was higher in the case of SM570Q and
SM400C, and lower in the case of APISL X56 and SM400B
compared with 2mmR's.

Now, the commercial based specifications deal with only the
lower level of absorbed energy. But in the near future, if
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the materials with absorbed energy above 400J like the line
pipes for North Europe and the U.S.A. are in demand, the test
results of 2mmR's may become the most valuable information.
The lateral expansion of 2mmR's seems to be larger than that
of 8mmR's in many cases because of its smaller curvature. In
the case that the lateral expansion of 8mmR's was larger,

the authors have conjectured that a rupture might appear,
caused by the difference of malleability.

The effects of the changes of the length of test specimens
appeared larger in the case of 8mmR's. Moreover, the
tolerance of ASTM standard (2.5mm) test specimens is larger
than that of the ISO standard (1.2mm), so the effect of the
change of length may appear to be more in the test results of
8mmR's. (A complete summary of the effects of the tolerances
can be seen in Figure 10.)

(2)Figure 7 and Figure 8 show the effects of the displacement
between the strike point and the location of the notch.
Figure 7 is for ISO type machines, and Figure 8 is for ASTM
type machines. Figure 9 shows the comparison of the standard
deviation. In this case, the V-notch was manufactured at the
center of the test specimens and the striking point met the
location of the notch, when the length of test specimens was
55mm.

The absorbed energy was higher when the striking point did
not meet the location of the notch in every machine, while
the test results on lateral expansion were about the same.
The standard deviation of the absorbed energy had a tendency
to become the lowest value when the length of test specimens
was 55mm. And the standard deviation seemed to be higher when
the test specimens were longer or shorter than 55mm. The test
specimens whose striking point does not meet the location of
the notch may show complex behavior when passing through the
anvil.

It may be important for obtaining stable results in Charpy
impact tests that the striking point meet the location of
V-notches of the test specimens.

(3)Figure 10 shows the effects of symmetry of test specimens. In
these cases the striking points met the location of notches.
The absorbed energy was higher in the case of symmetric test
specimens compared with asymmetric test specimens, while the
lateral expansion was about the same. The effects of the
changes of the length of test specimens seemed to be larger
when the asymmetric test specimens were tested. There was no
surprising tendencies in the standard deviation of the
absorbed energy and the lateral expansion.

From the observation of the symmetric test specimens, it was
clear that the deformation of the edge of test specimens grew
larger when the test specimens became longer. From the
observation of the asymmetric test specimens, it was clear
that the deformation at the shorter side of test specimens
were larger than that of the longer side. Asymetric test
specimens may slide to the shorter side when passing through
the anvil. For ASTM type machines, it may be important for
obtaining stable results in Charpy impact tests, that the
test specimen is to be manufactured symmetric like the ISO
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standard.

(4)Figure 11 shows a simulation result using FEM, Finite Element
Method. This is one of our trials of further investigations
on the reason why there exist some differences in the test
results between 2mmR's and 8mmR's. The program used for the
simulation is named DYNA3D which is developed at the Lawrence
Livermore National Laboratry by Dr.J.0.Hallquist.

These figures show the change of strain energy. The strain
energy is the integration of products of the equivalent
stress and the equivalent plastic strain.

In the case of 8mmR's, the high absorbed strain energy area
near the V-notch separates into two parts, and the bending or
stretching deformation seemed to appear from the stage number
3 to 5. As a result of such a deformation, in the case of
8mmR's there remained the shape of the head of striker at the
striking point of the test specimen.

In the case of 2mmR's, the large strain energy area did not
separate.

The test specimens after the test had two cracks in the case
of 8mmR's and only one crack in the case of 2mmR’'s.

We can not tell the reason why the difference between 8mmR's
and 2mmR's appears clearly at this stage. But the results

of experiments and FEM simulations are talking to us someting.

CONCLUSIONS

Investigations with test specimens sampled from the same lot
of materials, SM570Q, SM400C, SM400B, and APIS5L X56, have been
performed. Some imporant suggestions for charpy impact test are
obtained. The summary of the test results is as follows.

(1)The absorbed energy of the 8mmR's was higher than the 2mmR's
as in the study of Naniwa et al.. In the near future, if the
materials with absorbed energy above 200J grow in demand,
the test results of 2mmR’'s may become the most important
information.

(2)The tolerance of test specimens of the ASTM standard (2.5mm)
is larger than that of the IS0 standard (1.2mm), so the
effect of the change of length may appear more in the test
results of 8mmR's.

(3)The absorbed energy had a tendency to become higher when the
striking point did not meet the location of notch in every
machine. The standard deviation almostly became the smallest
when the striking piont met the location of notch. It may be
important for obtaining stable results in Charpy impact tests
that the striking point meet the location of notches on the
test specimens.

(4)The effects of the changes of the length of test specimens
seemed to be larger when the asymmetric test specimens were
tested. '

It may be important for obtaining stable results in Charpy
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impact tests that the test specimen should manufactured
symmetric like the ISO standard.
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ABSTRACT: In 1990, Japan established the industrial standard "Standard Specimens
for Charpy Impact Testing Machines" and revised "Charpy Impact Testing Machines".
Before establishing these standards, the Iron and Steel Institute of Japan had studied
the standardization of the reference test pieces and the reference testing machines.
Reference test pieces for two energy levels (30 J and 100 J) are available, with a
coefficient of variation within a lot of less than 4%.

Furthermore, the effect of non-uniformity of reference test pieces within a lot in the
indirect verification have been examined. The verification test accuracy (estimation
of the error and repeatability) is limited by the non-uniformity of test pieces within
a lot.

KEYWORDS: reference test piece, uniformity, reference testing machine, indirect
verification, error, repeatability, reproducibility

To improve the reliability of Charpy impact testing, the Iron and Steel Institute
of Japan considered introducing indirect verification into the procedures for
verification of impact testing machines as early as 1970. To assure that the technical
requirements could be met, studies on standardized specimens (test pieces) of
domestic product were performed in a joint research program under the Iron and
Steel Institute of Japan (JISI) from the end of 1970's to the early of 1980's.
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Subsequently, the National Research Laboratory of Metrology evaluated methods for
testing the uniformity of the standardized test pieces.

At the end of the 1980's, we introduced a system to supply reference test pieces,
after discussions with the affected parties. In 1990, we established a new Japanese
Industrial Standard (JIS) for reference test pieces [1] and revised the related
standard for the verification of testing machines [2].

This paper describes the current situation of impact testing and the machines,
the accuracy requirement of the test, the quality of reference test pieces, and the
problems associated with evaluation of a testing machine by using the reference test
pieces.

ACCURACY REQUIREMENT OF CHARPY IMPACT TEST

2 S ¢ industrial i hi

Table 1 shows the results of a survey of existing test machines, including the
capacity of the machines and the kinds of standards applied to the machines. Notice
that among iron and steel makers, machines with a capacity of 500 J are almost as
common as 300 J machines.

The survey indicates that the JIS standard is the most common. However, the
ASTM standard [3] is also quite common, being applied to the machines which are
used for inspection of materials to be exported. In these cases, the users are obliged
to maintain both types of machines.

Accuracy of impact test

The survey also asked about the accuracy requirements for the impact test data.

Of those who responded, most said that they did not know the accuracy require-

ments for their impact data, but half of the questionnaires did not include an answer

to this question. This fact shows that the accuracy of the impact test is difficult to

separate into its two components: the uniformity of the test material and the
fluctuation of the testing machine.
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Table 1 Survey of testing machines (capacity of machine and applicable standard).
The data are in percent of the responses.

Capacity Standard All industries Steel industry
JIS 64.5 46.7
ASTM 24 2.5

300
other 10.1 5.8
total 77.0 55.0
JIS 9.2 20.3
ASTM 24 7.8

500
other 0.9 1.7
total 12.5 29.8
JIS 4.1 5.8
ASTM 5.6 8.6

other

other 0.8 0.8
total 10.5 15.2

In the steel industry, the most common requirement for the accuracy
(precision) of the impact test is £5%. The distribution of the answers for the
accuracy are shown in Table 2.

Table 2 Accuracy requirement of impact test (units of %)

accuracy requirement 5% 10% other no answer
all industries 43.4 113 7.6 37.7
steel industry : 45.5 9.0 273 18.2

Table 3 shows the responses to a question about the interest in introducing indirect
verification by the use of reference test pieces for the verification of test machines,
These results indicate that those users who do the most testing also have the
strongest interest in the accuracy of test and in the introduction of the reference test
piece into a program for verification for testing machines.
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Table 3 Introduction of indirect verification method  (units of %)

yes or no yes no no answer
all industries 39.2 15.2 45.6
steel industry 55.6 13.0 31.4

PRODUCTION OF REFERENCE TEST PIECES AND THEIR PERFORMANCE
Producti f ref .

In order to introduce the verification method for the testing machine using
reference test pieces, it was necessary that a large quantity of high quality reference
test pieces be available. In the joint research on the reference test piece produced
by JISI, the manufacturing method was established in 1984.

The material of the test piece is SNCM 439 (nickel-chromium-molybdenum
steel) [4], nearly the same as SAE 4340. To produce the test pieces, we carefully
melted, rolled, and heat treated the material. Special care was put into machining
the V notches. As a result, we produced test pieces (at 30 J and 100 J absorbed
energy) of high enough quality to be used for verification. In another trial, 150 J
material was obtained.

Uniformity within a |

As mentioned above, the test pieces produced by JISI are examined for their
performance. The uniformity within a lot is expressed in standard deviation (o) or

coefficient of variation (CV = o [ x x 100%).

The test results are shown in Figure 1. This figure indicates that the variation
of the test pieces within a lot is expected to be smaller than 4% (in CV) above 30
J and 1.5 7 (in o) under 30 J. The quality of these test pieces is satisfactory, and
compares well with the 5% in CV which are required by the major standards in
foreign countries. Furthermore, a high quality of the test pieces at the 150 J energy
level was also obtained under the trial production. In a small size lot, we have
obtained 1 ~ 2% in CV with a carefully controlled heat treatment.
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SYSTEM FOR DETERMINING STANDARDIZED VALUES
Supply system for reference test pieces_

A supply system for the reference test pieces in Japan, has been formed as a
result of long discussions with the concerned parties. The system consists with the
following three major procedures.

(1) The manufacturer of the test pieces assures the uniformity of test pieces
within a lot by means of dimensional measurements and hardness tests after
heat treatment and machining. The regulations require that the manufacturer
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Figure 1 Uniformity of reference test pieces within a lot, with standard
deviations
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standard deviation(e) (J)

o

select representative sample test pieces from each lot manufactured, and send
them to a public inspection office. The sampling rate is 1/10 of each lot, but
the number of samples should be at least 20 pieces.

(2) The inspection office carries out impact test on the requested samples using
a reference testing machine, and determines the reference value and the
uniformity of the lot. After the test, the office issues the certificate of test
results on each lot to the manufacturer.
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(3) The manufacturer or its selling agent sells the verification set with the
corresponding certificate to a customer.

Standard testi hine and ref . hi

Two Japanese standard machines are situated at the National Research
Laboratory of Metrology in Tsukuba. These machines are recognized as national
standard machines under the following conditions. The dimensions of these
machines are strictly adjusted to within a half of the allowance for industrial test
machines. The foundation and installation of the machines comply with the strictest
requirements of the standards, so long-term stability of the machines is confirmed.
The reference testing machine used for calibration of the reference test piece in the
inspection office must be traceable to the national standard. The reference testing
machine is compared with national standard machines every two years. Furthermore,

the long-term stability of the machine must be confirmed by means of a x control
chart.

VERIFICATION OF THE TESTING MACHINE

- Fication of 4 . hi

Each testing machine should be evaluated by direct verification. However,
direct verification can not evaluate the dynamic characteristics of the machine,
especially the rigidity of the machine and its foundation. Accordingly, indirect
verification using the reference test pieces should also be used to evaluate the
performance of the testing machine. A

However, the dispersion of test results from any impact machine is a
combination of not only the variation of machine itself, but also the non-uniformity
of the reference test pieces within a lot. Moreover, that non-uniformity of the test
pieces is not necessarily small compared with the variation of the test machine itself.
Therefore, the effect of non-uniformity of the reference test piece within a lot in the
indirect verification is examined in next section.
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E f industrial testi hi

A series of impact tests using a set of reference test pieces is carried out for the
indirect verification of a testing machine. The error of the machine is given by the
following Equation,

E =14, - A, @)

error (difference from the reference machine)
: each test result in absorbed energy

: reference value of the test pieces using a reference machine

E:

Ay

A, : mean of the test result

Ap

n : number of reference test pieces

The variation of error for Equation 1 can be obtained as follows.

2

G 2

o(E)=\| —X+ay @
n

2 2 2
= —_OAR M °M¢ + _0—A£ (3)
n n

2 . I
where o : variance of test result of verification

2 . . . -
a4z : uniformity of reference test piece within a lot,
expressed in variance

03, : variance of dispersion of the testing machine during the test

‘As shown in Equation 3, the variance o:,, is the sum of the variances of non-
uniformity o3, and of the testing machine oi,,. It is impossible to separate the

. 2 . 2 . . 2 .
variance o), from the variance oy,. Assuming that the variance gy, is nearly equal
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to zero, Equation 3 can be rewritten as follows.

2 4
o(ﬁ)=.l 2o ®
n

Equation 4 indicates that, even when 03.=0, the limitation of the power of the
calibration test is the variation caused by nonuniformity of the reference test pieces.
The values calculated from Equation 4 are shown in Table 4.

Table 4 Confidence interval for the difference ( 4, - 4,)
at a confidence coefficient of 95%

CV  (unit: %) g (unit:J)
uniformity
5 4 3 2 1.5 1
5 8.8 7.0 53 35 2.6 1.8
n 10 5.1 4.0 3.0 2.0 1.5 1.0
25 29 23 1.8 1.2 0.9 0.6

In Table 4, for example, the confidence interval for the difference with a
confidence coefficient of 95% is +8.8 % at n=5, when the CV of uniformity is 5%.
So, if an error is larger than 8.8%, the difference between the reference machine and
the inspected machine is significant. In other words, the maximum permissible error
for the machine to be verified should be larger than the value in Table 4. If a
smaller difference is detected in the verification, we must chose between higher
quality reference test pieces or a larger number of the test pieces.

. bility of industrial testi bi

In general, the repeatability obtained in verification tests are adopted for the
evaluation of test machines during testing. The repeatability is defined by the
following equation.

R = A, max - A, min ®)

where R : range between the maximum and the minimum data obtained in
the verification test
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A, max : maximum data in the verification test

A, min : minimum data in the verification test

By this method, the range obtained from Equation 5 includes not only the
fluctuation of testing machine during tests but also the non-uniformity of the
reference test pieces within a lot. Moreover, the non-uniformity of the reference test
piece within a lot is larger than the fluctuation of the testing machine.

The uniformity of the reference test pieces within a lot can be expressed as the
standard deviation o,,. When n samples are taken from reference test pieces in a
lot having the uniformity of g, the range R has a statistical distribution. The mean
value and variation of range can be estimated from the uniformity of g, as follows.

R ko(® =(d, + kdy ) o, (6)

where R : mean value of the range
o(R) : variation of the range in standard deviation
a0,z : uniformity of the reference test piece within a lot
d, , d, : coefficient for the control chart
k : coverage factor

The calculated values by Equation 6 are shown in Table 5.

Table 5 Estimated range (repeatability) at a confidence coefficient of 95%

CV  (unit: %) o (unit: J)
uniformity
3 4 5 1.0 1.5 2.0
5 12.2 16.2 20.3 4.1 6.1 8.1
n i
10 14.0 18.7 234 4.7 7.0 9.4

As indicated in Table 5, the repeatability of the test machines due to the non-
uniformity of the test pieces is about 20% of A, under the conditions of n = 5,
g,z = 5% of A, at confidence coefficient of 95%. Therefore, it seems meaningless
to evaluate the testing machine by means of the repeatability during the test. For

this reason, in JIS, the repeatability is not a criterion for the performance of testing
machines.
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For reference testing machines, it is important that the machine should be
traceable to the national standard and here reproducibility is important. To confirm
the traceability, periodic comparison tests are carried out between the machine to
be verified and the standard machine. The differences between the two machines
are examined by the following equation;

E = Ag - Aq @

where E : error (the difference between two machines)
Ap : reference value by the reference machine
Ay : standard value by the standard machine

In this case, the machine must also meet the requirements of equation 4 and
Table 4. For example, the limiting values are 3% of Ay and 1.2 J in ¢ under
6,,=5%, n=25, and a confidence coefficient of 95%. We can assure traceability to
the national standard within above mentioned values. Another important item is that

the long-term reproducibility of the reference machine should be examined in routine
checks and the periodic inspection using the reference test pieces.

The reproducibility of the test machine is expressed by the following equation.

o . 2 8)
oﬂ = ‘\ n + Our
2
- oiR + O pe + 02 (9)
\ n Mr

where oy : variation of the mean, in standard deviation

o:,, : variance of the machine in the long term.

If the variance is o:,, w0, o:,, = 0, Equation 9 can be rewritten as Equation 10.

o2 (10)

n

Oix
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Consequently, if the conditions of the machine to be controlled are maintained
within the limiting interval given by Equation 10, the reproducibility of machines are

certified as acceptable. This evaluation system is similar to the X control chart
method.

CONCLUSIONS

For improved reliability of Charpy impact testing, we have established a
production technique for high quality reference test pieces, and a system for the
standardization and for the supply of the reference test pieces. In 1990, the Japanese
Industrial Standards for reference test pieces was established and the associated
standards were revised to correspond with this new standard.

The quality of the reference test piece has satisfied the customer requirements.

The uniformity within a lot is about 3~4% of the reference value A,, in coefficient
of variation.

However, in indirect verification using these reference test pieces, the value of
the test for industrial machines is limited by the non-uniformity of the test pieces
within a lot, in the estimation of the error and the repeatability of the test machine.

