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C-SHAPED SPECIMEN PLANE STRAIN FRACTURE TOUGHNESS TESTS

by R. J. Buzzard and D. M. Fisher

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 41135

SUMMARY

N	 As a consequence of participation in a cooperative program for
evaluation of C-shaped specimens for inclusion in ASTM Standard Method

w	 of Test E-399 for Plane Strain Fracture Toughness of Metallic Materials,
much supplementary information was obtained beyond that required for
the program coordinator's report. The documentation of this supple-
mentary information is important for those investigators who will use
the C-shaped specimen.

The information reported here includes observations regarding spec-
imen preparation and dimensional measurement, modifications to displace-
ment gage design, and development of dimensional measurement devices.
Particularly, a means for determining interior and exterior radii of
ring sections is detailed. A modification of the ASTM E-399 standard
displacement gage is described. This modified gage incorporates points
which seat in center punch indentations on the specimen. This method of
attachment permits specimen and gage machining savings over knife edge
type specimens and gage mounting. Use of the gage modification in those
C-shaped specimens where it is applicable gave K Ic results comparable
to those obtained using knife edge mounted gages.

In addition to providing fracture toughness results for the cooper-
ative program, the specimens were used to establish load-displacement
slopes for the determination of displacement coefficients. These exper-
imentally determined coefficients for three different gage lengths on
the inner surface of radially-cracked ring segments verified those de-
termined analytically by a boundary collocation method.

INTRODUCTION

Where KIc fracture toughness testing of tubular products is re-
quired, the C-shaped specimen configuration (fig. 1) provides an attrac-
tive alternative to the compact and three-point bend specimen configura-
tions currently specified in ASTM Standard Method of Test E-399-74 for
Plane Strain Fracture Toughness of Metallic Materials (ref. 1). The
C-shaped form provides the most efficient- use of the available stock,
and incorporates a more representative cross-section of the original
stock into the test. Also, assuming a reasonable degree of concentric-
ity and circularity of the cylindrical sections, specimens can be pre-
pared by simply slicing cross-sections, surface grinding, halving, and
machining the loading holes and the fatigue crack starter notches.
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Two C-shaped specimen configurations (fig. 1) are being considered
by ASTM Committee E-24 on Fracture Testing for inclusion in ASTM Method
E-399.	 Tests conducted by eight laboratories in a cooperative program
organized by AST4 Task Group E-24.01.12 have provided data for evalua-
tion of this specimen type.	 The authors were responsible for the NASA
Lewis Research Center's contribution to the cooperative program.

j All required test results will be documented in a report which sum-
marizes the total cooperative test effort. 	 Those from NASA LeRC are
given in Table I.	 In addition to this laboratory's contribution of that
required test data, it was evident that the techniques used here in the
preparation, dimensional measurements, and testing of this unique speci-
men configuration should also be documented. 	 Equally important, the

{ specimens of this program provided an opportunity to verify experimen-
tally some C-shaped specimen displacement coefficients recently determ-
ined analytically by Gross (ref. 2).

SPECIMEN PREPARATION AND PRELIMINARY EXAMINATION
y

Specimen blanks
u

The specimen material supplied by the round robin coordinators was
a Ni-Cr Mo steel having a 0.2% offset yield strength of 191 Kai
(1317 MN/m2) and a Rockwell C hardness of 43.	 The material was initially
forged tube.	 Specimen blanks were prepared at the coordinator's facility
by lathe turning the tube to an outside diameter of 4.06 inch (103.12 mm),
slicing the tube into rings, and surface grinding the sliced surfaces.
The rings were then sectioned into C-shaped halves prior to distribution
to the cooperating laboratories. 	 The inner radial surfaces of the
C-shaped segments, as received by the cooperating labs, were as forged
and heat treated.	 A scale coating, having a depth as great as 0.003 inch

! (0.076 mm) was observed on the inner surface. 	 This scale was removed by

ii vapor blasting at this laboratory. 	 In the initial dimensional check of
the specimen blanks, it was noted that the ground surfaces were not per-
pendicular to the curved surfaces.	 The maximum deviation from perpendic-
ularity was 2.1 degrees at the notch zone of one of the specimen blanks.

