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Fracture toughness behaviour of ferritic ductile
cast iron

R. SALZBRENNER
Physical Metallurgy Division, 1832 Sandia National Laboratories, Albuquerque,
New Mexico 87185, USA

The static rate fracture toughness of a series of eight heats of ductile cast iron has been
measured. Samples from each heat were tested in a heat treated condition which produced a
fully ferritic matrix. The dominant influence of carbide (primarily in a pearlitic form) in con-
trolling the fracture toughness was thus eliminated in this study. The chemical composition
and the microstructural feature size has also been measured directly from each specimen
tested. A multiple linear regression method was used to establish a simple mathematical
relationship between fracture toughness and the composition and microstructure. Fracture
toughness was found to be strongly associated with the spacing (or size) of the graphite
nodules in these fully ferritic ductile cast irons. Other features, including the composition, the
ferrite grain size, or the amount of graphite (over the ranges examined), did not strongly influ-
ence the fracture toughness. Fracture toughness also did not correlate with tensile properties
(1.e. strength or ductility) in these alloys. The results of this work can be used to develop an
appropriate quality control program for applications which require assurance against fracture

toughness related failures.

Nomenclature

Ys 0.2% offset yield strength (MPa)
UTS Ultimate tensile strength (MPa)
% El % tensile elongation

% RA % reduction in area

E Young’s modulus (MPa)

Jic Elastic—plastic fracture toughness (from
J-integral test) (kJm™?)
K. Linear—elastic fracture toughness, (MPam'?)

yEg=hite Wolume fraction graphite
d™*  Ferrite grain size

1. Introduction
Ductile cast irons are being used in an ever increasing
variety of applications [1]. These applications gener-
ally attempt to take advantage of the enhanced duc-
tility (when compared to conventional grey cast irons)
which arises by controlling the shape of the graphite
phase. Specific melting and casting techniques are
used, which result in spherically shaped graphite as
opposed to the flake shape found in grey cast irons [2].
Tensile strength and ductility can both be improved by
the spheroidization process. A number of other studies
have concentrated on developing an understanding of
the tensile behaviour of ductile cast irons [3-9].
Recently, there have been efforts to use ductile cast
iron in components for which fracture toughness is a
concern (e.g. turbine casings, automotive components,
transportation and storage casks for radioactive
materials) [10]. Studies reported in the literature have
demonstrated that a wide variation in fracture tough-
ness is available in ductile cast irons [11-14]. Previous
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Ny Nodule count on a random plane (number
mm %)

D, Three-dimensional nodule diameter (mm)

Z Three-dimensional mean free nodule spacing
(centre-to-centre) (mm)

D, Average nodule diameter on a random plane
(“two-dimensional size’”) (mm)

A, Average nearest neighbour spacing {centre-

to-centre) on a random plane (“two-dimen-
sional spacing’) (mm)

Constants in the multiple linear regression
analysis

atog

research has shown that the presence or absence of
carbide in a pearlitic morphology surrounding the
spherical graphite is the dominant feature which con-
trols the fracture toughness [15-17]. The presence of
pearlite in amounts of approximately 15% or more
can cause the alloy to behave in a linear elastic manner
(ateven small thicknesses) with a fracture toughness in
the range of 27 to 38 MPam'”. In the relative absence
of pearlite (say less than 10%, depending on its distri-
bution in the matrix), ductile cast iron alloys generally
behave in an elastic—plastic manner for thicknesses up
to 12inch or more, at temperatures significantly below
—~40°C. Most of the fracture toughness-related
information which has been made available on low
pearlite material has been reported as conditional
linear elastic stress intensity values, i.e. so-called K,
numbers [12, 14, 18-21]. Such values are a dramatic
underestimation of the true fracture toughness of
these materials, and can be used for only the most
overly conservative design analyses. Further, it is even
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unlikely that invalid linear elastic measurements will
allow an accurate relative ranking of the fracture
toughness of low pearlite alloys with respect to one
another.