For reference test machines, the reproducibility is important in the evaluation
of performance.
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ABSTRACT: In 1989 the administration of the Charpy V-Notch Certification
Program was assumed by the National Institute of Standards and Technology. The
United States Army originated the program to insure the measurement integrity of
Charpy V-notch machines across the country. The program has been operated for
many years using candidate machine acceptance limits which can possibly be traced
to a 1955 paper by Driscoll, however, the original statistical justification for using
these acceptance criteria has been lost or never existed. A statistical analysis of recent
certification program data indicates that the existing candidate machine acceptance
limits should be modified. In this paper, we will discuss and justify potential changes
to candidate machine acceptance limits.
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The Charpy V-Notch Machine Certification Program has been operating for many
years to ensure the measurement quality of Charpy machines across the country. Ba-
sically, the program works as follows. The National Institute of Standards and Tech-
nology (NIST) obtains a pilot lot of 100 specimens from a supplier and measures the
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impact toughness of the specimens using three reference machines. Impact toughness
is measured as absorbed energy in the test. If the 100 measurements meet certain crite-
ria, then the remainder of the lot is machined and sent to NIST where an additional 30
specimens, called the confirm lot, are randomly selected and broken. If the absorbed
energy of the confirm lot is in agreement with the absorbed energy of the pilot lot,
the lot is certified as a reference material by NIST. Sets of five reference specimens
are then sold to companies that want to certify their candidate Charpy machine. The
specimens are broken using the candidate machine and the broken specimens, along
with their observed absorbed energies, are sent to NIST for analysis. If the specimens
and measurements are satisfactory, then the candidate Charpy machine can be certi-
fied. NIST currently certifies candidate Charpy machines for both “Low” and “High”
absorbed energy ranges. The reference value for the Low energy range is between 15.4
and 21.0 Joules (J), while the High energy reference value is between 92.4 and 109.2J.

The origins of the current Charpy V-Notch Machine Certification Program can be
traced to a 1955 paper by Driscoll [1]. Evidently, the reliability of Charpy measurements
was in question and people were reluctant to use Charpy machines for acceptance
testing, so Driscoll conducted a large-scale study to prove that Charpy machines were
reliable. Driscoll realized that the key to demonstrating reliability and reproducibility
for this type of destructive testing was in the homogeneity of the material used in the
study, so he was able to show that the Charpy machines were in fact reliable by carefully
selecting homogeneous specimens. Driscoll’s contribution to the certification program
is observed in the general limits which encompass the majority of absorbed energy
averages from samples of size five for the Low and High energy ranges. Specifically,
most of the Low energy samples had an average absorbed energy within 1.4J of the lot
average, while the average absorbed energy of five High energy specimens was usually
within 5% of the lot average. These limits are identical to those used in the current
certification program to pass or fail a company’s Charpy machine.

Various aspects of the current program merit careful study if we are to understand
and improve the performance of the certification process. For instance, the number
of specimens in both the pilot lot and the candidate machine’s verification set, and
the definition of a single reference value from measurements on two or more “stan-
dard” machines, ultimately affect the error rates associated with classifying machines
as conforming or nonconforming. In this article, however, we limit our attention to the
properties of the current criteria by which machines are judged acceptable.

The main concern regarding the present certification criteria is the arbitrary nature
of the acceptance limits. The justification for using these limits is unknown and does
not appear to be linked to any statistical reasoning or evaluation of their performance.
We intend to demonstrate the statistical properties of the existing limits as well as il-
lustrate potential new candidate machine certification limits which are more objective
and statistically defensible.

ASSUMPTIONS AND DEFINITIONS

Several assumptions regarding the certification program in general are necessary
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to simplify the discussion in this paper. While somewhat artificial, these assump-
tions nevertheless serve to illustrate and explain the potential shortcomings in current
evaluation procedures.

For demonstration purposes, we will assume that the three reference machines used
to determine the reference value of the lot are basically identical. Under this assump-
tion, the process of determining a reference value can be simplified, hypothetically, by
assuming that all 100 pilot lot specimens are measured on one “standard” machine.
Furthermore, we assume that the pilot lot is a representative sample of the machined
lot of specimens. Thus the unknown average absorbed energy of all specimens in a lot
can be estimated by breaking the random sample of 100 specimens known as the pilot
lot. The computed average absorbed energy of the pilot lot serves as our estimate of
the true absorbed energy of the lot.

Because of the destructive nature of the Charpy test, we are unable to separate
the sources of variation inherent in testing. Specifically, the inherent variation among
specimens in a lot cannot be distinguished from measurement error variation associated
with operators, ambient conditions, and other noise sources. We will define the sum of
these two sources of variation as the system variation, o2, which can be written as

ot = oF 4 o7 1)

where o2 is the true specimen variation and o2 is the true variation associated with
measurement errors. Since specimen inhomogeneity is a critical component of the
system variation, it is clear that one way to minimize o2 is to reduce the specimen
variation.

Under our simplifying assumptions, the NIST system variance would be estimated
by computing the sample variance of the pilot lot, SZ, while the candidate machine’s
system variation would be estimated by the sample variance of five reference specimens,
S?%, measured on the machine under test. Since the pilot lot and the five reference
specimens, or verification set, come from the same lot, the specimen variance, o2, is
the same for every machine tested on a single lot. In addition, we will assume that both
the absorbed energy and measurement error distributions can be well-approximated by
Gaussian distributions, and that the variance of the candidate machine’s measurement
errors is the same as that of the NIST measurement system.

Finally, we make no provision for the occurrence of outliers in the calculations and
results presented below. (In actual practice, a value is considered an outlier if there
is physical evidence to indicate that a test result is “bad”.) While outliers are an im-
portant issue, and their detection and treatment deserves more consideration, the only
effect of generating outliers in our hypothetical situation would be to reduce the size
of the verification set.

EXISTING LOW ENERGY CERTIFICATION LIMITS

Since the existing certification acceptance criterion are different for the Low and
High energy ranges, we will discuss the two cases separately, starting with the Low
energy specifications. A candidate Charpy machine is certified in the Low energy
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range if the measured values of five reference specimens meet two conditions: (i) the
average of the five measurements is within 1.4J of the reference value, and (ii) the
range of the five measurements is not greater than 2.8J. (The range of a sample is the
difference between the largest and smallest measurements.) If the five measurements
from the Charpy machine under test are denoted by Cy, Cy, Cs, Cy4, Cs, then the Low
energy certification criteria can be expressed as:

~1.4J < P~C<14J and max{C;} —min{C;} < 2.8J (2)

where P denotes the average of the 100 pilot lot specimens, and C is the average of
the five reference specimens measured on the Charpy machine under test.

To understand the implications of the current Low energy certification criteria,
we computed the probability of certifying a candidate machine based on the limits
in (2) under the assumptions outlined in the previous section. The probability of
certification depends on three parameters: the unknown average absorbed energy of
the lot as defined by the NIST system, y,, the unknown average absorbed energy of
the lot according to the candidate machine, p., and the system standard deviation,
o, which is assumed to be the same for both NIST and the candidate machine. In
other words, we calculated the probability that a machine will be certified (that is, the
probability of observing |P — C| < 1.4J and range{C;} < 2.8J) for specified values
of the parameters y,, g, and . By specifying the parameters, we know a priori if
the “simulated” candidate machine is behaving properly or not, but random variation
makes it impossible to correctly classify a candidate machine as “good” or “bad” all
the time. The probability of certification is given by

Pr[-14J <P-T<1.4J, range{Ci} <28J) =

14-4§ -14-4 o 2.8 4
> {(I) (a\/0.21> - ( 0+/0.21 >} 'Lm {(I) (z + o ) B Cb(z)} #(z) dz
where § = p,— i, $(z) = (27)"1/2e~*"/2 is the standard Gaussian probability distribu-
tion, and ®(z) = [Z #(z) dz. The probability of certification, calculated using numeri-
cal integration routines in IMSL (2], is shown in Fig. 1 as a function of |§| = |u, — gl
and ¢. (The probability is a symmetric function of §.)

The horizontal axis in Fig. 1 represents the magnitude of the difference between the
true average absorbed energy of specimens measured on a single candidate machine and
specimens measured on the NIST reference machine. The vertical line at 1.4J in Tig.
1 is added as a point of reference; it denotes the point at which the difference between
NIST and candidate machine sample average absorbed energies separates “good” and
“bad” candidate machines according to the current certification criteria. Because of
system variation, a “good” machine may fail, or a “bad” machine may pass purely
by chance, and the probability of either type of error can be read from Fig. 1. For
example, if |¢, — pe| = 0 and the system standard deviation is high (¢ = 1.0J), then
the chance of correctly certifying a candidate machine is only about 72%, even though
the candidate machine is in agreement with the NIST system.

If the current criterion [P — C| < 1.4J is interpreted to mean that we would like
to correctly certify candidate machines 100% of the time if |, — g.] < 1.4J while
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correctly failing candidate machines 100% of the time if |y, — g.| > 1.4J, then the
ideal probability curve for certification limits would be a step function. Of course,
perfect certification is possible only in the unrealistic circumstance that ¢ = 0. The
curves displayed in Fig. 1 show the chance of making an error, either by certifying
a “bad” machine or not certifying a “good” machine, for three realistic values of the
system standard deviation o. The increasing frequency of misclassification as the
system standard deviation increases from the smallest value, ¢ = 0.6J, to the largest
standard deviation, ¢ = 1.0J, demonstrates that the performance of the certification
criteria is very sensitive to random variation. We will return to this point shortly.
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FIG. 1-Probability of certifying a candidate machine under the existing Low energy
certification criteria.

EXISTING HIGH ENERGY CERTIFICATION LIMITS

To certify a candidate Charpy machine in the High energy range, the average of the
five reference specimens measured on the candidate machine must be within 5% of the
pilot lot average, or reference value; that is, we require 0.95P < C < 1.05P. In other
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words, there is only one certification limit which we may write as:

il

< 1.05

where P and C are defined as in the Low energy case.
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FIG. 2-Probability of certifying a candidate machine based on the existing High energy

certification criterion.

To illustrate the properties of the current High energy certification criterion (3),
we calculated the probability of certification for given values of the parameters g, e,
and o. The parameters are defined as in the Low energy case. The probability of
certification for the High energy criterion is given by

Pr[0.95P <T < 1.05P] =

—o0

/oo {q) (1.05\/593 e/ pp—1.05
10 CV/v5

10 CV/\/5

) % (0.95\/593 el — 0.95)} b(z) dz
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where ®(+) and ¢(-) were defined in the previous section. While there are three param-
eters, the certification probability only depends on the ratio, u./p,, and the coefficient
of variation, CV = o/pu,, of the NIST reference machine. C'V is a unitless measure of
relative variation which may as well be called the noise—to-signal ratio. Fig. 2 displays
the probability of certification for the High energy range as a function of u./u, for
various values of C'V that are acceptable according to the specimen manufacturer’s
contract. Since the probability of certification is symmetric about the value p./u, =1,
it is sufficient to show the curves for ratios greater than or equal to 1.

The horizontal axis in Fig. 2 denotes the ratio of true averages, so machines having
a ratio smaller than 1.05 could be called “good” while a “bad” machine would have
a tatio larger than 1.05. From the figure, we see that the probability of certifying a
candidate machine is roughly 0.5 when p./p, = 1.05, regardless of the value of C'V.
In other words, if the average absorbed energy of the machine under test exceeds the
NIST system average by 5%, the candidate machine essentially has a 50% chance of
being certified.

As in the Low energy case, the probability of making an error deteriorates rapidly
with increasing system variation. Fig. 2 shows how the probability of making an error,
either by certifying a “bad” machine or not certifying a “good” machine, increases with
CV. For example, if u./u, = 1.06 the probability of incorrectly certifying a candidate
machine is roughly 0.1 when CV = 0.017; however, if CV = 0.037 (i.e., a greater
noise—to—signal ratio), the probability of incorrect certification rises to about 0.3.

ALTERNATE CERTIFICATION LIMITS

The results illustrated in Figs. 1 and 2 show that system variation, which comprises
both inherent specimen-to—specimen differences as well as laboratory measurement er-
rors, is the critical determinant of misclassification rates in the Charpy testing program.
Yet, estimates of system variation (both for NIST. and the candidate machine) are not
assigned a prominent role in the existing certification procedure. Currently, the only
part of the procedure which addresses system variation explicitly is the Low energy
bound -on the range of the candidate machine’s verification set measurements. The
range-test is designed to detect excessive candidate machine system variance, but does
not actually incorporate any of the information from the pilot lot. Similarly, neither
the Low or High energy criteria for comparing the average of the verification set to
the reference value presently depend on the estimated NIST system variance, our best
indicator of variability in the current lot of specimens.

An alternative to the current practice is to replace the existing Low and High en-
ergy certification procedures by a single protocol that incorporates system variation
into the test procedure in two ways. First, the candidate machine’s system variation
would be compared to the NIST system variation by conducting a standard statistical
test based on the sample variance of the verification set and the sample variance of
the pilot lot. Because specimens come from the same lot, candidate machine variance
which exceeds the lot variance can only be attributed to excessive measurement error
variability in the candidate machine. The second way of accounting for system vari-
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ation in the test criteria is to evaluate the difference between the reference value and
the candidate machine’s verification set average based on an acceptance limit which
implicitly depends on the actual specimen—to~specimen variation of the current lot, so
the computed limit would fluctuate with an estimated system variation based on the
pilot lot and candidate machine data. A test for excessive candidate machine system
variability and alternate limits on the average of the verification set measurements are
discussed below.

The standard test to compare NIST and candidate machine system variation is the
ratio of the sample variance of the five reference specimens to the sample variance of
the pilot lot. In this application we will only be concerned if the variance of the five
reference specimens is large compared to the variance of the pilot lot. Regardless of
the energy level, the sample variance of the five reference specimens will be considered
too large if the ratio

Se
F= 5 (4)

is greater than the 100(1 — @)th percentile of the F' distribution, denoted by Fi.4:4 9.
Here S? and S? denote, respectively, the sample variance of the five reference specimens
broken on the candidate machine and the sample variance of the pilot lot. The values
4 and 99 appearing in (4) are the respective degrees of freedom for S? and S7, and «
is the probability of erroneously concluding that the system variation of the candidate
machine exceeds that of the NIST system when it does not. Usually « is small; for
example, if @ = 0.05 we would claim that the system variation associated with a
candidate machine is excessive if the F-ratio is greater than the the threshold value
Fags.a9e = 2.46. See [3] for more information about statistical tests for comparing
variances.

If the candidate machine passes the variability test, we would assume the system
variation of the candidate machine does not exceed that of NIST, and the second test
would be applied. The procedure we have developed is similar to the current Low
energy criterion, but is based on an explicit statistical test of the hypothesis that
|t = pe| < d. By the new test, we will conclude that the candidate machine may be
certified if P — C is in some interval, say (L,U). The acceptable deviation d, which
represents the amount by which the conceptual lot average of the candidate machine is
permitted to differ from the NIST lot average, can be adjusted according to program
requirements. The acceptance limits L and U, derived in the Appendix, are given by

U=—L=(d+0.4583 - S - t;_p103)J (5)

where S? = (9953 + 45%)/103, t1-4:103 is the 100(1 — a)th percentile of Student’s ¢
distribution with 103 degrees of freedom, and « is the probability of failing a “good”
candidate machine.

The particular value of the allowable deviation, d, between the true reference av-
erage and that of the machine under test at a given energy level is a choice that is
based on engineering judgement. For illustration, we will choose d = 1.4J to coincide
with the current Low energy acceptance criterion. (No value of d is defined under the
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current program for High energy.) The particular value d = 1.4J is not necessarily the
best Low energy limit for actual use in the certification program. Driscoll [1] implies
that system variation is already accounted for by the value 1.4.J.

Having specified d, the certification limits in (5) are quite easy to calculate; all that
is required is a t—table. Under the current program, for example, the Low energy limit
is d = 1.4J. Supposing that a machine under test has passed the variability test in
(4), and that the pooled standard deviation is S = 0.5J, then the final certification
criterion when a = 0.05 would require that [P — C| < 1.7803J. The acceptance limit
was calculated by substituting d, S and the tabled value tg.95:003 = 1.6598 in (5).
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FIG. 3-Probability of certifying a candidate machine at the Low energy level versus
the theoretical difference between the reference value and the true candidate machine
average absorbed energy when o = 0.05.

By contrast to the fixed limits on P — C in (2), the new criterion based on (5)
takes the variation of the specimens into consideration when computing the acceptance
limits; the more variable the specimens, the wider the acceptance interval. The current
Low energy acceptance interval (—1.4J,1.4J) is believed to be too stringent, resulting
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in unsatisfactorily low probabilities of certifying a “good” machine (see Fig. 1). The
probability of certifying a candidate machine using the interval (L,U) based on d =
1.4J is displayed in Fig. 3.

In Fig. 3, the probability of certification is quite close to 1.0 regardless of variation
for values of |pp — pic| less than 1.4J; that is, a “good” machine will almost always
be certified. While the probability of certification is still dependent on o, the main
influence of increasing variability occurs when |g, — | > 1.4J, where the effect of
increasing ¢ is to make it more likely that we will certify a “bad” machine. Again, a
step function would be ideal, but progress toward the ideal could only be achieved by
accepting lots with very small specimen variation.
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FIG. 4-Probability of certifying a candidate machine at the High energy level versus
the theoretical difference between the reference value and the true candidate machine
average absorbed energy when a = 0.03.

The procedure described above can be applied to the High energy case as well.
Assuming that the F-test has been passed, the acceptance limits for the High energy
case would be calculated exactly as they were for the Low energy test, but substituting
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any appropriate value of d in (5). For illustrative purposes, we have used d = 5.6J in
(5) and computed the probability of certifying a candidate machine for realistic values
of the variance for High-energy specimens. Fig. 4 displays the probability of certifying
a candidate machine for the High energy case, assuming that the system variation for
the candidate machine is the same as for NIST.

The probabilities shown in Fig. 4 are similar in structure to those observed for the
Low energy case. The probability of certification is nearly 1.0 for “good” machines,
|ptp — tic] < 5.6J, while the probability of certifying “bad” machines, |y, — pc] > 5.6.J,
drops off gradually depending on o.

CONCLUSIONS

We have shown that the current limits for certifying candidate Charpy machines
need to be reconsidered, since they are not adjusted for lot-to-lot system variation. A
crucial step in revising the certification limits is to select an appropriate value of d, the
amount of allowable deviation between the conceptual lot averages for the candidate
machine and the NIST reference machines. Perhaps the chosen value of d could be listed
in section 10 of ASTM E 23-88, Standard Test Methods for Notched Bar Impact Testing
of Metallic Materials, rather than the fixed certification limits currently documented.

We have made some assumptions regarding the reference value and the system
variation of the reference machines that may not be appropriate in the practical ap-
plication of the certification program. Therefore, other aspects of the program should
be adressed before changing the certification limits. Specifically, the development of
a method for calculating appropriate estimates of the reference value and the NIST
system standard deviation when there are differences among the three reference ma-
chines is critical. The verification set sample size and the pilot-lot sample size also
merit further investigation.