Measurements showed that the cylindrical surfaces were not concen-
tric.	 Measured specimen width, W (fig. 1), varied as much as 0.10 inch
(2.54 mm) from the nominal value of 2.01 inch (51.05 mm) reported by

i

the coordinators.
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The specimen geometry makes very difficult any improvement of the
previously noted dimensional variations after the rings have been sec-
tioned into halves.	 It should be emphasized that preliminary dimen-
sioning on the ring segments is advisable prior to sectioning, so that,
dimensional deviations can be corrected at this point.

Specimen machining
a

The as-received blanks were machined to the geometry and dimen-
sions illustrated in fig. 1.	 Loading holes, fatigue crack starter
notches, and crack mouth displacement gage knife edges were machined fi

perpendicular to the major flat surfaces. 	 Notch depths and hole loca-
tions were referenced from mid-thickness, B, to compensate for the non-

? perpendicularity of the circumferential surfaces to the flat surfaces.
Five specimens were machined to a nominal ratio 	 X/W	 of zero, and four

- to a nominal ratio	 X/W	 of 0.5, where	 X	 is the offset of the loading `.
hole center line from the smaller radius surface, and 	 W	 is the speci-
men width.

Dimensional measurements

The dimensional measurements required before testing the C-shaped -
specimens are as shown in fig. 1. 	 Because of the shape of the specimens
some of the measurements required special methods. 	 Such measurements
were made more complex by the previously described eccentricities and
obliquities common to the specimens of this study. 	 The methods used to
obtain these measurements are described in the following paragraphs.

The thickness, B, of each specimen was fairly consistent. 	 The

i
greatest variation observed on a single specimen was 0.002 inch (0.051 mm).

t

The width, W, of the specimen at the notch location was obtained by
use of a micrometer fitted with a ball attachment. 	 Because the notch

j mouth contains no material upon which to rest a micrometer, width values
were determined by averaging the four radial distances across the speci-
men taken at each knife edge, and on both sides of the specimen.

r Measurement of the load-line offset, X (fig. 1), was obtained with
the aid of snug fitting pins inserted in the loading pin holes. 	 The
pins extended from the holes to serve as stops for a straight edge but-
ted to them as shown in fig. 2(a). 	 The maximum distance from the outer y
straight edge surface to the outer edge of the specimen was measured

-1 with a micrometer. 	 This process was repeated for the reverse side of
the specimen, and the results were averaged. 	 Care was taken to ensure
that the micrometer referenced the outer edge of each specimen. 	 Meas-
urement to the non-perpendicular outer curved surface could result in a
false indication of the "A" distance during this measurement.	 The	 X
dimension was calculated by subtracting the specimen width, W, the width
of the straight-edge, S, and the loading hole radius, D/2, from the
micrometer reading "A".	 The maximum variation in "A" measurements for
any specimen was 0.025 inch (0,635 mm).

}
r"
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The radial dimensions were measured prior to the machining of the

C-shaped blanks into specimens so that the uniformity of these dimen-
sions among specimens could be cataloged prior to the removal of end
and notch material during specimen fabrication.	 These measurements
were repeated after specimen machining because slight variations in
radii on the order of a few thousandths of an inch were observed in in-
dividual blanks.	 These variations poogibly occurred where residual
stresses were relieved when the ring sections were halved.	 Comparison
of both sets of measurements indicated that the pre-machining measure-
ments were in agreement with those taken after the fatigue crack starter
notch was milled.	 Although such verification of the radii may appear

_ redundant, it is a procedure co consier in specimens whose ring sections
may have large residual stresses.

i

Since the specimen blanks were reccived as half-ring segments,
rather than full cylindrical sections, conventional micrometers or cal-
ipers could not be used in determining the radial dimensions. 	 Measure-
menu by optical comparator was deemed impractical due to the specimen
size and alignment difficulties resulting from the obliquity of the
curved surfaces relative to the flat surfaces.	 As a result, a method
was developed to measure the radii of this type of cylindrical segment.