Elastic—plastic techniques, such as presented in the
ASTM E-813 test for J, [22], must be used to deter-
mine the fracture toughness of low pearlite ductile cast
irons. The methodology for doing this has been pre-
viously described [15, 23]. The resuits of these fracture
toughness measurements provide intrinsic materials
property data which allow meaningful comparisons
among various low pearlite alloys and as well, offer
the opportunity to utilize these data in properly con-
servative design analyses. A limited amount of static
rate J-integral fracture toughness information on fer-
ritic ductile cast iron is available in the literature [15,
16, 24]. The results from these previous studies show
room temperature toughness of ferritic ductile cast
irons to be in the range of 60 to 90 MPa m"? (where the
results from elastic—plastic tests have been converted
to linear elastic stress intensity values as described in
[22)).

The evaluation of the toughness of elastic—plastic
materials by measurement of crack opening displace-
ment (COD) is generally favoured by British researchers.
Holdsworth and Jolley [25-27] have applied the COD
method to ferritic ductile irons. Their work demon-
strated that the ductile-to-brittle transition tem-
perature decreases with decreasing nodule spacing.
The COD (at maximum load) in the ductile regime is
directly proportional to the nodule spacing [26]. In
measurement of the COD at crack initiation, however,
they found the nodules to have no effect. In dealing
with fracture toughness as measured by COD, there is
no assurance that the critical COD values reported are
independent of sample size. Also, there is no rigorous
method of relating the fracture toughness results from
J-integral testing with that from COD except under
very restricted experimental conditions [28, 29]. Since
there is no assurance that these conditions have been
met, only a very qualitative comparison of the COD
data with results of this work can be performed. This
is considered in the discussion portion of this paper.

The current work was undertaken to establish a
framework for understanding the causes of the large
variation of the fracture toughness within different
ductile cast irons that have low amounts of pearlite.
Low pearlite ductile cast irons which exhibited vari-
ation in composition and microstructure were tested
to obtain a valid measure of their fracture toughness.
A linear regression analysis technique was used to
establish a relationship between the toughness and the
compositional and microstructural variations within
these alloys. These results were compared to similar
models [9], which relate the tensile behaviour to com-
position and microstructure. Understanding of the
features which controt the toughness of ductile cast
irons will allow proper materials specifications to be
written for those applications where toughness related
failures must be prevented.

2. Experimental procedures
The tests reported in this study were conducted on
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several different ductile iron alloys. This section will
describe the alloys used in this study, and their heat
treatment along with the experimental methods which
were used to establish the valid fracture toughness of
each material. The methods which were used for micro-
structural and compositional identification will also
be reported.

2.1. Material and composition

Eight test blocks of ductile cast irons were fabricated
for this project by the Motor and Machinery Castings
Company (Detroit, Michigan). Each test block had an
original dimension of 45cm width x 60 cm length x
20 cm depth and a mass of approximately 400 kg. The
ingots were cast into a sand mould with a 7.5cm iron
chill plate on the bottom side only. The effect of the
chill plate on one side only was to produce a block of
material with a large change in microstructural feature
size, ranging from relatively fine at the bottom, to
coarse at the top. The samples tested in this study were
taken from both the “fine” (i.e. bottom portion) and
“coarse” (i.e. upper portion) microstructural segment
of each ingot. Since a significant variation exists in the
microstructure from ingot to ingot (and also from
sample to sample within the same ingot), all micro-
structural measurements were conducted on metallo-
graphic samples extracted from each specimen. These
measurements are detailed in following sections.

The ingots were cast to provide for a variation in
amount of carbon, silicon and nickel such that their
effect on mechanical properties could be determined.
The chemical composition for each ingot was deter-
mined for most elements by emission spectroscopy
and X-ray fluorescence. The exceptions were carbon
and sulphur, which were measured by an infrared
combustion analysis technique. The average base
composition for the ingots is given in Table I, along
with the different silicon, carbon, and nickel contents
which (by design) varied appreciably from ingot to
ingot.