This paper introduced one alternate certification procedure that accounts for sys-
tem variation and is more rigorous in its statistical validity than the existing procedure.
A general destructive testing procedure has not been developed as yet, but is an im-
portant area for future statistical research.
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APPENDIX

For the Lower energy, the hypothesis we want to test is Ho : |, — po] < 1.4J. The
decision rule is to reject Ho if P—C is not in (L, U), where L and U are chosen so that
the test has size a. The size of the test is defined as the probability of rejecting Hy
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when H, is true, or the probability of not certifying a “good” machine. Notationally,
we write o
PrP-T¢ (L U)| —14] <pp—p < 14J] =
Common values of « used in practice are 0.05 and 0.01.
With a pre—determined ¢, acceptance limits L and U can then be determined from

l-a = Pr[L<P-T<U|pp—pe=—-14J]
= PrL<P-T<U|pp— pe=14J] (6)

(e.g., see [4], p. 427). Equation (6) can be depicted in Fig. 5 if we assume that P — C
is normally distributed with average u, — p. and variance 6%(1/100 + 1/5) = 0.2102.

L 14 0 14 U

FIG. 5-Acceptance limits L and U with respect to two normal distributions.

From Fig. 5, it is easily seen that U = —L. Furthermore, by making use of the
result that -
P-T (4 — s

v0.215

is distributed as a Student’s ¢ with 103 degrees of freedom, the value of U satisfies
U+14 14-U
Tros [ =) — el RV
103 (0.4583 S) Thos (0.45835) toe @

where §? = (9952 +452)/103 is the pooled estimate for 0%, and Ty,(-) is the distribution
function of Student’s ¢ with n degrees of freedom. If S is not too large, say S < 4,
which should be the case in our problem, a simple solution for (7) is

U - 14 + 04583 S tl—a:103 (8)

where #1_4.103 1s the 1 — o quantile of Student’s ¢ with 103 degrees of freedom. The
solution can be verified as follows. With the solution in (8), the left-hand side of (7)
reduces to

2.8 '
Tio3 (m + tl—-a:lOB) — T3 (—t1-ai103) = Tios (

With § < 4 and commonly used values of ¢,
2.8
Tioa| ——== + ti—w
10 (0.45835 * 1'“'”’3)
is very close to 1, and (7) is satisfied.

—— + 11 _¢a: — Q.
04535 T4 '1°3> ¢
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ABSTRACT: Charpy V reference test pieces are required by standards EN 10045-2
and ISO DIS 442 for the indirect verification of pendulum impact testing machines.
Based on an agreement between Aubert & Duval, LNE, ETCA and FFA, production
of such test pieces has begun in France. A preliminary study, made with an experi-
mental batch, has shown that these test pieces are equivalent to the BCR test pieces.
This trial production allowed us to define the manufacturing and calibration
conditions for the industrial production of Charpy V reference test pieces. Three
levels of impact energy are available. The main features of this production are pre-
sented.

For verification of the pendulum impact testing machines used in industry, indirect
verification by the use of reference test pieces is generally sufficient. Furthermore,
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it is easier to carry out and more economical than detailed direct verification. In
France, indirect verification has traditionally been performed with unnotched beam
impact specimens [1]. Prismatic test picces of the same length and width as the
notched impact test pieces were machined to different heights, and tested at room
temperature with the pendulum impact testing machine to be verified. With this
method, it was easy to obtain a range of values for the absorbed energy. The test
pieces were easier to prepare than notched bars and the results had less scatter.
Nevertheless, the repeatability and error of the data were a good measure of the
metrological quality of the machine. At the national level, a procedure for the
production and certification of Charpy V-notch reference test picces was established.
A detailed study has been made on the factors affecting the accuracy of the results
of such tests [2] and reduced tolerances were fixed for the reference machines.

After several years of tests, we discovered that machines that produced
identical results with unnotched reference test pieces, could produce significantly
different results (between machines) when testing Charpy V test pieces from the
same material. This difference was commercially important, when values from one
machine met the material specification and values from the other machine did not.
In the case of notched bars, additional factors influence the accuracy of test results
[3, 4]. This explains why some countries have based their indirect verification
method on the use of notched reference test pieces [3]. At the international level,
it was agreed to standardize on the use of Charpy V reference test pieces [6, 7]. The
scatter of the results is greater than in the case of unnotched bars, but the machines
are verified under conditions representative of their industrial usage.

In North America, verification specimens of heat-treated steel are available
for machines with 8 mm strikers. In Europe, Charpy V reference test pieces for both
2 and 8 mm strikers, have only become available recently and in limited quantities
[8]. In view of the large number of reference test pieces now required in France, it
was considered necessary to create a French supply of such test pieces, produced and
qualified according to the specifications of EN 10045-2. The BCR specimens, tested
with the French reference machines (ETCA and LNE), allow the national specimens
to be traced to the European reference. A preliminary study made with a small scale
trial production, showed that specimens of the quality required for reference test
pieces could indeed be produced at the national level. A program leading to the
production of commercial batches of such test pieces has therefore been defined and
successfully completed.

PRELIMINARY TRIAL
a. Test program

An interlaboratory test program including 14 impact testing machines (2
reference machines and 12 industrial machines) was defined. Each machine tested

three types of test pieces: a verification set of unnotched bars (UNB), a verification
set of BCR Charpy V reference test pieces (KV-BCR), and a verification set of the
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French experimental reference test pieces (KV-FR). Each verification set consisted
of 15 test pieces (5 test pieces per energy level): a low-energy level (20-30 J), a
medium energy level (70-85 J) and a high-energy level (120-180 J). All tests were
done at room temperature with the 2 mm striker.

b. Experimental batch of French reference test pieces

As for the ASTM and BCR reference specimens, a type AISI 4340 steel was
used. Preliminary tests allowed the determination of the heat treatment conditions
leading to energy levels similar to those of the BCR reference specimens. The
detailed specifications of the material are given in the Materials Section. For the tri-
al production, the heat treatments were carried out on small blocks (20 test pieces
per block), all taken from a selected billet of a single heat. For each energy level,
120 test pieces were machined to the dimensions and tolerances shown in Table 1.
Special precautions have been taken and a careful machining procedure was fol-
lowed. Three test pieces from 5 blocks, randomly selected, were tested with a
reference machine for the assessment of the homogeneity of the batch.

c. Statistical parameters of the verification sets
1 Unnotched impact bars

The verification sets consist of 5 specimens each of 3, 5, and 7 mm heights.
The sets used for each energy level came from a single production batch (10 blocks
as identical as possible). Five testpieces per block are tested with the national
reference machine (Code R1). The statistical analysis of the results (Fig. 1) shows
that test pieces coming from different lots belong to a common statistical population
with a Gaussian type of distribution. The average value of this distribution is taken
as the certified value for the batch (E,).

For a verification set of 5 test pieces, the standard deviation s; of the average
can be estimated by s/v5, where s is the standard deviation of the distribution. For
the three energy levels considered in the present program, Table 2 indicates the
values of E, s and s,.

2. BCR reference test pieces

The verification sets consist of 5 test pieces of respectively 30, 80 and 120 J
nominal impact energies. The production and certification procedures are described
in [8]. The test pieces corresponding to a given energy level all came from the same
batch. The certificate delivered by BCR indicates the reference value for the impact
energy of the batch (E,) and the uncertainty corresponding to a set of 5 test pieces
(£ 2 s5). These parameters are given in Table 2.
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TABLE 2--parameters of the statistical distribution

GALBAN ET AL. ON FRENCH SUPPLY OF PIECES

of the impact energy determined
with reference machines (2 mm striker)

199

Standard deviation

Certified Standard
Verification Batch |©F reference| deviation for 5 tests
set ~value batch
sg (J) % Eg
E¢c (J) s (J)
P 30 26,780 0,193 0,086 0,32
UNB P 80 83,605 0,370 0,165 0,20
P 180 181,126 0,911 0,407 0,22
30 A 25,5 2,01 0,9 3,53
KV-BCR 80 A 74,1 2,46 1,1 1,48
120 B 123,3 5,92 2,65 2,15
F 25 21,60 1,685 0,753 3,49
KV-FR F 75 71,66 2,250 1,006 1,40
F 120 124,81 3,950 1,766 1,41
UNB H french reference machine R1
KV~BCR : _ BCR certificate
KV~FR : french reference machine R2

8g

standard deviation of the average value of 5 tests.
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3. Experimental batch of French reference test pieces

Only 15 specimens per energy level were available for the statistical evaluation
of the homogeneity of the batches, 3 specimens from 5 different lots tested with the
national reference machine (Code R2). The procedure described in ISO 5725 [9]
has nevertheless been applied in order to estimate the within-lot and between-lot
standard deviations. The following trends are shown:

- the scatter of results is statistically comparable in all blocks corresponding to
a given impact energy,

- there is no statistically significant difference between the scatter in the lots of
the 70 and 120 J batches,

- there is a small difference between lots for the 20 J batch: for this energy
level, room temperature is close to the FATT of the steel and the increased
scatter of the results is related to the transition in fracture mode.

Keeping in mind the preceding reservations, the cumulative frequency curves
have nevertheless been drawn (Fig. 2). As a good approximation, the 15 test results
can be considered as a single statistical population with a normal distribution of
impact energy. The statistical parameters of this distribution are listed in Table 2.

4. Comparison of the homogeneity of the three types of verification sets

The self induced scatter of the impact energy within a given batch of reference
test pieces can be described by s or s; (Table 2). The characterization is made with
reference machines for all the batches considered. Table 2 confirms that the
uncertainty of the reference energy is much greater in the case of Charpy V
reference test pieces than in the case of unnotched bars. The experimental KV-FR
reference test pieces and the BCR verification sets have quite similar uncertainties
for the average impact energy.

d. Results of the interlaboratory test program
1. Charpy V reference test pieces of medium impact energy

In the 70 to 80 J energy range, 14 machines have been verified with BCR
reference test pieces (Batch 80 A) and with the experimental French reference test
pieces (Batch F 75). The total spread of values is similar in both sets, but the his-
tograms are slightly different (Fig. 3 and 4). The machine averages for impact
energy are compared on Fig. 5. The KV-FR results are closely correlated with the
KV-BCR results: the scatter around the regression line is small and both types of
test pieces rank all machines in the same order. The correlation between UNB
results and KV-BCR is much looser: machines which are found quite similar with
UNB test pieces give quite a range of results with the Charpy V test pieces (spread
of about 6 J). The detailed results (not presented here) show further that both types
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Cumulative percent

82 82.4 82.8 83.2 83.6 84 84.4

Medium energy level

FIG. 1--Normal probability plot of the absorbed energy values measured with
reference machine R1 for the certification of the batch of unnotched reference
test pieces

S.D. = 2250

Cumuiative percent

Medium energy level

FIG. 2--Normal probability plot of the absorbed energy values measured with
reference machine R2 for the certification of the experimental batch of Charpy V
reference test pieces
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FIG. 4--Frequency histogram of values KV-France
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FIG. 5--Correlation between the results obtained with BCR reference test pieces,
and unnotched bend test pieces (K-UNB) and French Charpy V reference test
pieces (KV-FR), respectively. The slope of the solid lines corresponds to the

ratio of the reference energies of the corresponding batches.
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of Charpy verification sets lead to similar repeatability errors: intralaboratory
standard deviation of 1.51 J for KV-BCR and 1.50 J for KV-FR.

2. Statistical analysis of all data

From the type of data, the following statistical parameters were calculated,
according to ISO 5725 [8]:

- the general average of the impact energy E,
- the estimated repeatability standard deviation within laboratories, s,,
- the estimated between laboratories standard deviation, s ,
- the estimated reproducibility standard deviation,
s, = V(s2 + s.2),
- the estimated standard deviation of the average of five tests,
ss = V(s2/5 + s?).

The results are shown in Table 3. The following comments can be made :

- the repeatability and reproducibility are always better with unnotched test
pieces than with Charpy V test pieces,

- the figures for s, s, and sy are very similar for KV-BCR and KV-FR
reference test pieces,

- in the case of unnotched test pieces, s is the predominant factor of scatter
and the small s, value facilitates the discrimination between machines (this
was the principal reason for the choice of this type of test pieces for the indi-
rect verification of impact machines),

- in the case of Charpy V test pieces, s, and s; both contribute significantly
to the overall scatter of the results.

A more detailed analysis of the results, not presented here, confirms that KV-
BCR and KV-FR reference test pieces give equivalent results when used for the
indirect verification of industrial impact machines.

¢. Application of the criteria for indirect verification of impact machines

For both unnotched and KV test pieces, the verification standards specify
maximum values for repeatability and error. These values have been calculated from
the 9 reference sets used in the present interlaboratory program (Table 4). The
average results for the 14 machines considered (including the reference machines)
are always within the tolerance. Individual machines may be outside of tolerance,
sometimes because of excessive error, but mostly because of excessive scatter (Table
4). Even in those cases, the criteria are only exceeded by a small amount. The few
cases of violation of the tolerance limits are probably not significant and may be
attributed to random factors. In cases where the tests have been repeated (not
shown in this report), the violations were not confirmed.
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e. Qualification of the French reference machines for the characterization of Charpy
V reference test pieces

On different occasions, including the present interlaboratory program, BCR
reference test specimens were tested on reference machines R1 and R2. This
procedure establishes traceability to the BCR system. Appendix B of EN 10045 Part
2 specifies the repeatability and error requirements.

Tests have been made at the four energy levels for which BCR reference test
pieces were available. The results are given in Table 5. Machine R1 meets the
requirements in all cases. Machine R2 violates the error requirement in 2 cases (out
of 9). These batches were retested after a verification of the machine, but the new
values were still out of tolerance. No explanation could be found. In later tests with
this machine, the results were always satisfactory. It may be concluded that the
requirements of Appendix B are not easy to meet, keeping in mind the rather large
scatter within each batch of BCR reference test pieces. Table 5 nevertheless shows
that both reference machines R1 and R2 can be used to characterize reference
Charpy V test pieces from other sources than BCR.

f. Conclusion of the preliminary program

Three batches of about 120 Charpy V reference test pieces have been
produced in France. Tests with the national reference machines have shown that
these test pieces are equivalent to BCR certified reference batches, with similar
energies and similar uncertainty for the certified energy. In an interlaboratory
program of indirect verification of industrial impact testing machines, the test pieces
gave results for repeatability and error very similar to those obtained with BCR
reference test pieces. The French reference machines meet the requirements for
machines certifying Charpy V reference test pieces traceable to BCR. These
encouraging results lead to the decision to go on with a larger scale national
production of Charpy V reference test pieces.

MATERIAL SPECIFICATION
a. Basic needs

An important aim was to allow the indirect verification of impact testing
machines over a range of energy matching the critical applications of structural
steels, i.e. 10 to 180 J.

On the other hand, the manufacturing process has to guarantee the lowest
scatter of impact energy value compatible with industrial manufacturing conditions,
for every batch of around 1,000 test pieces.
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b. Grade and process selection

Considering recent work on the same topic (U.S. Army Watertown Laboratory
and BCR activities), and the need for cost optimization, we sclected an E-4340-H
type of stee] (AUBERT & DUVAL's NC 40 MW grade equivalent to ASTM A 540
grade B 23), which is able to cover the whole range 15 to 150 J by adjusting the
tempering temperature.

In order to minimize the variation of the energy level from one batch to
another, different production schemes were tried. For each scheme, test pieces of
about 25, 70 and 115 J were prepared and impact tested. These trials allowed to
define the following three requirements:

- high quality primary melting (air melt) followed by vacuum degassing, in
order to obtain a very low sulphur content (§ < 0,003 %) and a high
cleanliness,

- vacuum arc remelting in order to guarantee a high chemical homogeneity by
reducing the segregation level, and a very high purity. Another characteristic
of the V.A.R. process is the low porosity in the ingots, which reduces the risk
of internal defects (after transformation the material is able to meet the
requirements of the MIL-STD 2154 - AAA class), and

- processing of the steel ingot into an intermediate shape which allows a very
homogeneous heat treatment to be performed.

¢, Heat treatment and testing of the material

After a stringent ultrasonic inspection, the intermediate steel products are
quenched in a way which allows the actual cooling rate to be the same at every
location in the material where test pieces will be machined.

The tempering temperature is selected to produce the appropriate toughness
level in the steel (See Fig. 6). It should be noted that the ductile-to-brittle transition
temperature is near room temperature for this high-strength steel, when the test
pieces are treated for an impact energy of 15-20 J. This may be responsible for a
relatively large scatter of the impact energy, unless the tempering conditions are
strictly controlled. The risk of this scatter in energies is reduced for the target level
of 20-25 J that was finally chosen, and is kept under control with strict procedures.
All furnaces used for the heat treatment have an temperature homogeneity better
than 5°C. Tempering conditions leading to impact energy levels of 20-25 J, 70-75
J, and 110-120 J have been accurately defined.

A first validation was performed on a preproduction batch of 900 test pieces
(300 per energy level). The present procedures and equipment allow the production
of batches of about 1,100 test pieces, limited by the heat treatment processing
equipment, and traceable to a specific ingot from a well defined heat.
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After heat treatment, an initial sample of S pieces is tested at the steel-
maker's laboratory in order to check the homogeneity of the batch before machining,
and the batch is marked with a unique batch serial number which is maintained at
every subsequent stage in manufacturing.

MANUFACTURING AND INSPECTION OF THE REFERENCE CHARPY V TEST
PIECES

The manufacturing of the French Charpy V reference test pieces is under the
responsibility of the LNE. The inspection of these test pieces is carried out by the
two laboratories LNE and ETCA. The LNE is also in charge of the shipment of the
French reference test pieces to the customers. The principal requirements
concerning the manufacture of the test pieces have also been fixed by the LNE and
ETCA.

Some of the dimensional characteristics of the test pieces are stricter than
those defined in the EN 10045-2. Table 1 gives these characteristics.

To obtain satisfactory homogeneity in a batch, special care has been taken
during the machining process, specifically:

- to minimize the dimensional variations, all the machining operations are
carried out on the same machines with the same adjustments and the tool
wear is checked regularly, and

- to avoid the effects of heating and cold working which can produce structural
modifications of the steel, a high-quality lubricant is applied and the cutting
speeds are controlled.

The cutting processes have been carefully chosen so as not to alter the
metallurgical properties of the test pieces.

The following conditions have been retained:

- the normal cutting process by milling,

- wire electrical discharge machining (EDM), after confirming that there was
no problem with decarburization, and

- final preparation by grinding.

The operating sequence consists of the following operations:

- identification of the intermediate product,

- cutting of the intermediate product and machining of the blanks, leaving an
excess thickness of 0,1 to 0,2 mm,

- marking of the number of the batch and of the orientation of the notch,

- machining of the test pieces to the dimensions given in Table 7,
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- final check of the dimensions of the test pieces. This is carried out with a
three dimensional measuring device for: the principal dimensions, the angle
between adjacent faces, and the included angle of the V notch (with a profile
projector) at a magnification of 50. This check was carried out on test pieces
which are taken at random, taking into account that intermediate inspections
are carried out on the first and last test pieces of the grinding plate,

- demagnetization of the test pieces, and

- protection of the test pieces by a lubricant.