This method utilizes a conventional micrometer (or dial type)

C

depth gage with a ball-end rod.	 The depth gage sits atop an additional
rigid base plate of known length, "L", as shown in fig. 3, with the rod
extending thru a centrally located clearance hole in the plate.	 The
edges of the additional base plate rest upon the inside wall of the
cylinder, and in effect the length of this base plate (L) becomes a
chord of the circle whose radius is that of the inside radius of the
cylinder.	 The edges of the plate, being parallel, are readily aligned
with the longitudinal axis of the cylinder segment.

The depth gage is used in the conventional manner to measure the
distance between the base plate and the cylinder wall.	 The thickness
of the additional base plate must be subtracted from the micrometer (!
reading to obtain the true distance of the chord (bottom of the addi-
tional base plate) from the wall. 	 This distance is represented as "h"
in the sketch.	 Measurements may be made in several locations, if de-
sired, to obtain an average "h" value.

Ij
The inside radius of the cylinder (r l) is given by:

1

L2 + 4h2

rl -	 8h	 (1)

The outside radius also could have been measured using this method
by adding vertical side plates to the additional base plate and span-
ning the outer surface of the cylinder.	 For this study, however, it
was felt that a more appropriate value for outer radius at the notch 6
zone of the specimens could be obtained by adding the width of the

,.
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specimen at the notch to the inside radius dimension. The nominal
values of inside and outside radius (r l and r2 , respectively) are
presented in fig. 1(a).

The depth of the machined notch was determined by use of a tool-
maker's microscope. The distance from the knife edges to the notch
root was measured along the longitudinal centerline of the notch, as in-
dicated in fig. 2(b). This value was greater than the center line dis-
tance, however, due to the curvature of the specimen. Therefore, a
correction factor was calculated which compensated for this error, as
shown in the figure. Both sides v F the specimen were measured in this
manner, and the results were averaged. This correction procedure was
also applied to the post test determination of the fatigue crack length,
a (fig. 1). The actual crack measurements were made from the knife
edges as prescribed in ASTM test method E-399-74.

TEST EQUIPMENT AND PROCEDURES

In order to obtain test data for use in establishing displacement
coefficients for C-shaped specimens, load-displacement slopes were de-
termined for each of the four specimens with X/W = 0.5, first in the
machined notch condition, and finally after the specimens had been
fatigue cracked in preparation for the Klc tests. Displacements were
determined simultaneously at three locations (fig. 1(b)): across the
crack mouth (HI), at the load, line (H 3), and across a distance inter-
mediate to these (H2). A load line displacement measurement was also
made for one of the specimens with X/W = 0, in the machined notch
configuration. This displacement was measured at the crack mouth
(fig. 1(a)). For determination of KIc values only notch mouth dis-
placement data need be obtained, but in the case of the 0.5 X/W ratio
specimens, load line displacement was also determined.

Displacement aaQes

Displacement measurements in both the slope determinations and the
KIc tests were made using either the standard double-cantilever clip-in
gage described in ASTM Test Method E-399 or an adapation of it. Measure-
ments of crack mouth displacement were made using the standard clip gage
mounted on the machined knife edges of the specimens. For the measure-
ments of load-line and intermediate point displacements the gages were
modified so they could register and engage in indentations made with a
tool steel center punch.

The modified gages and a standard gage all mounted in a specimen
are pictured in fig. 4. The spacer blocks of the modified gages were
machined to lengths approximating the gage mark spacing. The lengths
were not critical since additional adjustment could be made at the
points of the gage. The points were made from 6-32 machine screws with
the ends ground to a conical tip to engage the center punch gage marks.
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The screws were locked in place by nuts which also permitted adjust-
ment of the original distance between the points. Interchanging of
points or spacer blocks permits adaption of a single set of strain-
gaged beams for use over an extensive range of gage distances.

The points of the gage were held in place by the outward spring
force of the compressed gage beams. The gages were free to pivot lat-
erally. This feature permitted the multiple installation of the three
gages at Hl , H2 and H3 as illustrated in fig. 4 and allowed the simul-
taneous measurement of displacement over three gage lengths.

In applications where this gage modification can be used, two
machining cost savings are incorporated over knife edge mounting. The
gage beam ends need no machined V slot for knife edge engagement and
the specimen knife edges are eliminated, being replaced by center punch
indentations.