Also tested in this study were samples from large
commercial castings of ferritic ductile cast irons (made
to' the German GGG-40 specification). These samples
were included in this study to demonstrate how actual
high quality commercial ductile cast irons compare to
the materials manufactured specifically for this study.
The matrix of the commercial materials were 100%
ferrite in the as-received condition, and thus heat
treatment to eliminate pearlite was not required. The
compositions of these materials are listed in Table 1.

2.2. Heat treatment

The eight heats of material were delivered in the as-
cast condition, with no heat treatment provided by the
manufacturer. The as-cast material was examined,
and each was found to contain up to 80% pearlite.
The exact amount of pearlite however was found to
vary from almost nil at the chilled end of some ingots,
to the 80% value (in some compositions) near the
slowly cooled (i.e. upper) portion. Since the presence
of pearlite was found to be deleterious to both ductility
and toughness behaviour [3, 9, 10, 15], a heat treat-
ment was used [1, 30] to eliminate the carbide phase,



TABLE 1 Compositions of the ductile cast irons used in this study

Sample Composition
C (wt %) Si (wt %) Ni (wt %) S (wt %) Cu (wt %) Cr (wt %) Mn (wt %)

11U 2.53 1.71 0.54 0.027 0.092 0.07 0.23
2U 2.82 1.64 0.66 0.018 0.085 0.08 0.25
U 2.54 3.49 0.58 0.016 0.086 0.08 0.24
4U 2.96 1.75 0.97 0.027 0.088 0.08 0.24
sU 2.97 1.70 0.76 0.024 0.083 0.08 0.24
6U 2.56 3.20 0.95 0.013 0.091 0.08 0.24
7U n.a. n.a. n.a. n.a. n.a. n.a. n.a.
8U n.a. n.a. n.a. n.a. n.a. n.a. n.a.
1L 2.88 1.11 0.96 0.022 0.21 0.14 0.26
2L 2.83 1.07 1.08 0.024 0.20 0.13 0.25
3L 2.71 2.03 0.97 0.015 0.22 0.14 0.26
4L 3.06 1.16 1.42 0.022 0.21 0.14 0.23
SL 3.09 .11 .11 0.024 0.20 0.14 0.24
6L 2.69 1.96 1.32 0.013 0.20 0.14 0.25
7L 2.93 2.10 0.79 0.010 0.20 0.14 0.26
3L 2.91 2.07 0.94 0.007 0.21 0.14 0.25
“T” 3.60 1.91 0.03 0.006 0.05 0.07 0.24
“B” 3.10 1.60 0.36 0.004 0.06 0.03 0.20

and thus the pearlitic portions of the microstructure.
This heat treatment involved heating the material to
900° C and holding for 4h in order to dissolve the
carbide phase into the (austenitic) matrix. The sol-
utionizing (carbon decomposition) treatment was
followed by a slow furnace cool (at about 10°Ch™")
to 700° C, which allowed the carbon in the austenitic
matrix to precipitate at the pre-existing graphite
nodules. Increasing amounts of silicon, nickel, and
carbon all tend to promote the graphitization process.
The sample material was held at 700°C for 24h to
ensure a (nearly) complete graphitization. The cooling
of the sample to room temperature was performed
slowly to avoid the introduction of residual stresses.
This procedure allowed essentially all the pearlite to
be eliminated from those samples which underwent
heat treatment (a maximum of 10% residual pearlite
remained in some samples, but this highly spheroid-
ized pearlite was found not to affect the fracture
toughness). The heat treated materials in this study
were thus a combination of essentially only two
phases: ferrite and graphite.