When the test pieces are delivered to the LNE, a visual inspection is carried
out to confirm that the surface finish and the identification requirements were met.
For each batch, 50 test pieces are selected at random and are evaluated by the two
laboratories (25 by LNE and 25 by ETCA). The evaluation includes the dimensions
of the test pieces and the quality of the machining of the V notch (radius of cur-
vature of base of notch and uniformity of the notch profile).

The test pieces are packed and stored in a room with a controlled
temperature.

Calibration of the batches of test pieces
a. Principle

The calibration of the batches of test pieces is carried out with the two
national reference impact testing machines (at LNE and ETCA) in accordance with
the NF EN 10045-2 standard. These 2 laboratories are accredited by the national
accrediting body, BNM-Fretac 1.

Two series of 25 test pieces are selected at random in each batch. One series
is used by LNE (n() and the other one is used by ETCA (ng). In each laboratory,
the test pieces are broken in accordance with the NF EN 10045-1 standard at a test
temperature of 20 °C =+ 2 °C.

The impact energy values are used to verify the homogeneity of the batch and
to determine the energy reference value (E).
b. Tests results - Reference value

Each laboratory determines the mean value and the experimental standard
deviation for the 25 results :

! BNM : Bureau National de Métrologie - France Etalonnage Accréditation
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ETCA: )_(E , SE
LNE: X,,s..
First step : Comparison of the experimental standard deviations

The following condition must be satisfied in order to state the identity of the
experimental standard deviations :

Condition (1) Table 6
ForE <401

s = s, if | sg - s <057
ForE > 40)

Sg = Si, iflsE - s,J <101J

The probability of obtaining sg # s is very small with the two reference
machines.

Second step : Comparison of the mean values

The following condition must be satisfied in order to state the identity of the
mean values :

Condition (2) Table 6
ForE <401J

Xp = X, if | Xe - X <27

ForE > 4017]
X = X, it 1 X -X| <3 % E.

When the condition (2) is satisfied, the mean energy value and the variance
are respectively calculated by the following formulas :

- nE)ZE + n,)ZL
E= —

ng + ng
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TABLE 6--Determination of reference ener

and uncertaint

ETCA : ng, Xg, Sp

LNE : ng ., XL, s,

|

Bg for

Ei235

Yes (1) Sp = 8 No batch
rejected
Yes (2) Ip = X, No
for ng = np = 25 _
- — n = 50 E and s
Xg + Xg
—_— for 50 test pieces
2
SEJ + BL)
2
Yes (3) - No batch
rejected
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- (nE. l)SEz + (nL - 1) SLZ
82 =

l'lE + nL' 2
where ng = n. = 25

When the condition (2) is not satisfied, the mean energy value and the
experimental standard deviation are determined for the 50 results.

Condition (3)

We verified that the experimental standard deviation fulfills the requirement of NF
EN 10045-2;

s< 2], for E<401]
or s<S5%E,forE >401.

Reference value for the batches of 5 test pieces

The following values are determined for the verification sets of the industrial
impact testing machines:

the mean value E,
uncertainty determined by the experimental standard deviation ss for 5 test
pieces (Student's t factor):

s = 1(0,975/48) s / V' 5
Ss= 2011s/V5
The uncertainty associated with the energy value is equal to 2 ss.

RESULTS
For example, Table 7 gives the results obtained for 3 batches:
batch 1A, level 20 J,

batch 2B, level 70 J, and
batch 5B, level 120 J.

We note that the conditions (1) and (2) are only satisfied for the two first
levels (20 J and 70 ).
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In the case of the third level (120 J):
condition (1) is satisfied,
condition (2) is not satisfied, however,

condition (3) is satisfied.

FINAL CONCLUSION

Thanks to a preliminary study, a procedure for the production and calibration
of Charpy V reference test pieces was defined. The test pieces produced in France
according to this procedure comply with all requirements of the EN 10045-2
standard. Valid calibration of these test pieces can be carried out by the French
reference machines, which are qualified through periodic tests with the BCR certified
reference test pieces.

Verification sets of this French production have been in use since the
beginning of 1993. During 1993, 7,500 test pieces were produced: 500 were used for
verification of the manufacturing process and for the determination of the reference
energies; 4500 were used for the indirect verification of 300 industrial machines.

A regular production program is running and verification sets are available
for potential users.

The process which has been described enables the French industry to satisfy

the requirements of the EN 10045-2 standard.
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CORRECTION OF CHARPY IMPACT VALUES FOR KINETIC ENERGY OF
TEST SPECIMENS

REFERENCE: Chandavale, R. G. and Dutta, T., "Correction of Charpy Impact
Values for Kinetic Energy of Test Specimens, "Pendulum Impact Machines:

;" ASTM STP 1248, Thomas A. Siewert
and A. Karl Schmieder, Eds., Amerlcan Society for Testing and Materials,
Philadelphia, 1995.

ABSTRACT: The Charpy impact test was studied theoretically and experimentally,
to learn how much of the pendulum energy is imparted to the test specimen. The
fracture was separated from the subsequent collision, and the collision was studied
kinematically. Materials are known to have a standard coefficient of restitution
between any two bodies [1]. If this value is known, the behavior of the two bodies
can be predicted after collision for any two initial velocities of the colliding bodies.
This parameter was measured on U-type pendulum impact testing machine at a
known initial velocity of the pendulum. The error based on velocities of V-notched
test specimens and pendulum were calculated at several different initial velocities of
the pendulum corresponding to different energy levels. The error was also measured
by experiment at different energy levels on machine. The results were in reasonable
agreement with the calculated values. Various test conditions and material
properties of the specimen that cause such error are also discussed.

KEYWORDS: Collision, coefficient of restitution, velocity, kinetic energy, density.

Observations of a large number of Charpy V-notch impact test on different
metals indicate that the test specimens do not always undergo complete fracture.
This is because a specimen of a ductile material can bend and slip through the anvil
before the crack has fully propagated. This results in an error in the absorbed

1 Metallurgist, Quality Assurance and Control Division, Thermax Ltd.,

Chinchwad, Pune 411 019, India.
Manager, Quality Assurance and Control Division, Thermax Ltd., Chinchwad,
Pune 411 019, India.
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energy, which is then used also for tossing the test specimen. This additional energy
contributes to the scale reading as absorbed energy for fracture. The error is not
significant for light metals and alloys, but is estimated to be significant for dense and
moderately dense metals and their alloys. The error is of an intermediate value for
the most commonly used metals and alloys. Because of the constraints such as radial
notch (0.25 mm radius) and the large distance (40 mm) between the corners of the
anvil, the specimen may be only partly fractured, particularly so for ductile metals.
The problem was studied through the principles of kinematics. The behavior of the
test specimens and pendulum was analyzed by theoretical calculations and
experimental measurements. Three commonly used engineering metals: 99.5% pure
copper, low carbon steel (ASTM A 516 Gr. 70), and 99.5% pure aluminum were
selected to observe the kinetic energy effect. The conditions producing the error in
the absorbed energy are also discussed in general.

THEORY

The Charpy impact test is composed of two separate events: 1) fracture and
2) the subsequent collision between the pendulum and the incompletely fractured
test specimen. The calculations and measurements consider only a collision based
on kinematics. Measurement of the coefficient of restitution (in this case, the elastic
rebounding of the specimen from the striker) in a collision between two bodies on
a given testing machine can be used to predict the behavior of the two bodies after
the collision. The velocity of the pendulum immediately after fracture is the same
as the initial velocity of the pendulum in collision:

Where VirVo = -e (Vp-Vy) (1)
e = Coefficient of restitution.
Vo = Initjal velocity of the pendulum, m/s.
Vo2 = Final velocity of the pendulum, m/s.
V, = Initial velocity of the test specimen, m/s
Vg, = Final velocity of the test specimen, m/s.

The system is considered isolated from any interferences from external
sources. Irrespective of the value of the coefficient of restitution, the momentum of
the system is conserved. Therefore, from the principle of conservation of
momentum-

M, Vi+ M, Vg =M, V,+M, V, .. 2)
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= Mass of the pendulum, kg.
M, = Mass of the test specimen, kg.

A simulated experiment was made as described below to calculate the value
of the coefficient of restitution, "e". The two unknown variables V, and V, can be
determined from the above two equations after substituting the value of "e".

EXPERIMENTAL PROCEDURE

A U-type pendulum impact machine with scale range of 300 J was used in the
experiment. The standard size Charpy V-notch specimens were weighed before
being fractured. The specimens were chosen after checking their rigidity so that no
further fracturing occurred in tossing. The specimen was lightly placed in the anvils
as shown in photograph 1. Friction between the specimen and the anvil was
minimized during the toss so as to avoid material elasticity effects. Special supports
were made and welded to the anvil, as shown. These platforms helped keep the
specimen level with the anvil base.

Photograph 1. Set up of the specimen.

The specimen was then tossed by dropping the pendulum from its full height,
and the energy spent was measured on the scale. This energy is considered kinetic
energy of the test specimen, and is given by

Kinetic energy = Y2 M, V%, 3)



224 PENDULUM IMPACT MACHINES

Different energies thus recorded for copper, low carbon steel, and aluminum
test specimens were 2.25 J, 1.90 J, and 0.45 J respectively. The corresponding
velocities of the specimen were calculated from equation (3) as 9.57 m/s, 9.43 m/s,
and 7.79 m/s.

Using these values in equation (1) and (2) the coefficient of restitution was
found to be 0.7934, 0.7658 and 0.4574 respectively. We assume that this is a
material property, and remains constant for given pair of bodies at all pendulum
energy levels.

Based on these measurements of the coefficient of restitution, errors were
calculated at evenly distributed pendulum energies, as given in Table 1. The errors
were determined after calculating initial pendulum velocities from the machine data
as per ASTM Standard Test Methods for Notched Bar Impact Testing of Metallic
Materials (E 23). The initial velocity of the specimen (V,;) was assumed zero at all
energies.

TABLE 1 -- Results, theoretical and experimental.

Pendulum | Error for Error for Error for
energy Copper Low C Alumin-
level in J inl] Steel inJ um in J
Calcu- Meas- Calcu- Meas- Calcu- Meas-
lated ured. lated. ured. lated. ured.
300 - 2.25 - 1.9 - 0.45
275 2.06 2.0 1.74 1.7 0.41 0.40
250 1.88 1.8 1.58 1.5 0.37 0.35
225 1.69 1.70 1.43 1.45 0.34 0.35
200 1.5 1.6 1.27 1.35 0.30 0.30
175 1.31 1.2 1.11 1.1 0.26 0.25
150 1.13 1.0 0.95 0.8 0.22 0.20
125 0.94 0.8 0.79 0.8 0.19 0.20
100 0.75 0.75 0.63 0.5 0.15 0.10
75 0.56 - 0.48 - 0.11 -
50 0.38 - 0.32 - 0.07 -
25 0.19 - 0.16 - 0.04 -
0 0 - 0 - 0 -

Table 1 also indicates the measured energies on a machine range of 300 J at
different pendulum energies. An easily disengagable stand was used to support the
pendulum at different heights. The pendulum was released smoothly and
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instantaneously for each trial. Measurements could only be made between potential
energies of 100 J (200 J on scale) and 300 J (0 J on scale). Table 2 shows the
masses of the individual specimens and the data used in calculations. Mass and the
reference velocity of the pendulum were taken from the manufacturer's manual.

TABLE 2--_Data for theoretical calculations.

Copper 49.13 gm
Low C steel 42,77 gm
Aluminum 14.83 gm
Mass of pendulum (M,) 20.97 kg

Reference velocity of pendulum (V,,) 5.349 m/s’

* Excluding the increase in velocity provided for compensating for the friction and
windage losses.

RESULTS AND DISCUSSION

The experiment above uses the same impact testing machine for measuring
the coefficient of restitution, but does not consider the energy losses in other forms
such as by sound and heat.

The values from Table 1 are plotted in Figure 1. A plot of theoretical
calculated values showed perfect linearity, with varying slopes for different metals.
A small scatter in the measured values was observed as shown.

The curves indicate the highest energy losses are for copper, followed by low
C steel, then aluminum. The coefficient of restitution and densities for these three
materials were in decreasing order. Therefore, the error due to the kinetic energies
obviously depends on both the density (representing the mass of the material) and
the coefficient of restitution (representing the velocity of the specimen by collision).
However, the coefficient of restitution and the density are independent of each other.
The coefficient of restitution depends on both the materials involved in the collision.
The curves can be expressed in equations as follows :

3x

y= for copper .. “

400
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A

2.007

1.50}
1.25 7

(J)

1.007

Error

/—:r‘—l‘r T T T T T T T T ] —

0,0 o [=] (= o o [=]
Lal o e (= e (=
— - o [aV] ™

Pendulfum Energy (J)

Figure 1. Calculated (dotted line) and measured (solid line) error at
various pendulum energies.

19x
y= forlowCsteel .. ()
3000
3x
y= for alumipuom 00000 L. (6)
2000
Where,
y is the error in J
and

x is the pendulum energy in J, corresponding to the initial pendulum velocity

The slope of each curve describes the error completely. The curves are redrawn in
Figure 2 to determine the error recorded on the scale during the actual test. Note
that the pendulum (potential) energy is inversely related to the absorbed energy
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recorded in the test: a high pendulum energy following specimen fracture is a result
of only a small amount of energy being absorbed during the fracture.

(J)

Error

Absorbed Energy (J)

Figure 2. Calculated and measured error at various recorded energy levels on scale

The equations of each curve can be reinstated as -

3(300-X)
Y = —— for copper )
400
19(300-X)
Y = —— for low C steel ee(8)
3000
3(300-X)
Y = ———  for aluminum «.(9)

2000
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Where,
the quantity 300 represents the scale range of the machine in J.
Y = ErrorinJ
X = Recorded absorbed energy in J

Hence,

True absorbed energy = Recorded absorbed energy - Error
=X-Y .. (10)

The error includes losses due to sound and heat which are estimated to be
negligible compared to the main loss by kinetic energy in specimen. The other losses
may not be significant even if the coefficient of restitution is low.

No energy was spent in further fracturing the test specimen as confirmed by
numerous comparative measurements in a similar experiment on unnotched, merely
bent specimens. A pendulum machine with a higher energy range than the one used

in above experiment would give higher kinetic energy losses than that given in Table
1.

IMPORTANCE OF MATERIALS AND TEST CONDITIONS
a. Material density

Denser materials would give high kinetic energy loss due to the mass effect.
The error described above is more for dense metals such as tungsten and precious
metals, which are anticipated to give an error above 4 J.

Materials such as plastics and other composite materials of polymers are light
in weight so would include only a very small error.

b. Coefficient of restitution

The kinetic energy loss will increase for elastic (in kinematical terms) bodies
as the coefficient of restitution approaches 1.0. The kinetic energy decreases if the
coefficient approaches 0, that is when the bodies are perfectly inelastic and have
common velocities after collision. The earlier case would never be achieved and the
later, very rarely [1].

The coefficient is also more likely to change with the material of the
pendulum (striker). The coefficients of restitution would remain the same in all
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pendulum impact testing machines as long as the pendulum material is the same,
irrespective of the range of scale in the machines.

c. Ductility

The toss error is important for the metallic materials with good ductility.
Brittle materials are almost certain to completely fracture and a situation of collision
among three bodies would occur. In such a case, the behavior of the three bodies
can't be predicted. If a brittle material did not separate into halves, the high initial
pendulum velocity could cause a large error. The ductile material will show lesser
degree of error because of low initial pendulum velocity.

d. Mode of fracture

The mode of fracture is important because the specimen may not fracture into
two separate halves. As shown in ASTM E 23 (Figure 15 - Fracture Appearance),
even in low percent shear fracture test specimens, the specimens often undergo high
shear deformation near the surface opposite to the notched surface [2]. This causes
the specimen halves to remain joined even in the brittle test specimens.

A low-energy high-strength specimen, if it fails in a shear mode, would cause
a large error as the kinetic energy is derived from the high velocity of the pendulum.
A shear mode of fracture would involve large plastic deformation in fracture
compared to the brittle crystalline fracture surfaces, and hence would tend to oppose
complete fracture.

e. Modulus of elasticity

Materials of high modulus of elasticity are thrown with high kinetic energy in
real impact tests. As reported in ASTM E 23, low-energy high-strength steel
specimens are known to leave impact machines at speeds higher than 15.2 m/s [2].
The specimen stores large elastic stresses, which give high velocity to the test
specimen. The combination of pendulum velocity and the reaction of the anvil
creates a high velocity when the specimen squeezes through the anvil. Highly elastic
materials undergo high reactive forces from the anvil. However, these forces can be
taken as part of the energy absorbed to fracture, being a part of the area under
elastic region of the stress-strain curve.
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f. Yield strength

High yield strength materials would tend to reduce the size of the plastic zone
given by

K2

2
x o,

as per the mechanics of elastic-plastic fracture [3] near the crack. These materials
generally undergo elastic fracture by breaking into two pieces and thus would have
only a small error.

g. Test temperature

High test temperatures normally tend to result in incomplete separation of the
specimen halves. Charpy values (CVN) of some metals and alloys such as fcc metals
(Ag, Al, Au, Cu, Ni, Pb, and Pt, although Ir and Rh do cleave) increases from 0 K
up to about 0.35 of the melting point (T,;,) and do not normally cleave [reproduced
from 3]. Steels also have a higher ductility above the ductile-brittle transition
temperature. These materials would not tend to separate into two pieces after
fracture at higher temperatures, depending on their toughness, thus contributing to
the error.

h. Size of the specimen

Subsize test specimens tend to transform from plain strain to plain stress
condition. In such a condition, the specimen has shear lips on the edge of fracture
surfaces resulting from large plastic deformation [4]. This would tend to keep the
specimen single after fracture. Also in proportion to the mass of the specimen, the
specimen error due to kinetic energy will be reduced, but the coefficient of
restitution remains unchanged.

CONCLUSIONS

The error due to kinetic energy effects of the test specimen is solely a function
of density of the material of test specimen and the coefficient of restitution by
collision. The value of both these vary widely in different materials, alloys, and
composites, but largely depend on the properties and proportions of the base metal.

The relation between the error and the recorded impact values is found to be
linear for a given material.
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The behavior of three bodies after collision can not be predicted, a situation
which occurs when the specimen halves separate.