The gages were calibrated using the device shown in fig. 5. This
calibrator incorporates a precision micrometer head graduated to a
least division of 0.0001 inch (0.0025 mm). Calibrations of the point
gage modification were well within the limits specified in ASTM Test
Method E-399-74. The test method required a maximum deviation of 0.0001
inch (0.0025 mm) from a least-squares-best--fit straight line through the
data. The maximum deviation determined in the point-gage calibrations
was 0.00003 inch (0.00076 mm) over a 0.050 inch (1.27 mm) range. Pre-
paratory to the determinations of the load-displacement slopes, the
amplified output of each gage was calibrated directly to an XYY' re-
corder chart axis. In these calibrations no displacement measurements
deviated from linearity more than +0.7 or -0.5 percent.

DATA RECORDING AND SLOPE D TERMINATIONS

Two XYY' recorders were used for the slope determinations for com-
parison with the analytically determined displacement coefficients.
Load was recorded on the X axis of each recorder and the crack mouth
displacement on the Y axis of each. This permitted correlation of
the two recorder records. The load-line and intermediate displacements
were each recorded on a Y' axis of the two recorders. The maximum
loads used for slope determinations were kept below those used in fa-
tigue cracking the specimens. Loads were measured with a 10,000 lb
(44,500 N) capacity load cell rated linear within +0.1 percent of cap-
acity. Three replicate load-displacement slopes were determined for
each specimen, first with a machined notch, and then again after fatigue
cracking. The average of each of the three replicate values was used in
the calculations of the displacement coefficients. Since each crack
mouth slope was recorded on both recorders, there were six values to be
averaged for that gage location.

For the specimens with X/W ="O.5, recorder gains were chosen to
give chart slopes within the range of 0.4 to 1.1 with a minimum trace

r
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length of 4 inch (102 mm). The slope of the single record obtained
from a specimen with X/W = 0 was 0.1 with the trace length exceeding
10 inch (254 mm).

DISCUSSION OF TEST RESULTS

In addition to the cooperative program test results and the pre-
viously described techniques developed and used in obtaining these re-
sults, the C—shaped specimen round robin program pruvided an opportun-
ity to determine experimentally the displacement coefficients for this
specimen configuration. These experimentally determined values were
compared with the results of Gross (tef. 'L), who determined the dis-
placement coefficients along the inner radii of ring segments by the
boundary collocation method.

A comparison was made of KIc results obtained from test records
where displacements were recorded simultaneously at two gage locations:
across the crack mouth and the load line.

displacement coetticients

The experimentally determined displacement coefficients, A, were
calculated using the relationship (ref. 2, eq. (8)):

A = EBf	 (W — a)2	
(2)

P	 2a(3X + 2W + a)

The symbols used in the relationship are defined in fig. 6. A nominal
Young's modulus value of 30xl0 6 was used in the calculations.

The experimental values of the displacement coefficients are tab -
ulated in Table II together with analytical values obtained by inter-
polation from the chart (fig. 6) which provides the displacement coef-
ficients as a function of crack to width ratio, a/W, with the gage
length to width ratio, H/W, as a parameter. A linear interpolation
was used for values of H/W falling between the curve values. The
values of displacement coefficients used in plotting the curves of
fig. 6 were obtained from Gross' data (ref. 2) using a summation
method.

Agreement between experimental and analytical values is within +3%
for the crack mouth and intermediate gage point locations. The greater
disagreement (0 to —7%) in the load—line results can be attributed
partly to the failure of the analytical model to accurately approximate
the experimental loading conditions, and partly to the lower accuracy
of displacement measurement expected at this location.
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The good agreement of the experimental and analytical results
might be considered fortuitous when the previously described dimen-
sional discrepancies in the test specimen are recalled. It is more
likely that the influence of these discrepancies on the load-
displacement slopes and on the subsequently determined displacement
coefficients were minimal for the following reasons. Where specimen
inner and outer radii were eccentric, an increase in stiffness of the
section on one side of the crack plane would be counteracted by a de-
crease in stiffness on the opposite side. The load-displacment slope
would reflect this balancing effect and approach that of a concentric
radii specimen having the same crack plane cross-section. The pre-
viously described measurement methods used in determining the X, a,
and W specimen dimensions provided values that would relate properly
to the analytical model and thus reduce any differences in the experi-
mental and analytical displacement coefficients which might be due to
specimen obliquity.