This method of determining the toss error is valid for all types of materials
and test specimens (when the halves do not separate) in Charpy impact testing.
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ABSTRACT: A mechanical damping technigue is described where a soft
metal absorber attached to the leading edge of the striker is used to
reduce the inertial oscillatory component of dynamic load time records.
A technique is also presented which generates specimen load line
displacement data indirectly from force/time information. A comparison
of damped and undamped impact records indicates that the tested absorber
configuration is an effective method of reducing inertial load
oscillations. The experimental evidence indicates that the elastic and
plasti¢ machine load-displacement relationships can be accurately
determined under the impact conditions generated in a precracked Charpy
test. The procedure presented eliminates the requirement for using a
dedicated device for the measurement of specimen displacement when
absorbers are used to remove the inertially generated load oscillations.

KEYWORDS: Fracture, precracked Charpy, three point bend, machine
compliarice, mechanical damping, pendulum tester, impact testing.

NOMENCLATURE
B = gpecimen thickness
E = material elastic modulus
m = mass of hammer assembly
P, = averade force on load cell between time i and i+l
= gpecimen span
U, = energy absorbed by the machine/specimen system
U, = elastic energy absorbed by the machine
U, = brinelling energy absorbed by the specimen at the load points
U, = elastic brinelling energy absorbed at the load points
U, = plastic brinelling energy absorbed at the load points
U; = elastic and plastic energy absorbed by the fracture process
V, = average hammer velocity between time i and i+l
V; = velocity of hammer at time i
Vi,;, = velocity of hammer at time i+1
W = specimen width
8, = specimen deflection due to bending
8,, = specimen deflection due to shear
dem; = elastic machine deflection at time i

! Defence Scientist, Defence Research Establishment Atlantic, P.0O. Box

1012, Dartmouth, Nova Scotia, Canada, B2Y 3Z7.
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dem;,; = elastic machine deflection at time i+1
dpm; = plastic machine deflection at time i
dpm;,; = plastic machine deflection at time i+1
s; = specimen deflection at time i
ds;,, = specimen deflection at time i+l
v = material Poisson ratio

Pendulum impact machines have been historically used for the

gualitative assessment of metallic materials [1,2]). Recently, increased
use is being made of instrumented impact machines to extend elastic and
elastic-plastic fracture technology into the dynamic regime [3-5]. The

determination of meaningful dynamic data is critically dependent on the
ability to obtain accurate load/load point displacement data (load/LPD).
It has been previously determined that, particularly during the early
portion of the test, load sensors mounted on the anvils or striker do
not reflect actual crack tip loading because of the vibrations present

in the system [6]. Various specimen/system configurations and load
transducer positions which mitigate or are unaffected by the
oscillations have been investigated [7-12]. For the drop weight

configuration, it was found that a soft metal absorber inserted between
the load cell and specimen effectively removed the high frequency
oscillatory component [13]. This configuration, however, while
providing accurate specimen load response data from remotely located
sensors, required a device for the direct measurement of specimen load
point displacement (LPD).

A straightforward approach to obtaining a dynamic load/LPD record
involves processing the force/time signal generated from an instrumented
load cell attached to the hammer assembly [14]. In order to convert
force time to force displacement, it is necessary to know the velocity
at any time. For a pendulum configuration, as the specimen is
contacted, there is a loss of energy and an associated loss of hammer
velocity as follows:

Vi, t

mfvx;dv - ffl;;/adt =0 1)

When load/LPD is derived using equation (1) the area under the
curve defines the energy absorbed by the entire impact system. The
components of this energy are given by:

Upoe = Uy + Uy + Uy (2)

em

over a given displacement interval, equation (1) can be expressed as:

t.. dem,, dpm., ds,,
i+l i+l . i+1 i+l
[ Pavade = [ P.ddem + [ Padbpm + [ Padds
t; dem, dpm, ds

i (3)
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where:

Up = Ugp + Upp (4)

Accurate specimen load/LPD data require that deformation from
machine sources be removed. Machine deformation is the sum of the
elastic deformations of the hammer and anvil assemblies and the plastic
deformation sustained by the soft metal absorber.

A common method for determining machine compliance is by employing
a specimen geometry where the non machine compliance portion of the
load/LPD record is guantifiable and thus can be removed. For an
unnotched, rectangular, three-point bend specimen, the elastic load line
deflection is given by [15]:

O = 8p + &y (5)

Analytical expressions for these components are [16]:

PS>
5, = _ (6)
b 4BwiE

and

_ 0.6{(1+v)PS
on = g M

For the loading portion of a test where the tension surface of an
unnotched bend bar does not yield, total deflection is a combination of
the elastic deformations due to machine and specimen compliance plus
local plastic brinelling at the loading points. Under these
circumstances, maximum load and the point of maximum plastic brinelling
will coincide. Thus, the unloading portion of the load/LPD record can
be considered an elastic event. Machine loading and unloading
compliance relationships will therefore differ depending on the amount
of plastic brinelling sustained by the soft metal absorber during the
loading portion of the curve.

Previous studies [17,18] indicated that the unloading portion of a
test on an unnotched specimen produced an accurate elastic machine
deformation relationship for both static and dynamic conditions. Once
the elastic machine compliance record is known, the plastic absorber
load deflection relationship can be determined from the loading portion
of the same record. The knowledge of both these relationships allows
the indirect calculation of specimen deflection using eguations (1) and
(2). This paper details the procedures for the indirect calculation of
LPD from a force/time signal when a soft metal absorber is used to damp
the inertially generated load oscillations. The load train assembly
used to investigate the accuracy of the procedure is an instrumented
pendulum impact tester.

EXPERIMENTAL PROGRAM

Unnotched three point bend specimens (10 mm size as per ASTM E23)
were machined from a 25 mm plate of guenched and tempered SAE 4340 steel
(Table 1). The specimen material was heat treated to an average surface
hardness of Rockwell C 47. These specimens were impacted at initial
velocities of 0.74 m/s and 1.16 m/s with a 33.2 kg commercially
manufactured instrumented pendulum striker. Dimensional specifications
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TABLE 1--Chemical composition of SAE 4340 and CSA G40.21 350 WT.

Chemical Composition (wt%)

C Mn Si 3 P Mo Ni Cr

CSA 350 WT 0.09 1.3 0.23 | 0.006 | 0.013 <0.004
SAE 4340 0.42 0.91 1 0.17 | 0.031 | 0.009 | 0.23 1.78 0.83

for the striker and anvil assemblies were verified to be in accordance
with standard ASTM E-23-92. The impact velocity was selected to ensure
that the tension surface of the specimen did not yield and that the
capacity of the instrumented tup was not exceeded. An annealed aluminum
absorber (Figure 1) was loosely attached to the leading edge of the tup
to dampen any load oscillation which may have otherwise been present.
Machine compliapte relationships for notched specimens impacted at 5.18
m/s with the abBorber attached were generated by using duplicate

FIG. 1--Photograph of the pendulum striker assembly with an aluminum
absorber attached.
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specimens from two sets of commercially produced Charpy calibration
specimens. Also, precracked 10 mm x 10 mm specimens of CSA G40.21 350
WT (Table 1) were cooled to -40 C and impacted at 5.18 m/s with the
aluminum absorbers attached to the tup in order to evaluate the
transferability of the determined machine compliance.

The strain signals from the tup were conditioned using a 100 kHz
amplifier. Load/time signals for notched and unnotched specimens were
captured using an eight-bit programmable digitizer. Force-time data was
bussed to a microprocessor where it was converted to velocity/time,
system load/LPD, and machine load/LPD.

RESULTS AND DISCUSSION

Figure 2 shows a typical system load deflection relationship for
an unnotched bend bar impacted at 0.74 m/s without an absorber. The
load-deflection relationship indicates the specimen and machine remained

35
281
Loading
2214 \
&
L
O
®
© 144
Unloading
7_
0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
DISPLACEMENT (rm)
FIG. 2-- Typical load-displacement record from an unotched bar

ipmacted at 0.74 m/s without an absorber attached to the striker.

elastic during the test. Inspection of the test pieces subsequent to
testing revealed no visual evidence of brinelling at the loading points
or limit load plasticity on the tension surface of the specimens.
Figures 3 and 4 show typical load-deflection relationships for 0.74 m/s
and 1.16 m/s respectively when the aluminum absorbers were attached to
the leading edge of the striker. The load-displacement data indicates
that significant plastic deflection was sustained by the system. Again,
no evidence of plasticity was observed on the specimen or machine. Thus
it has been inferred that plastic deflection was sustained only by the
absorber. The load-displacement data at both velocities indicates
highly nonlinear relationships during the loading portion of the curves.
Initially, the major component of the plastic deflection was the axial
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FIG. 3--Typical load-displacement record from an unnotched bar
impacted at 0.74 m/s with an aluminum absorber attached to the

striker.
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FIG. 4--Typical load-displacement record from an unnotched bar
impacted at 1.16 m/s with an aluminum absorber attached to the

striker.
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compression of the leading edges of the absorber (Figure 5). As the
system load increased above 11 kN, the bending stress generated from the
effects of the curved striker surface and the two compressive contact
points on the leading edge of the absorber combined to cause the back
edge of the absorber to bend and conform to the leading surface of the
striker. This effect was responsible for the plateau observed in
Figures 3 and 4. Once the back face of the absorber had conformed to
the surface of the striker, then the axial compression of the leading
edges of the absorber was reestablished as the major component of
plastic deflection.

Figure 6 compares the loading portions of the unnotched bar test
with absorbers. Because of the difficulties in establishing the point

N/
* deflection

Plastic compression absorber
Plastic bending absorber

deflection

Absorber

/’~//,,//"

Striker

FIG. 5--Schematic representation of the experimental load train assembly
showing the positions of plastic absorber deflection.

of impact in the load-time records, each data set has been shifted on
the displacement axis to a common point at 2 kN. Figure 7 compares the
unloading portion of all the unnotched bar tests{with and without
absorbers). The unloading data was shifted to a common point at 0.5 kN.
The good correlation between data sets indicates that the plastic
absorber deflection was reproducible and was insensitive to velocity
over the range tested. Also, the good correlation between unloading
data sets with and without absorbers indicates that the unloading load-
displacement relationship is independent of the presence of the
absorbers.

Figure 8 shows typical system load-displacement data for low
energy (brittle} and medium energy (ductile) commercial calibration
specimens impacted at 5.18 m/s with absorbers. The reproducibility of
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FIG. 6--A comparison of the loading load-displacement data from
unnotched bars impacted at 0.74 m/s and 1.16 m/s with an aluminum
absorber attached to the striker.
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FIG. 7--A comparison of the unloading load-displacement data from
unnotched bars impacted at 0.74 and 1.16 m/s with and without an
aluminum absorber attached teo the striker.



240 PENDULUM IMPACT MACHINES

the load displacement data is good up until approximately 22 kN. The
observed decrease in the system load at 22 kN results from the
structural failure of the absorbers at this load. Thus this absorber
design and material combination has been limited to tests not exceeding
20 kKN. Figure 9 compares the machine deflection generated from notched
specimens at 5.18 m/s and unnotched specimens at 1.16 m/s. During the
initial portion of the test, the correlation between the two sets of
data is relatively good. However, the load plateau occurs at a slightly
elevated level in the notched specimens. The notched and unnotched data
parallel each other subsequent to the plateau. The rate insensitivity
of annealed 6061 aluminum and the velocity data presented combine to
indicate that the presence of the notch changes the way the specimen
rotates and thus slightly changes the direction of the forces which are
acting on the absorber. This indicates that notched specimens should be
used to generate the machine load-deflection relationships for
precracked specimens.

Once the machine deflection data is calculated, it is common
practice to perform some type of regression analysis to generate an
expression which accurately represents the data. While a third order
polynomial accurately describes the unloading machine compliance data,
the highly nonlinear nature of the loading of the data limits the
ability of linear fit to accurately fit the entire loading portion of
the tests. The loading data was divided into two data sets and a third
order polynomial was generated to describe each set. Thus, using the
three generated third-order polynomials, machine compliance data can now
be generated for the precracked charpy test, provided they do not exceed
20 kN.

Figure 10 shows an undamped CSA G40.21 350 WT precracked charpy
specimen cooled to -40 C and impacted at 5.18 m/s. The load
oscillations make it practically impossible to isolate and evaluate any
critical event information. One of the major advantages of attaching

>~
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~
o
L

| 4 Low energy calibration specimen

W
w
1

W
o
1

Medium energy calibration

specimen

FORCE (kN)
N
w
1

0.00 2.00 4.00 6.00 8.00 10.00  12.00
DISPLACEMENT (mm)

FIG. 8--Typical load-displacement records from notched calibration
specimens impacted at 5.18 m/s with an aluminum absorber attached to
the striker.
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FIG. 9--A comparison of notched and unnotched specimen machine load-
displacement relationships with absorbers attached.

the absorber to the leading edge of the striker and measuring
displacement indirectly is the relative ease of performing low
temperature experiments (the specimen can be cooled in a separate bath
and moved to the anvils just prior to triggering the hammer). Figure 11
is the record of a specimen impacted under the same conditions as in
Figure 10 except for the addition of the absorber to the leading edge of
the striker. 1In comparison to Figure 10 the load oscillations have been
dramatically reduced. The brittle initiation point becomes clearly
evident. It is also evident that the addition of the absorber reduced
the initial loading rate of the specimen. When the force-time was
converted to force displacement and the machine compliance was
subtracted according to the predetermined relationships (Figure 12) the
resulting specimen load-deflection relationship was generated (Figure
13}. The measured crack length for this specimen was 3.2 mm (three
point average). The theoretical stiffness of the specimen compared
favourably to the corrected load displacement data. The low frequency
component in the corrected data results from the inability of lower
order polynomial regression analysis to fully describe the minor
oscillation present in the notchéed bar machine compliance data (Figure
9). Alternatives to describing machine compliance by regression analysis
relationships has been identified as an area for future work.

Current work is focused on producing an absorber with a higher
load range. This should be achievable by selecting a rate insensitive
absorber material with a higher yield than the annealed aluminum used in
this study. 1In addition, alterations to the design of the absorber are
currently being considered to remove the load plateau observed in this
study. 1Initial indications suggest that the load plateau can be removed
by premoulding the back face of the absorber to the surface of the
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FIG. 10--Load-time record for a precracked CSA G40.21 350 WT Charpy
specimen cooled to -40 C and impacted at 5.18 m/s without an
absorber attached to the striker.
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FIG. 1l1--As in figure 10 with an absorber attached to the striker.
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FIG. 12--System and machine load-displacement relationships for a
precracked charpy specimen impacted at 5.18 m/s with an absorber
attached to the striker.
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FIG. 13--Comparison of corrected load-displacement data and

calculated specimen stiffness for a precracked charpy  specimen
impacted at 5.18 m/s with an absorber attached to the striker.
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striker. A study into the significance, relevance, limitations and
transferability of fracture data (such as J.) obtained using the method
outlined in this paper is ongoing.

CONCLUSIONS

1. The addition of a soft metal absorber inserted between the striker
and the specimen dramatically reduces the oscillatory component of
dynamic load-displacement data. These absorbers can also be used to
reduce (control) the loading rate.

2. The unnotched specimen tests indicated that the loading and
unloading portions of the tests which used absorbers were highly
reproducible and insensitive to the velocity range between 0.74 and 1.16
m/s.

3. There was a good correlation between the unloading load-
displacements data of the unnotched specimens impacted with and without
absorbers. )

4. The data indicates that the useful limit of this particular
geometry and material combination for an absorber is approximately 20
kN. The data also indicates that a slightly elevated machine compliance
relationship results from a notched specimen tested at 5.18 m/s.

5. Precracked Charpy data generated indirectly by defining and
removing the machine compliance portion of the test is an accurate means
of determining precracked Charpy load-displacement data.
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ABSTRACT: A method is propoged for determining the lower
bound toughness of engineering steelg based on impact
loading of a modified Charpy specimen in a standard Charpy
machine. The modified Charpy specimen employed here is
nearly the same as the over-gized specimen studied
previously by Bonenberger et al. The primary difference is
that a sharp notch is employed to initiate the crack instead
of pre-compression. A master curve is developed to relate
the stress intengity developed at the tip of the notch to
the time of crack initiation. An instrumented tup is then
employed to give a force-time trace that can be interpreted
to estimate the crack initiation time. Results are
presented for the lower bound toughness of ASTM A 533, Type
B, Class 1 steel over the temperature range from 0 to 40°C.
These results are higher than the results reported by
Bonenberger et al. for the same steel. The differenceg are
attributed to the different techniques used to develop the
starter crack in the modified Charpy specimen.

KEYWORDS: Charpy V-Notch, Instrumented Impact Test, Lower
bound toughness

During the past 35 years, significant progress has been
made in developing the theory of fracture mechanics, and in
perfecting test methods for measuring crack initiation
toughness. Nevertheless, failures of engineering structures
continue to occur with serious consequences. Many of these
failures are due to the fact that the material employed in
the fabrication of the structure was not tested or certified
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prior to its uge in construction [1]. 1In many instances,
handbook values of fracture toughness were used in the
fracture mechanics analysis. This practice is very
dangerous because the fracture toughness varies markedly
from heat to heat of steel, and the values quoted in
handbooks for a particular alloy should only be considered
as typical.

It is necessary to test the material specified in the
design to establish the crack initiation toughness over the
temperature range expected in the service of the structure.
Tegt methods used to determine the toughness are well known,
ASTM E399 [2] for example. What is less well known to the
engineer performing the analysis, and the designer of the
gtructure is the huge amount of scatter encountered in
measuring the initiation toughness. Recent results by Link
and Joyce [3] from an extensive series of tests with A 533,
Type B reactor grade steel, presented in Fig. 1, illustrate
the amount of gcatter for steels commonly employed in

pressure
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Figure 1: The scatter in the crack initiation toughness
of A 533 Type B reactor grade steel is very large even
near the nil ductility temperature. Data from Link and

Joyce?.

The scatter is so large (400% at the nil ductility
temperature) that the only conservative method of design is
to determine the lower bound, which is a curve of toughness
ag a function of temperature drawn below all of the test
data. To establish this lower bound toughness, it is
necessary to conduct many tests at each temperature to
ensure that at least one or two "low" values are represented
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in the data set. It appears that the difficulty in
measuring the lower bound, and the excessgive time and
expense involved in testing are important factors that are
limiting the effectiveness of design against fracture.

This paper describes a low cost method of measuring the
lower bound toughness of steels that has potential to be
used to certify steels for a wide variety of structural
applications. The method is based on testing an oversized
Charpy specimen in a standard 240 J Charpy impact machine.
The Charpy specimen, shown in Fig. 2, is overgized in cross
section with a height of 19 mm and a thickness of 12.7 mm,
but it is of standard length. Side groovesg are cut into the
specimen 2.0 mm '

deep with a o
-———3mm————ﬂ

mm

gsharp tip
cutter having
an included
angle of 45°.
The face

groove, %{ }\L__mm
opposite the 465" Seotion A-A
A

impact point,
is also 2 mm
deep as in the
standard Charpy
gspecimen, but mm///
the radius of

the tip is

approximately LA _‘\
0.06 mm. This sl groove
approach is

similar in many

—.1ﬁJmnk—

gide groove

-

respects to the Figure 2: Geometry of the modified
method (overgized) Charpy specimen.
described

previously by
Bonenberger et al. [4,5]; however, two important modifi-
cations have been made to improve the method.

First, in preparing the modified Charpy specimens,
Bonenberger subjected the specimens to axial pre-compression
stresses well above the yield strength of the material. The
purpose of the pre-compression was to deform the material in
the local neighborhood of the notch thereby sharpening its
tip. The practice of pre-compression may be objectionable,
because the material local to the notch is strain hardened
and its toughness may be degraded. In the method described
in this paper pre-compression is not necessary because
cleavage may be initiated ‘at temperatures in the lower
transition region if the machined notch is sufficiently
sharp.

Second, Bonenberger employed four strain gages on each
specimen that were located near the crack tip to record a
gtrain relative to time during the impact period. The
strain-time trace was interpreted to give the stress
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intensgity factor as a function of time. The time of crack
initiation was evident from the strain-time traces because
of the rapid decrease in the strain at the gage location due
to crack extension. The value of the stress intensity
factor K;, at the initiation time, was taken as K;; which is
an estimate of the lower bound toughness. The approach
described in this paper, involved strain gaging and testing
several modified Charpy specimens to develop a master curve
showing the stress intensity factor K; as a function of
time. Strain gaging can then be discontinued for subsequent
evaluations of the lower bound toughness. An instrumented
tup is employed to establish the time of the initiation of
the crack at the notch. Using the initiation time together
with the (K;-t) master curve, it is possible to measure the
lower bound toughness without strain gaging at test
temperatures in the lower transition region.

Eliminating the need for pre-compression removes the
question of altering the material properties prior to
testing. Eliminating the strain gages reduces the time and
the cost of lower bound toughness measurements by at least a
factor of ten.

SPECIMEN PREPARATION

The modified Charpy specimens were machined from A 533
B reactor grade steel. This particular lot of material was
available from the round robin test series conducted to
verify the arrest toughness testing procedure, ASTM E-1221
[2]. The properties of the material are well known and are
described in reference [6]. It is important to note that
the RTy, was -2°C, because it indicates the temperature
range of interest in defining the lower bound toughness in
the lower transition region. At room temperature this plate
of A 533B exhibited a yield strength of 480 MPa, and an
arrest toughness K;, of 83.4 MPa-m'/2,

The specimens were machined in accordance with the
drawing shown in Fig. 2. Of particular concern was the
sharpness of the notch, since it was to act as a starter
crack. The notch was machined with a multi-tooth carbide
cutter with a 45° included angle. The tip of the cutter
ground with a tip radius of 0.04 mm; however, we expected
tool wear would increase that radius. We checked the
profile of geveral notches using shadow projection with high
magnification and found some variation in notch quality with
radii varying from 0.05 to 0.07 mm. It was also noted that
the notch tip was not a perfect circular arc. A typical
profile of a notch tip, presented in Fig. 3, shows the
quality typical of the geometry maintained at the notch tip.

Four bonded foil strain gages, with an active element
1.5 mm long, were installed on each specimen 5 mm from the
tip of the notch as indicated in Fig. 4. This location is
identical to that employed by Bonenberger [5] in the initial
development of this approach. During the impact experi-
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ments, the strain gage signals
were recorded on a four
channel digital oscilloscope.
The frequency response of the
strain measuring system was
controlled by the strain gage
amplifiers which were
egsentially flat from d.c. to
100 kHz.

CHARPY MACHINE MODIFICATIONS

1 mm

The Charpy machine i ,
employed in the study had a Figure 3: Micrograph of a
standard U type pendulum with replica of the notch.

a capacity of 240 J, although

we made two modifications to the machine. First, to
accommodate the added height of the oversize specimen (19 mm
versus 10 mm for the standard specimen), the rails
supporting the specimen were reduced in thickness by 4.5 mm.
This change maintained the position of the centerline of the
specimen relative to the nose piece on the hammer.

The second change involved instrumenting the nose
piece, to permit a signal representing the impact force to
be recorded. Shallow slots were ground on both sides of the
nose piece of the hammer to accommodate semi conductor
strain gages. Cover plates were bonded to the nose piece to
protect the gages from contact with the Charpy specimens
during the fracture process.

The sensitivity of
the instrumented
nose piece was
very dependent on ror
the location of re5mm ’_____‘ — omm
the applied force

along its height.

We resolved this /," -— 1
problem by an
ingitu calibration
technique based on
absorbed energy.
We first

calibrated the Figure 4: Location of the strain gages
nose piece 1n a relative to the notch tip.
testing machine to

obtain an approxi-

mation of the calibration constant for its load sensitivity.
Subsequently, this first estimate was adjusted so that the
absorbed energy as calculated from the force-time record
coincided with the absorbed energy measured directly from
the Charpy machine. The repeatability of this calibration
technique was excellent.

strain gage




McCOWAN ET AL. ON TOUGHNESS MEASUREMENTS 251

DEVELOPING THE MASTER CURVE

A typical set of strain-time traces recorded from the
four gages is shown in Fig. 5. We note that each gage
indicates a slightly different signal depending on the
response of specimen. To accommodate these differences, the
signals from the four different gages are averaged together
to give a single strain-time trace as indicated in Fig. 6.

The strain-
time trace in 2000

Fig. 6 clearly |

indicates the 1800 gg:;

dynamics of the 1600 Gage 3

modified Charpy 1400 Gage 4

specimen. The %12w_

strain increases %

with time in a \ 10007

nearly linearly £ 8001

manner for the & s00-

first 50 us, then

the trace becomes 4001

more non-linear. 200-

The non linearity 0 . . i i ]

ig due to two 0 25 50 75 100 125 150
effects. First, Time t, ps

with increasing . ) . .

time the Hertzian Figure 5: Typical strain-time traces
load at the showing gage to gage variation in strain.

contact point
produces local
compregsive stresses that exceed the yield strength of the A
533B steel, and a portion of the hammer displacement is
accommodated by local plastic deformation at the contact
point. Second, with the higher strains (1200 pue and above)
the regions near the notch tip have yielded, and the
gpecimen deformation is accommodated by plastic deformation
near the notch tip. It is evident that the non linearity in
the strain-time trace is to be expected, and that it will be
dependent on the yield strength of the material tested and
the shape of the nose piece on the Charpy machine.

Oscillations are also evident in the strain-time record
presented in Fig. 6. The first oscillation has a period of
40 ps and the second oscillation has a period of about 65
us. The third oscillation begins, but it is damped beyond
recognition and its period is not evident. Clearly, the
gpecimen is under going vibration during impact; however,
the magnitude of the oscillations are small compared to the
mean strain later (after 70 us) in the impact event. Since
all of the specimens tested in this series of experiments
failed at times longer than 95 us, it appears that the
effect of gpecimen vibration on the strain recorded at the
time of crack initiation was relatively small.

The reproducibility of the strain-time traces 1is
illustrated in Fig. 7, where the records for four different
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specimens tested 2500 I

at temperatures

varying from 0 to © 2000— Initiation -
40°C are o Unlikely

presented. ; 1500 |— —
Examination of "

these results show € 1000 |— Initiation |
that the strain- ® Probable

time traces are 73] 500 | |
almost identical

for times less | | |

than about 75 us 00 50 100 150 200
and strains less Time t, us

than 0.0014. . \ . .

Later in the Figure 6: Dynamic characteristics of the
impact event strain-time trace.

larger record to
record deviations are evident. It is believed that these
deviations are due to the tearing that occurs at the notch
tip before cleavage failure is initiated. We will show, in
the section on Fractography, evidence of this tearing and
describe the specimen to specimen variation of the extent of
tearing observed at the tip of the notch.

The master

strain-time curve, 2500 I T 21°C
shown in Fig. 8,
is representative 2000 — 0°
of those in- b
dividual traces T 1500 — 40° C —|
presented in Fig. E
7. It is
necessary to % 1000 — 21°C -
convert this ]
master strain-time 500 — _
curve to a | | |
corresponding % 50 100 150 200
stress-intensity- Time t, us
factor-time master
curve. This Figure 7: Four stress-time traces
conversion was showing reproducibility.
made by employing
the relationship
derived by Bonenberger et al. [5]:

Ky = 38,88063W (1)

where K, has units of MPa-m'?, and €', is the strain at the
instant of cleavage initiation. We consider the dynamic
initiation toughness K,; as well as the crack arrest
toughness K;, to be a good estimates of the lower bound
toughness. Accordingly the value of K;; is presented on the
right hand ordinate of Fig. 8.
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The smooth 100'§
non linear shape 2500 — E
of the master o
curve suggested © 2000 — —|80 EU
that it would be © 3
possible to fit > 1500 (— —60 g
the curve with a !
relatively simple £ 1000}— —40 5
relation. We £ 3
have selected a @ 500l —20 'S
two term function €
of the form shown 0 | | | g
below to relate 0 50 100 150 200 &
toughness with Time t, us
time. .

In Eq. (2) Figure 8: Master curve for e-t and K,-t.

the time t is in

us and Ky is in

MPa-m!/2, The constants a and b were determine as 4.88 and
0.0758 by fitting the relation to data taken at t = 100 and
200 us.

Ky = att’? + bt (2)

CRACK INITIATION TIME

The dynamic initiation toughness for A 533B reactor
grade steel may be determined from the master curve shown in
Fig. 8 or from Eg. (2), if some method is used to measure
the time during the impact event when the crack initiates.
There are three different methods for measuring the
initiation time. Strain gages can be mounted near the crack
tip and their signals will show a sharp decrease within a
few us after the crack initiates [4,5]. A second technique
involves the placement of a coil near the Charpy specimen to
sense the magnetic field. When the crack initiates the
field suddenly changes. Recording the voltage v produced by
the coil with respect to time gives a discontinuity in the
v-t trace that indicates the initiation time [6]. The third
technique involves measuring the impact force as a function
of time during the impact event. The tup signal decreases
rapidly with time when the crack initiates (in cleavage) and
the specimen stiffness shows a corresponding decrease. We
employed both the tup and strain gage signals in determining
initiation time in this study.

Oscilloscope records of the average strain-time trace
and the tup force-time trace are shown in Fig. 9. We
include four records to show the effect of different testing
temperatures. An examination of these records indicates
that the tup signal oscillates with very large amplitude for
the first cycle; however, in subsequent cycles the amplitude
of the oscillation decreases markedly but does not vanigh.
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at o0°c, (b)

E3-3 at 10°C,

(c)

& (d)

next page.

Four records showing correspondence between the

strain gage signals (average) and the tup signal: (a) E3-11
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Figure 9 continued: (c) E3-16 at 21°C, and (d) E3-17 at
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The osgcillations in the force-time records are due to
gseveral different harmonics.

27 kHz,

its natural frequency.
(about 2.5 kHz)

specimen

The fundamental harmonic,
ig probably due to the ringing of the nose piece at
The natural fregquency of the

ig not evident in the tup record.
For times larger than about 50 to 60 us,

at

the tup gignal

appears to track the strain signal with oscillations
producing the primary deviations between the two gignals.
When the crack initiated in the modified Charpy specimen,

both signals decreased rapidly with respect to time.

The

difference in the indicated time of initiation varied from

specimen to specimen.

Reference to Fig.

9a shows a very

close correspondence, because the oscillation of the tup

gignal was in phase with the initiation of the crack.

That

ig the oscillation produced a decrease in the force gignal
at the same instant ag the reduced stiffness of the failing

Charpy specimen produced a decrease in the tup signal.
the other hand, Fig.

9b, c,

On

and d show that the oscillation
wag producing an apparent increase in the force gignal,
the instant of crack initiation.

at

In thig case, the force-

time trace is delayed in its response to the reduced
stiffness of the specimen after crack initiation.

It is clear then that differences occur in the estimate
of the crack initiation time ag measured from the strain-

time traces and the force-time traces.

The differences are

indicated by the graph of initiation time as measured from

the strain-time trace on the ordinate,

and initiation time

as measured from the force-time traces on the abscissa in

Fig. 10.

For ideal measurements,

the initiation times

aggociated with both methods should be equal and the data

points should track the no delay line shown Fig.

However, neither
measurement
technique is
without error,
we obsgerve a
digpersion of data
points on both
gides of the no
delay line. Most
of the points
indicate that the
indications from
the force-time
records are
delayed relative
to the time
indicated from the
gstrain-time trace.
The delay in most
cages is less than
10 us. In three
cases the force
time record gives

and
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Figure 10:Comparison of initiation time
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an early indication of initiation, but the differences in
these early signalg ig usually less than 5 us. We note
three data points in Fig. 10 that fall well outside the +10

us band. In two instances the specimen yielded, and the
crack experienced a significant degree of tearing before
cleavage initiated at times greater than 250 us. The

effects of tearing are to delay the fracture event and to
produce an apparent toughness well above the lower bound
toughness. In one case, Q3-21, a reasonable toughness was
predicted with crack initiation time of 221 us. In general
one might disregard any test with a crack initiation time
gignificantly greater than about 200 us.

The effect of small errors in measuring the crack
initiation time depends on the time of crack initiation. If
the dynamic crack initiation toughness is relatively low
(about 60 MPa-m’?), the specimen will fail early in the
impact event, say at 100 us. A delay error of 10 us (10% in
this instance) produces an error in K;; of 6.0%. The
mitigation of the error is due to the non-linearity of the
master curve shown in Fig. 8. At higher toughness values
(say 73 MPa-m'?) which corregponds to an initiation time of
150 us, a delay error of 10 us (6.7% in this case) produces
an error in K;y of only 4%. For the highest toughness,
about 85 MPa-m!2, the time to initiation is 200 us, and the
error in the time measurement will be 5% and in the tough-
ness measurement only about 3%. When compared to the
scatter of several hundred per cent in toughness measure-
ments typically observed in extensive and carefully
controlled testing programs for K;,, these errors are very
small.

We conclude that force-time records from instrumented
Charpy machine can be interpreted to give a close estimate
of the initiation time. The estimate will usually give an
initiation time that is too long by 5 to 10 us, but this
error is small compared to the typical scatter in the
measurement, and the error is in part mitigated by the non
linearity of the master Ki;-t curve.

RESULTS

A total of 16 modified Charpy specimens were tested in
this study. Each gpecimen was instrumented with strain
gages, and simultaneous records of strain and force were
made as a function of time during the impact event.
Specimens were tested at temperatures of 0, 10, 21, 30 and
40°C. The results from the test series include the crack
initiation time measured from the strain gage and the
instrumented tup records, the dynamic crack initiation
toughness K;4, and the energy absorbed are shown in Table 1.
Two specimensg, E3-8 and -16, we considered to be invalid
testg due to excessive tearing prior to cleavage initiation
The results for the crack initiation toughness of the
remaining specimens are also presented in Fig. 11.
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Cleavage Tearing Notch
B & gl '
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(A)
Tearing
% Wiy

(B)

Figure 12: The tearing zone at the root of the notch in the
E3-11 sample (0 C), is approximately 0.1 mm wide. Tearing was
followed by cleavage intiation, which is more clearly shown at
higher magnification, B.
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TABLE 1--Results from the Modified Charpy Test Series

Spec. Temp. Kig Strain Force Absorbed
No. oC MPa-m*? | Time us | Time us | Energy J
E3-11 0 70.4 131 132 32.2
Q3-20 0 75.6 137 132 32.9
E3-3 10 71.2 102 121 44 .8
E3-20 10 63.9 98 100 26.6
E3-1 21 60.4 127 139 29.4
E3-6 21 58.2 95 95 23.1
E3-10 21 61.5 111 124 35.0
E3-16 21 71.7 154 161 37.8
E3-18 21 70.4 127 128 28.0
Q3-17 21 95.4 131 132 55.3
E3-7 30 69.0 180 177 35.0
E3-17 30 69.3 122 121 29.4
E3-8 30 100.1 267 296 100.8
Q3-10 40 101.5 218 227 59.5
Q3-21 40 99.0 221 283 79.8
Q3-23 40 90.6 191 * 56.0

* Instrument malfunction on tup record.

FRACTOGRAPHY

The fracture surfaces from five different specimens
were examined in a scanning electron microscope to study the
initiation of fracture from the "sharp" notch tip. The
results that were observed varied considerably from specimen
to specimen. The smallest amount of tearing occurred in
specimen E3-11 as illustrated in Fig. 12. An overall view
of the notch region at 20X, presented in Fig. 12a, shows a
narrow tearing zone at the notch tip prior to clevage
initiation over a large region. It is important to note
that the extent of tearing is not uniform, and the depth of
the tear zone varies over the height of the specimen. This
fact is better illustrated in Fig. 12 b, where the
transition from ductile tearing to cleavage is presented at
a magnification of 700X. We observe that the depth of the
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Quasicleavage

BB5% 18KV

(B)

Figure 13: The tearing zone at the root of the notch in the
E3-8 sample (30 C), 1is over 1 mm wide in some regions.
Tearing was followed by cleavage initiation (mixed mode),

which is more clearly shown at higher magnification, B.
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tear zone varies from about 33 um at the bottom of the
fractograph to about 47 um at the top. The cleavage region
shows small areas of ductile hole joining at the ridge
lines, which is typical for this type of steel when

cleavage occurs at test temperatures close to the RTy;.

The most extensive tearing occurred for specimen E3-8
which was tested at 30°C. The fractograph shown in Fig.
13a, indicates that the depth of the tear zone exceeded 1
mm. The propagation of the crack front by the tearing
mechanism is relatively slow in comparison to cleavage
propagation. As a consequence, the time required for
cleavage initiation is very long. In this case the time to
initiation wag 267 ug. With this large amount of tearing
the test is consgidered invalid and the data is not used in
the determination of the lower bound toughness. The
transition from tearing to cleavage eventually occursg, as
gshown in Fig. 13 b. Again the cleavage region shows
evidence of late breaking ligaments at the ridge lines of
the cleavage facetg. The ductile hole joining in these
regions 1is typical of this steel when tested at 30 to 40°C
above the RTyy;.-

The area of tearing at the tip of the notch varied from
1.8 mm? to 9.6 mm?. The time to crack initiation was a
function of this area ag expected. The shorter initiation
times (less than 150 us) were associated with tearing areas
of less than 2 mm?, and the longer initiation timeg (more
than 200 us) were associated with areas in excess of
2.5 mm?.