variation with displacement measurement location
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The actual KIc tests of the nine C-shaped specimens were per-
formed in accordance with ASTM Test Method E-399-74, as prescribed for
the compact specimen. The expression necessary for computation of KIc
is provided in ref. 3. The KIc values are also given in Table 1(a).
In addition to measuring load displacements at the knife edges in the
X/W = 0.5 specimens load displacement was also recorded simultaneously
at the load-line gage points using the modified point gage previously
described. The KIc results were then determined from both records.
The two KIc values from each specimen were averaged. In any single
specimen, the maximum deviation from this average was 0.6%; the mini-
mum; 0.05%. In two specimens the load-line displacement test curve
gave the higher result, in the other two, the crack mouth displacement
curve did.

CONCLUDING REK9RKS

This report documents the contribution of the Lewis Research
Center as a participant in a cooperative program for evaluation of
C-shaped specimens for inclusion in ASTM Standard Method of Test E-399
for Plane Strain Fracture Toughness of Metallic Materials. The inform-
ation reported here includes a description of methods by which the
C-shaped specimens were prepared and tested.

The following suggestions are offered, based on the experience
gained from this endeavor:

1. Machining of the radial surfaces of C-shaped specimen blanks,
and measurement of the blanks, should be completed prior to cutting
the blanks into C-shaped segments, as corrective machining and diamet-
rical measurements beyond this point are difficult.

is
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2.	 Perpendicularity of the flat surfaces to the curved surfaces
of the specimen blanks should be maintained during the surface machin-
ing operations:	 1?*he turning at least one of the flat surfaces of
each ring prior to halving it may be one method of accomplishing this.

^I
3.	 In addition to the initial diametral meastj:ements of the ring

segments, measurement of the radial dimensions of the finished speci-
mens should also be made to determine possible dimensional variations

( which may result from relief of residual stresses in the ring segments
during the halving and notch machining operations.	 A depth-gage type
of device, developed for obtaining the radius dimensions of tubular
segments, is described in this report.

4.	 Specimen dimensions which allude to the notch plane in C-shaped
specimens, but are in practice measured using the notch mouth knife-edge
as a reference, should incorporate a correction for specimen curvature.
A method of determining this correction, described herein, was used in
this study to determine the distance from the inside radius of the spec-
imen at the notch plane to the loading axis ("X" distance), and in de-
termining the fatigue craa.k length (a) after fracturing the specimen.

I

5.	 Load-line displacement measurements may be obtained using a
modification of the double-cantilever clip-in displacement gage de-
scribed in ASTM Standard Method for Test E-399-74. 	 This modification,
described herein, incorporates a spacer block having a length commensur-
ate with the specimen's gage mark spacing,,and adjustable points at the
free ends of the canAlever beams which engage in punch-mark indenta-
tions in the specimen. 	 This design permits "nesting" of the gages, so
that several gage lengths on a C-shaped specimen may be monitored simul-
taneously during a single test run.

KIc	 results were obtained using both the notch mouth knife edge
and center punch indentations located on the inside radial surface of
the specimen at the loading axis as displacement measurement reference
locations. Both sets of KIc 

results compared favorably.

In addition to providing fracture toughness results for the cooper-
ative program, the specimens were used to establish load-displacement
slopes for the determination of displacement coefficients. These ex-
perimentally determined coefficients verified analytically determined
displacement coefficients for three different gage lengths on the inner
surface of radially-cracked ring segments.
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Figure 3. - Method used for determining inside radius
dimension of tubular segment.
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Figure 4. - C-shaped specimen in position for testing.
Displacement gages referenced to notch mouth (Hl).
an intermediate location 0 2 ), and the load line (H3).
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Figure 5. - Point engagement displacement gage modification
in position for calibration. Also shown are knife edges
used in calibration of standard ASTM E399 displacement gages.
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Figure 6. - Plane stress dimensionless displacement coefficient
as a function of crack length to width ratios for varying
gage length to width ratios.
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