DISCUSSION AND CONCLUSIONS

The concept of determining crack initiation toughness
from Charpy specimens is not new. Initial studies [8,9]
coincided with the development of instrumented tups, and
effortg were made to relate the toughness directly to the
impact force. The method for determining K;; from the tup
records was described by Radon and Turner [10], and this
method was employed by Server and Tetelman [11] in their
studies of a reactor grade steel. Both of these
investigations used standard Charpy specimens that had been
precracked in fatigue and side-grooved. From these studies,
guidelines [12] were developed to determine Ky and J4.

The difficulty in using the standard Charpy specimen to
determine toughness is that the small height (10 mm) of the
specimen is sufficient to provide plain strain constraint
for only those materials with extremely low toughness. For
more commonly employed engineering steels, additional
constraint is necessary to accommodate increased toughness.
Hoyt [13] had suggested using double height specimens to
increase constraint as early as 1938, but nothing was done
to implement this suggestion until Bonenberger developed the
modified specimen geometry [4] with a height of 19.2 mm.
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This specimen offers sufficient constraint to permit testing
of engineering steels with K, approaching about 100 MPa-m'/?,
We have extended the work of Bonenberger et al. by
modifying the procedures followed for specimen preparation

and testing. We have employed a sharp notch instead of a
precrack formed with precompression. The results obtained

indicate that cleavage can be initiated from the sharp
notch, but that the cleavage is preceded by a small amount
of tearing. The depth of the tearing ranged from 30 to 50
um for specimens exhibiting lower toughness (55 to 70
MPa-m'/?) to as much as 1 mm for specimens with very high
toughness (in excess of 100 MPa-m‘?). The tearing
transitions into cleavage even in the high toughness
specimens; however, tearing is a slow process and the
initiation time is extended to 200 us or longer.

We have also shown that an instrumented tup can be
employed to estimate the crack initiation time. There is
usually a small delay in the response of the tup, when
compared to the strain gage response; however, the error
produced by the typical delay (5 to 10 pus) is negligible
when compared to the scatter observed in carefully
controlled and standardized tests for toughness.

A master curve relating crack initiation time to K
was developed in this investigation. This curve differs
from the master curve developed by Bonenberger [5], even
though the material was from the same plate. The curve
presented in Fig. 8 is nearly identical to the curve in [5]
for small strains but for the larger strains, the curve
developed in this study shows more non linearity. We
believe that part of the differences may be due to the
different Charpy machines that were employed. Bonenberger
employed a U type machine with a 400 J capacity. The
machine was old (worn tup), used extensively by under-
graduate students and not firmly mounted to the floor. The
machine used in this study was a U type with a capacity of
250 J. It was in excellent condition; grouted and properly
bolted to the floor with a suitable foundation. The nose
piece on the hammer was new. We believe that a significant
part of the non linearity in the master curve is due to the
plastic deformation at the contact point due to Hertzian
stresses that exceed the yield strength.

A second difference was in the material at the notch.
Although the specimens were all from the same plate,
Bonenberger pre-compressed the material in the local
neighborhood of the notch. This pre-compression elevated
the local yield strength and the specimen exhibited better
resistance to the Hertzian contact stresses and required a
longer time before yielding at the net section occurred.
The precompession also introduces residual tensile stresses
which were partially relieved by short cracks at the notch
tip.

The third difference was in the depth of the side
grooves. In this study we employed a depth of 2 mm compared
to a depth of 1.9 mm used by Bonenberger. This difference
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would tend to cause yielding of the more deeply side grooved
specimens at an early time and to accentuate the non
linearities, although the effect would be small.

The results that we measured for X,;; were higher than
those measured by Bonenberger at 0°C. We believe this
difference is due largely to the method used to prepare the
specimens. Precompression used by Bonenberger probably
elevated the yield strength while suppressing the toughness.
Also the precompression produced a residual tensile stress
near the notch that was only partially relieved by the
formation of a short crack at the crack tip. Accordingly
Bonenberger measured K;; values (40 to 50 MPa'm”#) that were
significantly lower than the average crack arrest toughness
of 83.4 MPa'm* [7]. In this investigation the measurements
of Ky at room temperature varied from 58.2 to 95.4 MPa-m*
with an average value of 69.6 MPa-m¥, which is in better
agreement with the average arrest toughness of the material.

We expect the arrest toughness of the steel K,;, to be
less than the dynamic crack initiation toughness K;. 1In
this series of measurements the average value of K, was
about 16.5% lower than the average value of K;,. However,
in the round robin testing [7] of the same lot of A533 Type
B steel the standard deviation for the crack arrest
toughness was 10.6 MPa-m*. If one defines the lower bound
toughness as the mean less two standard deviations, the
value from the round robin test program would be 83.4 -
2(10.3) = 62.2 MPa-m*. It appears that the results from the
sharp notched modified Charpy specimens are somewhat
conservative when average values are considered. However,
if one is attempting to determine the lower bound toughness
to be used in a conservative design, then the results using
the proposed method appear to be in reasonable
correspondence with a arrest toughness measurements when the
dispersion of the test results are taken into account.

It is important to eliminate the need to use strain
gages in developing a measurement method for fracture
toughness that is based on impact loading with Charpy
machines. The strain gages require additional
instrumentation, are expensive to install and require
additional time in data reduction. Master curves can be
developed for different alloys using a limited number of
strain gages and then employed in subsequent certification
testing to insure that the toughness of a particular heat of
steel exceeds a minimum lower bound toughness. This
approach requires that the initiation time be established
with some degree of confidence. We have shown that the
instrumented tup gives a reasonably close estimate of the
initiation time. However, before we close this topic it
should be noted that initiation is not an instantaneous
event.

When a crack initiates, even from a fatigue sharpened
crack, the initiation event is a series of many small
initiation events. Initiation occurs at many cleavage
initiation sites. Crack front stretch and even limited
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amounts of tearing (ductile hole joining) occur before all
of the cleavage initiation site are triggered. Sometimes in
the tougher steels, cleavage will extend across a few grains
and then the fracture mechanism will transition back to
ductile hole joining. The initiation process is a
combination of many local initiation events which occur over
a small amount of time, but not at the same ingtant. When
we attempt to measure the initiation time, we should
recognize that it is not a precise number, but an
approximation of the time when a critical number of local
cleavage initiation events are occurring.
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ABSTRACT: A series of controlled impact experiments using a charpy pendulum were
conducted to address the possibility of dynamic verification and calibration of instrumented
tups. The methodology involved striking an instrumented pendulum tup against a rigidly
fixtured transducer. The guiding principal is as follows: If a NIST traceable dynamic load
cell is impacted by a service load cell, a comparison of the signals can be used to verify the
performance of the service load cell. In this fashion, tups can be verified and calibrated
electronically, without resorting to the use of standard test specimens. A relatively
compliant Nylon bumper was placed between the pendulum tup and the fixed load cells to
dampen the excitation of high frequencies during the impact event. During each impact,
load-time signals measured by both the pendulum and fixtured tups were recorded,
compared and Fourier analyzed. Results of the Fourier analysis justified a simple two-
mass-two-spring model of the impact behavior. Results of the experiments are rationalized
using the mass-spring model, and present guidelines for designing a verification system for
both pendulum and drop-weight testing machines.

KEYWORDS: verifier tup, dynamic calibration, instrumented impact, Fourier analysis,
viscous damping, stress waves, frequency spectrum, nylon alloy

INTRODUCTION

Charpy tests have found widespread use in the measurement of the fracture properties
of materials. However, the dynamic effects associated with impact testing make accurate
calculations of the energy partitioning quite difficult[1]. Additionally, stress wave

1 Assistant Professor, Department of Mechanical and Industrial Engincering, The University of
Illinois at Urbana-Champaign, Urbana, IL 61801

2 Dynatup, GRC International Inc., 5383 Hollister Ave., Santa Barbara, CA 93106
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reflections during a test affect the measured signals, and substantially alter the output of
impact experiments [2,3,4,5]. This was clearly outlined by Sahraoui and Lataillade[3],
who considered the vibrations of a charpy specimen throughout an impact test. Their work
demonstrates that, depending upon the contact stiffness of the system, one can either
substantially under- or over-estimate the failure load during charpy tests. These dynamic
effects have made a complete understanding of impact testing an elusive goal, and created a
need to dynamically calibrate and verify impact testing equipment.

The issue of dynamic calibration arises from the fact that impact transducers are
calibrated quasi-statically, yet used dynamically. This has raised the issue of whether a
static calibration is suitable for dynamic load measurements[1]. For the most part, the issue
of dynamic verification has been addressed by conducting tests on standard test specimens
(ASTM E 23). Using this approach, tests are conducted on a standard test material with a
known energy absorption to failure. Samples of the material standard are tested according
to the ASTM protocol (ASTM E 23), and their energy absorption recorded. The resulting
value must agree with the known standard to within 5%. Though this represents a viable
methodology, it is always subject to statistical variability in sample properties, testing
conditions, and experimental diligence. Furthermore, the fracture of materials is inherently
non-linear and, therefore, extremely sensitive to initial conditions.

The present research presents an alternate verification technique that utilizes an
entirely electronic verification scheme. This is accomplished by striking one load cell
against another. A compliant nylon bumper was placed between the two load cells to damp
out any high frequency excitations. Furthermore, since the modulus of the compliant
bumper is several orders of magnitude lower than that of either the pendulum or the
fixtured transducer, the compliant bumper becomes the dominant energy absorber
throughout the impact event. Experiments were conducted over a range of impact energies
and bumper thickness. A comparison of the signals, then, would allow one transducer to
be verified against the output of another. Such a comparison, however, depends upon a
thorough understanding of the impact event, accounting for any and all dynamic effects
associated with the tests. With this in mind, a controlled study was conducted to guide the
development of a verification system, the results of which are reported in this paper.

EXPERIMENTAL PROCEDURE

A Dynatup (Mode! POE2000) Instrumented charpy testing machine was configured
with an impact transducer at the normal location of a test specimen, Figure 1. This
transducer is considered as a reference (or verifier) for comparing the transducer output of
the instrumented tup. In this investigation, both the instrumented tup and the verifier
transducer were quasi-statically calibrated.t The verifier transducer was rigidly clamped to
the base of the pendulum machine, all of which was attached to a 16001b block of concrete.
The verification transducer was a custom fabricated dynamic tup for use as a verifier
transducer in both pendulum and drop-weight machines. A nylon bumper was affixed to
the tip of the verifier transducer, as shown in Figure 2. The nylon is used as a compliant
shock bumper that prevents high frequency excitations, and has a stiffness three orders of
magnitude lower than that of the tups. As a result, the vast majority of the impact energy is
absorbed in the compliant bumper, with very little elastic energy absorbed by the tups.
This enables a simple analysis, whereby the tups are considered to be rigid, and all the
impact energy is absorbed by the nylon bumper.

T In practice, it is proposed that the verifier tup be replaced with a NIST-traceable, dynamically calibrated
load cell.
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Figure 1. Schematic of the verification system. The verifier transducer is positioned at the
bottom of the pendulum arc.
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Figure 2. A nylon bumper is molded directly onto the verifier tup. Bumpers were
fabricated with thickness ranging from 4.4 mm (0.175") to 17.0 mm (0.675").
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The charpy pendulum is raised to a pre-determined height (drop angle) and
released. As it approaches the verifier transducer, it activates a data acquisition system.
Data is acquired from both the charpy and verifier tups at a 400kHz sampling rate. The
experiment is repeated four times, at each drop angle, to assure statistical reliability. Three
different drop angles (20°, 40° and 60°) were used for each of six different Nylon bumper
thicknesses, as listed in Figure 2. This broad range of testing conditions was used to
provide a breadth of experimental results to guide the subsequent modeling.

EXPERIMENTAL RESULTS

Overlays of typical signals from both the charpy and verifier tups are displayed in
Figures 3 and 4. Figure 3 shows results of a drop test from an angle of 20°. Each of the
curves show the same qualitative shape, with quantitative differences in the magnitude of
the tup response. Note that the agreement between the signals improves with an increase in
thickness of the nylon bumper , Figure 3b. Figure 4 shows a similar comparison of tup
response for a drop angle of 60°. The thin nylon bumper results in substantial differences
between the charpy and verifier signals (Fig 4a), while, again, improvements in signal
agreement are obtained for the thick bumper (Fig 4b). Such differences are due to
dynamic effects associated with the bumper material, and will be modeled in the next
section.

A series of impact tests were conducted using bumpers ranging in thickness from
0.175" 10 0.675", over each of the drop angles. The peak force measured by both the
charpy and verifier tups is plotted as a function of bumper thickness and drop angle in
Figure 5. Two items are of note in these figures: First, the peak impact force was found to
increase with increasing bumper thickness. Second, the mean difference between the
charpy and verifier signals decreases with increasing bumper thickness. These effects are
attributed to the dynamic response of the bumper material. As will be shown in the next
section, the stress wave amplitude has a greater effect for the thinner specimens, due, in
part, to the increased viscous damping that accompanies the thicker bumpers.

The load-time signals of both the charpy and verifier tups were analyzed for their
spectral content. Figure 6 contains representative results of the spectral analysis for both
tups. Both tups show a dominant spectral component at 400Hz, the frequency associated
with the elastic rebound. The power diminishes rapidly, showing only one additional
frequency of any consequence in the verifier signal. This frequency is associated with
stress wave propagation in the Nylon bumper material [6],

=y
f=% M

where v=, /E
P

E = is the modulus of elasticity
p = is the density
and t = is the bumper thickness

For nylon, this results in a frequency of approximately 1600Hz. In each experiment the
spectral content of the verifier was greater than that of the charpy tup. This effect is
attributed to the fact that the Nylon bumper is securely fixed to the verifier, while it
experiences only a pressure contact at the charpy side. The improved coupling at the
verifier results in a different Fourier spectrum. This effect is not attributed to the
differences in the tups themselves, since the content of the Fourier spectrum is well below
the natural frequencies of the two tups.
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Figure 3. Overlays of the load-time response from both the verifier and charpy tups
during impact from a drop angle of 20°.show quantitative differences. (a) A
bumper thickness of 4.4 mm resulted in a verifier response greater than that of
the charpy tup. (b) A bumper thickness of 17.1 mm resulted in better
agreement between the charpy and verifier tups.
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Figure 4. Overlays of the load-time response from both the verifier and charpy tups
during impact from a drop angle of 60°. (a) The thin bumper (4.4 mm) resulted
in large discrepancies between the charpy and verifier tups, while good
agreement was found for the thick (17.1 mm) bumper.
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Figure 6. Plots of the power spectrum obtained from the Fourier transform of the (a)
charpy and (b) verifier signals.
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THEORY AND COMPUTER SIMULATION

Fourier analysis of the Impact signals revealed two dominant frequencies in the
power spectra. As a result, a two-mass-two-spring model is used to provide a theoretical
framework for interpreting the results, and is confined to modeling the behavior of the
nylon bumper during the impact event. Given the relative stiffness of the tup and bumper
materials, the Charpy and verifier transducers are considered to be rigid. Since polymers
are notoriously viscoelastic, the nylon bumper model includes both elastic springs and
viscous damping elements, Figure 7. The viscous damping element has the effect of
diminishing the stress-wave amplitude, a result that is noted in the experimental impact
results. Using the coordinate system indicated in Figure 7, a set of two coupled differential
equations completely describes the dynamics of this system{7]:

TS IR S —
u+—=Lu+=H2uq-up)=0 2
g ﬁiﬁ 1) (2a)
. Co e k, .
W +—2{117-U1 +—=2{ur~-uq-ug)=0 2b
2 ﬁii 2-) ﬁi# 2-U1-Up) (2b)
where: u denotes the location of each mass

¢ is a damping coefficient
m is the associated mass
and k is the associated spring constant.

The subscripts correspond to each mass and spring element.
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Figure 7. The response of the nylon bumper is modeled as a system of two masses
connected by two springs and two dash pots. The tups are rigid in comparison to the nylon
bumper. The verifier response is simply the reaction force at the wall, while the charpy
response is equal to the crosshead mass times the deceleration of the crosshead.

In the following simulations, the damping coefficients and spring constants are equal,
while m] is given by half the mass of the Nylon bumper, and m3 is equal to the sum of
half the bumper mass plus the cross-head mass. The spring constant is related to the
modulus of the Nylon material through
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—AE
=Ab 3
L
where A is the cross sectional area of the Nylon bumper
E is the modulus of elasticity of Nylon
and L is the bumper thickness

The damping coefficients, ¢, were systematically varied until a behavior similar to that
observed in the experiments was obtained. It is important to note that these simulations are
for the purpose of understanding the observed experimental trends, and are not intended to
be quantitative models of the impact experiments. Thus, the numerical output is not
calibrated to the experimental values measured by the charpy and verifier tups.

The proposed model captures the essence of the impact problem; it incorporates
elastic and inelastic response, and it includes a stress wave component. As such, this
model can be adjusted to accurately model the experimental traces.

For the purpose of completeness, higher order spring-mass models were also tested,
resulting in an additional simultaneous equation for each mass that was added to the model.
In all cases, the ensuing 27d order coupled differential equations were written as two first
order equations and solved using a 4th order Runge-Kutta technique. The accuracy of the
Runge-Kutta was evaluated by iteratively refining the step size, until only small differences
were noted in the resulting solutions. Increasing the number of springs and masses adds
higher frequencies to the spectrum of vibrations. Since only two major frequencies were
noted in the experiments, the higher order models were not needed, and all subsequent
modeling was conducted using a two-mass two-spring system.

Figure 8 overlays the results of an impact simulation using the two-mass two-spring
model with an experimentally measured impact curve. As can be seen in the figure, the
model accurately captures the essential features of the impact event, wherein a dominant
bell shaped curve is modulated by a damped sinusoid. The damped sinusoid corresponds
to oscillations of the center mass in the model material, in direct analogy to the modulations
brought about by stress waves in the nylon bumper material.

The configuration of the experimental set-up has the charpy tup measuring the load on
one side of the nylon bumper, while the verifier measures the load on the opposite side.
Using the proposed model, simulations were conducted to compare such loads. The force
associated with crosshead deceleration models the charpy load, while the reaction force at
the wall models the verifier load, Figure 7. In contrast to quasi-static loading, dynamic
loading contains inertial and stress wave effects that result in different loads simultaneously
occurring on each side of the sample. This is clearly revealed in Figure 9, where, first, the
stress waves are out of phase, and, second, inertial effects have diminished the relative
peak loads at both the front and back sides of the bumper (Fig 9a). Thus, the results of
simulated impacts show differences in front and back-side loads that arise due to stress
waves, inertial effects and viscous dissipation. As a result, comparison of one tup to
another, during the same impact event, must account for both stress waves and viscous
dissipation effects.
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Figure 8. A comparison of simulated and measured impact response at the verifier tup
show good qualitative agreement.

The impact experiments conducted led to several surprising results. First, increasing
the nylon bumper thickness improved the agreement between the charpy and verifier
transducers. Second, as the nylon bumper thickness increased, the peak load measured by
both the charpy and verifier tups were found to increase. Simulations were conducted to
determine the response of the mass-spring analog as the sample thickness was increased.
Changes in the sample thickness were modeled in two ways: (1) the sample was doubled in
thickness by doubling the total number of masses and springs, and, (2) the sample was
doubled in thickness by doubling the mass and the equilibrium length of the two spring
system. As expected, doubling the total number of masses and springs causes a decrease
in the peak load for a given impact condition. However, the frequency spectrum is
dramatically altered, resulting in a load-time trace that does not resemble the experiments.
Doubling the masses and equilibrium spring lengths, while changing the spring constants
results in simulations that are in good qualitative agreement with the experiments, Figure 9.
That is, increasing the specimen thickness increased the peak load measured at both sides
of the bumper. Itis postulated that, over the range of thickness tested, an increase in
thickness increases the inertial effects, resulting in an increased peak load.

CONCLUSIONS

The experiments presented in this study reveal the possibility of designing a
verification system for tups used under daily service testing. The service machine would
be verified against a known standard impact transducer by striking the verifier with the
service tup. The procedure for verification would mimic the procedures outlined in this
study. In brief, a verification tup would be mounted onto a Pendulum machine to receive a
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blow from the pendulum tup. The verifier tup would be positioned at the bottom of the
charpy arc, and fixtured with a compliant bumper material. Several impact tests would be
conducted at several drop heights, and the signals from both tups would be recorded and
overlaid. If the charpy tup is functioning properly, the resulting signals should agree to
within a specified tolerance, determined through a round-robin set of experiments. A
compliant bumper material should be chosen with specific elastic and geometric properties,
based, again, upon the results of round-robin testing.

It is important to note that, due to inertial, stress wave, and viscous effects, even
perfectly calibrated transducers will record differences in the load on each side of a
compliant bumper. Thus, verification must consider the dynamic response of the bumper
material. An excessively hard bumper will partition a greater share of the impact energy to
both the striking and verifier tups, resulting in the need to include the tup response in the
dynamic modeling. Thus, a compliant bumper is preferred. However, one must also
consider the viscous damping and thickness related effects inherent in the choice of a
bumper material. The experiments presented herein demonstrate that a 0.675" thick nylon
alloy bumper allows for good agreement between the charpy and verifier tups. Though
further testing is required, it is clear that the proposed verification system can be the basis
of a useful and reliable verification system.
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Figure 9. Simulations of the charpy and verifier tup response show differences at both the
front and back sides of the nylon bumper. (a) A thin bumper material shows
relatively large differences between the front and back-side response. (b) A
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still shows substantial phase shifts in the two signals.
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ABSTRACT: Measuring techniques and evaluation procedures for
determining impact energies of . polymeric specimens in
instrumented impact tests are discussed. In particular, high
sensitivity striker tups capable of measuring small loads with
high accuracy are introduced and the importance of
sufficiently fast electronic measuring systems for obtaining
true load traces are illustrated. But even when determined
with appropriate test techniques the measured impact energy
might not in all cases represent the true fracture energy for
breaking of the specimen. Kinematographic recordings of the
movement of the broken specimen halves after the impact
process show that a considerable portion of the measured
impact energy is transferred into kinetic energy of the moving
specimen halves. The difference of the conventionally measured
impact energy and the kinetic energy of the moving specimen
halves is introduced as the true impact fracture energy.

KEYWORDS: 1impact testing, measuring techniques, dynamic
material behaviour, polymers, electronic frequency response

INTRODUCTION

The most widely used property for quantifying the impact
strength of polymers 1is the energy to break a specimen in a
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pendulum impact device. The measuring technique and the
evaluation procedure follow in principle the methodology of
the Charpy-test [1l] originally developed for testing of steel
specimens. Because of the low load and energy values that
apply in testing of polymeric specimens certain modifications
of the test techniques, however, are usually needed.
Furthermore, the obtained results require special
interpretation and consideration as regards their validity to
represent true material properties that indeed characterize
the actual failure behaviour of the material. This paper
addresses some aspects relevant to the impact testing of
polymeric specimens.
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vp=1mls

00 1

G) 9874

0 1 2 3 t.ms &

PN EJ
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FIG. 1l--Typical instrumented impact test data, (P = load,
t = time, s = displacement, E = energy).

MEASUREMENT OF IMPACT LOADS

With the modern version of the impact test 1in 1its
instrumented form, the energy to break a specimen 1is not
determined by the difference of the heights of the pendulum
hammer before and after the test; instead, with a load sensor
at the tup of the striking hammer the load the specimen 1is
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subjected to 1is measured during the entire loading and
subsequent failure process of the specimen. Then, following
Newton's 1law, integration of the measured 1load-time-trace
determines the position of the striking hammer during the
impact process; this position 1is equivalent to the
displacements the specimen has undergone

s(t)=J[vo-%JP(t)dt]dt (1)

measured load

time

mass of hammer

(initial) impact velocity
specimen displacement

with

TR R TR

[

n<s o

A plot of the measured 1load P as function of the
calculated displacement s and another integration with respect
to displacement gives the energy E to break the specimen

E(s)=JP(s)ds (2)

If the integration is not carried out over the entire
impact process, partial energy values are obtained by
integration up to or in between characteristic parts of the
load-time-curve. A typical load-time-record and the derived
displacement-time-, 1load-diplacement-, and energy-displace-
ment-traces obtained in a test with a polymeric specimen are
shown in Fig. 1.

It is evident from Egs 1 and 2 that the load is the
essential dquantity controlling the final measuring result.

FIG. 2--High sensitivity striker tup made of epoxy resin
Araldite B (left) and conventional steel tup
(right).
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Therefore, certain aspects regarding the experimental
techniques for measuring loads in impact tests shall be
considered first.

Usually foil strain gauges at the tup of the striking
hammer are used as sensors for measuring the load. Since the
loads for breaking polymeric specimens are rather small
(several 100 N) the resulting strains in tups which are
usually made of steel are very low. As a consequence, the
resulting signals are difficult to measure and often disturbed
by electronic noise. Larger signals can be obtained using
semiconductor strain gauges but difficulties may arise from
nonlinearities and/or temperature effects, which one usually
wants to avoid completely in precision measuring techniques.
The author introduced a high sensitivy striker tup [2] which
is based on the principle that the tup is made from a material
having a Young's modulus lower than of steel: the resulting
strains thus become larger and can easily be measured with
conventional foil strain gauges. Tups from titanium-,
aluminium-, or magnesium-alloys or from the epoxy resin
Araldite B are used. The lower the Young's modulus the larger
the strains, and consequently, the higher the sensitivity. The
sensitivity of these tups is thus enlarged by factors ranging
from 2 to about 100. Because of its relatively high strength,
strongly 1linear-elastic and rate insensitive behaviour
Araldite B represents a material very well suited for
machining tups that allow accurate measurements of very small
load values. Figure 2 shows an Araldite B tup in comparison to
an equivalent steel tup. The tup has been calibrated up to
loads of 1000 N (see Fig. 3), a strongly linear response is
obtained.

36
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FIG. 3--Calibration of an Araldite B tup.

High sensitivity striker tups 1in combination with
instrumented test techniques represent another advantage: In
the usual non-instrumented test, pendulum devices of
sufficiently low energy capacity are needed for the testing of
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low strength materials: sufficiently large differences in the
pendulum heights before and after the test are thus obtained
and impact energies with sufficient accuracy are determined.
As a consequence, pendulum devices of different sizes with
energy capacities ranging from 750 J down to 0.5 J and maximum
impact velocities from 5.5 m/s down to 2.9 m/s are used. With
the instrumented test and high sensitivity striker tups,
however, the accuracy in determining impact energy values is
only determined by the accuracy of the load measurement -
regardless of the energy capacity of the pendulum. Thus,
without any disadvantages oversized (high energy) pendulum
devices can also be applied for testing of 1low strength
materials if a striker tup of sufficiently high sensitivity is
used. Oversized pendulum devices can actually be advantageous
since 1.) impact velocities higher than usual can be used (if

wanted) for the testing of low strength materials, 2.) the
loading rate during the impact and subsequent failure process
of the specimen stays practically constant, and 3.) only one

pendulum device is needed for tests of any kind of material of
any strength property. A high energy (300 J or 50 J) pendulum
device with interchangeable striker +tups of different
sensitivity represents a Universal Impact Pendulum Test System
[2,31.

1.0
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FIG. 4--Load-time-signal registered with amplifiers of
different upper frequency bound.

As shown by Fig. 1 the load signal measured in impact
tests shows characteristic oscillations. These oscillations do
not represent disturbances due to an insufficient measuring
technique but result from the sudden loading the specimen is
subjected to by the impacting hammer. Thus, these oscillations
represent true mechanical behaviour of the specimen and,
consequently, must correctly be measured, recorded, and
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analyzed. Foil strain gauges because of their small dimensions
are capable of correctly recording very fast signals (up to
about 1 MHz). It is often overlooked, however, that the
overall response of the load measuring device is determined by
the entire measuring chain, in particular also by the strain
gauge amplifier. Since the oscillations in 1load signals
recorded with polymeric specimens of sizes used in pendulum
test devices are in the range of about 20 kHz (partly larger)
the upper frequency bound of the amplifier should be around 50
kHz, better 100 kHz (or even higher if the rapid load drop due
to brittle failure processes shall correctly be recorded).
Figure 4 shows load-time-traces of one experiment recorded
with a dual channel oscilloscope with one channel attached to
a 1 MHz amplifier and the other channel attached to a 10 kHz
amplifier. The signal obtained with the 10 kHz channel shows
smaller oscillations and, additionally, a slower increase of
the load when compared to the signal obtained with the 1 MHz
amplifier (see also the different recordings of the rapid load
drop). The signal of a 100 kHz amplifier would practically be
the same as obtained with the 1 MHz amplifier; these signals
represent the true specimen response.

800
STRAIN GAUGE INSTRUM. SAN, unnotched

P.N

600 L v, =3.85m/s

400 |

200 |

No. 3306

G) 1 1 i
0 0.5 10 15 tms 20

pN| PIEZO-QUARTZ INSTRUM. SAN, unnotched
v,=3.85m/s

No. 3006

b) i i i
0 0.5 1.0 15 t,.ms 20

FIG. 5--Load-time-signals recorded with a) strain gauge and
b) piezo-quartz instrumented tup.
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Sometimes piezo-quartzes, positioned between the striker
tup and the hammer, are used as load sensors. Since piezo-
gquartzes have their own natural eigenfrequency (in the range
of 40 - 70 kHz for the fastest piezo-quartzes available) only
signals with frequencies below these limit values can accu-
rately be measured and, furthermore, superimposed disturbing
eigenoscillations of the piezo-quartz can eventually show up
in the measured load signal - if the eigenoscillations are
excited by the event to be recorded. Figure 5 shows load-time-
traces recorded with a piezo-quartz sensor on the one hand and
with a strain gauge instrumented tup on the other hand, for
two experiments for which all test parameters were identical
[3]. A comparison of the two records shows higher frequency
oscillations in the signal recorded by the piezo-quartz,
resulting from eigenoscillations of the quartz.

Care 1is also needed in choosing impact velocities that
yield load-time-traces which can reliably be used as a basis
for energy calculations. Figure 6 shows load-time-traces
obtained with specimens of the same material tested at various
impact velocities [3]. The higher the velocity the more
pronounced the oscillations, i.e., the larger the amplitude of
the oscillations and the lower the number of oscillations up
to a certain displacement, as is expected. Thus, the higher
the impact velocity, the 1less reliable the derived energy
value.

0.6

Vo= 10 mis vo=20m/s v, =29 m/s

FORCE P, kN

No. 11410 No. 11412 No. 11413
-02 L A 1 L 1 L i L 1 1
0 1 2 3 0 1 2 3 0 1 2 3

DISPLACEMENT s, mm

FIG. 6--Load-time-signals obtained at various impact
velocities.

In conclusion, for impact testing of polymeric materials
load measuring systems of sufficiently high sensitivity in
combination with sufficiently fast electronic processing
systems are needed to correctly record load traces with their
natural oscillations. Only by correct recordings of the load-
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time-traces can the accuracy of the determined energy values
be assessed and can indications on possible erroneously
determined energy quantities be obtained.

KINETIC ENERGY OF THE MOVING SPECIMEN HALVES

Precautions in the measuring techniques must be taken to
overcome the problems addressed in the previous chapter; with
sufficient care, however, the energy absorbed by the specimen
during the impact process can accurately be determined. The
second part of this paper addresses the question whether this
energy in all cases represents the true fracture energy for
breaking the specimen. In particular, it is investigated how
much effect the kinetic energy of the moving specimen halves
after the impact process, i.e., after the specimen has been
broken into two separate halves, will have on the results.
Especially when specimens fail in a brittle manner, the
specimen halves obviously exhibit certain kinetic energy
gquantities, which is easily recognized, since the broken parts
are often found large distances away from the test machine.

FIG. 7--High speed photographs of the movement of the broken
specimen halves after impact.

In order to quantify the magnitude of these kinetic
energies, experiments were performed for which the movement of
the specimen halves after the impact process has been
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photographed with a high speed camera [4,5]. A Cranz-Schardin
24 spark high speed camera was utilized for these
investigations; the camera was operated in a special recording
mode by which shadow images of the object, i.e. the striking
tup, the specimen, and the anvils are photographed. To allow
for an open view field these experiments were performed with a
drop weight tower instead of a pendulum device, but all test
parameters were kept the same. Figure 7 shows 15 of the 24
photographs total obtained for a typical experiment. The
picture interval time in this series of photographs is 0.64
ms. The graphical representation in Fig. 8 shows the
subsequent positions of the moving specimen halves relative to
each other in one picture.
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FIG. 8--Position of the broken specimen halves after impact
for subsequent times.

For each photograph, i.e. time step, the local
coordinates of the specimen halves have been quantitatively
determined, and from these data the translational and
rotational velocities of the specimen halves, v, and w,, were
calculated. With these velocities the Kkinetic energy for
translation, T, = %m(v,)?, and for rotation, T, = %0(w,)?, and
also the total kinetic energy, T, = 2(T,+T.;), were determined.
Although the translational velocity v, and the rotational
velocity w, showed some variations wit time (obviously the free
movement of the specimen halves is hindered by the anvils) the
total kinetic energy of the specimen halves was - within
experimental scatter -~ determined constant within the time
range investigated.

Quantitative data were obtained for the material
polystyrene (BASF Polystyrol PS 168 N). Unnotched specimens
measuring 80 x 10 x 4 mm were tested at a support span of 60
mm. Experiments were performed with impact velocities ranging
from 0.4 to 5 m/s. In the experiments the total impact energy,
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A, was determined by the described integration procedures from
the recorded 1load-time-traces; the kinetic energy of the
moving specimen halves after the impact process, T., was
determined from the high speed photographs. The data are shown
in Fig. 9. The following phenomena are observed: First, the
measured impact energy, A, shows a decreasing trend with
increasing 1loading rate, obviously the material embrittles
with increasing loading rate. Secondly, and most importantly,
the kinetic energy, T,, of the specimen halves after the impact
process represents a very considerable portion of the measured
impact energy A.
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FIG. 9--Measured impact energy and kinetic energy of the
broken specimen halves after impact for
various impact velocities.

It must be concluded therefore that the measured impact
energy, now denoted A™* for clarity (A = A"™*®), does not
represent a true material property, 1i.e. a property that
correctly characterizes the resistance of the material against
failure. Obviously, only a certain portion of the measured
impact energy is used as fracture energy for breaking the
specimen, another obviously very large portion is converted
into kinetic energy of the moving specimen halves. As a true
and reliable material strength characterization, therefore,
the difference of the conventionally measured impact energy
and the resulting kinetic energy of the moving specimen halves
is proposed

ATRUE = AMEAS - TG (3)
This difference energy is denoted impact fracture energy, A™'E.

Regardless of whether the conventional impact energy, A", or
the true impact fracture energy, A™F, 1is considered, a
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decreasing trend with increasing loading rate results for the
data shown in Fig. 9.

Only for specimens that fail in a brittle manner are
kinetic energy quantities T, of considerable magnitude
observed, more ductile failure processes result in
considerably smaller or negligible kinetic energy quantities.
Different to the reported behaviour, specimens in the latter
case often even do not break completely into two separate
halves but still remain connected by certain unbroken parts of
the 1ligament. Also, when compared to other, non-polymeric
types of materials, the magnitude of the kinetic energy, T,, of
the moving specimen halves with respect to the conventional
impact energy, A, is of predominant importance for polymeric
materials only and of much 1less importance for other
materials. With steels, for example, even if they fail in a
brittle manner and Kkinetic energies are observed, these
Kinetic energies are small with respect to the impact energies
since the strength and ductility properties of steels are
higher than of polymers and, consequently, impact energies of
considerably higher magnitudes result.

SUMMARY AND CONCLUSIONS

Several aspects of measuring techniques and evaluation
procedures for determining impact energies of polymeric
specimens in instrumented impact tests have been addressed and
requirements for obtaining wvalid data that correctly
characterize the true failure behaviour of the material have
been presented. In particular, it has been shown that the load
measuring system must meet certain requirements: the load
sensing striker tup must be of sufficiently high sensitivity
and the electronic measuring system must exhibit a
sufficiently high upper frequency bound in order to allow for
a correct recording of the forces the specimen is subjected to
during the impact process. Only correct recordings of the load
allow for the correct and reliable determination of impact
energy values.

Furthermore, impact energies, although correctly
determined, do not necessarily represent the actual fracture
energy for breaking the specimen. Kinematographic recordings
of the movement of the broken specimen halves after the impact
process have shown that a considerable portion of the measured
impact energy is transferred into kinetic energy of the moving
specimen halves. Thus, only the difference of the measured
impact energy and the kinetic energy of the specimen halves,
denoted impact fracture energy, can serve as a reliable
quantity characterizing the true failure property of the
material. Estimates on the magnitude of these kinetic energy
quantities for various conditions are given.

An appropriate consideration of these Kkinetic energy
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quantities requires further clarification and additional
research. When impact energies for polymers that fail in a
ductile manner are compared to those that fail is a brittle
manner, however, the different magnitudes of kinetic energies
involved should at least in principle be taken into account.
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