2.3. Fracture toughness testing
Fracture toughness measurements were performed on
compact tension specimens which were modified to
allow measurement of the load line displacement
required in J-integral testing. The compact tension
specimens were 2.3 cm thick, and had a width of 5cm.
All of the specimens were side-grooved approximately
5.5% on each side (i.e. the net sample thickness was
reduced to 2.0cm) in order to keep the crack front
straight during precracking and testing. All tests
reported herein were conducted at quasi-static rates at
room temperature. The test technique used a single
specimen compliance unloading method which was
previously calibrated against the multiple specimen
method for ductile cast iron materials. A complete
description of this test method appears in [15].
Standard tensile tests [31] were also performed on
the alloys used in this study. The tensile tests were
conducted at a rate of 0.003cmsec™, at room tem-

perature. The 0.2% offset yield strength, YS, and the
ultimate tensile strength, UTS, and the ductility as
measured by the total elongation to failure, % E/, and
the total reduction in area, % RA, were determined
for each alloy. Tensile samples were taken from
locations corresponding to those from which the
toughness specimens were taken.

2.4. Microstructural measurements

Sections of material were taken for metallographic
{and compositional) analysis directly from tested frac-
ture toughness specimens. This was done because of
the rather large variations in microstructural feature
size (and potentially composition) found within each
ingot. Metallographic (and compositional) informa-
tion was taken dircctly from the material actually
tested, thus eliminating the possibility of incorrectly
linking the test results with unrepresentative material.

Representative microstructures from the eight
ingots cast for this study (including upper and lower
sections of each casting) are shown in Fig. 1. The
extremes of the range in nodule sizes found in these
materials are shown. Fig. 1a shows the smallest nodule
size, which was found in samples from the lower por-
tion of Alloy 7. The largest nodule size was found in
the upper portion of Alloy 4, which is shown in Fig.
1b. The nodules in most of the alloys were highly
spherical in shape (i.c. Types I or II nodules [30] for a
description of nodule types). The only exceptions to
this were samples from the upper portions of Alloys 3
and 6, which contained large amounts of elongated
(Type III) nodules. Fig. lc is a micrograph from the
upper portion of Alloy 3, which shows this non-
spherical nodule formation. The microstructures of
the two commercial ductile cast irons tested in this
study are shown in Fig. 2. Their nodule sizes were
intermediate in the range found in the Alloys (1
through 8) made for this study.

For this study, the microstructures were quantified
by utilizing the procedures discussed in [32, 33]. Data
were taken with an automated image analysis system
(a Bausch and Lomb, Omnicon 3500) to determine the
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actual (i.e. three-dimensional) nodule size distribu-
tion, by using a modified Scheil analysis. Although a
normal distribution was found for several of the alloys
(primarily those with the “fine” microstructure
described earlier), a bimodal nodule size distribution
has also measured in some of the alloys. Since a single
normal distribution was not observed in all of the
alloys, the standard deviation did not provide a mean-
ingful parameter to compare with toughness vari-
ations. The mean nodule diameter, D,, was the only
parameter used in this work to characterize the “3-D”
nodule size. D, was determined by summing the
nodule diameters (after “correcting” the ‘“2-D”
observed distribution into the actual “3-D” nodule
distribution) and dividing by the total number of
nodules counted. The total number of nodules
measured to determine the distribution was in the
range of 500 to 5000.

A lineal intercept method was used to determine the
mean free nodule (centre-to-centre) spacing, 1,, [32].
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Figure 1 Optical micrographs show the extremes in the nodule size,
spacing, and shape for the alloys tested in this study. (a) The
smallest (spherical) nodule size and spacing was found in the lower
(chilled) portion of Alloy 7. (b) The largest (approximately spheri-
cal) nodule size and spacing was found in the upper (slowly cooled)
portion of Alloy 4. (c) Non-spherical nodules were observed in the
upper portion of Alloy 3 (the upper portion of Alloy 6 had a similar
microstructure).

This spacing is the average distance between each
particle and all of its neighbours. Linear intercept
methods were also used to determine the ferrite grain
size, d*™, and the volume percentage of graphite
nodules, VE®"e present in each alloy. The number of
intercepts measured in the determination of the above
features, was in the range of 100 to 500.

The detailed determination of the three-dimensional
distribution of graphite nodules in ductile cast irons is
tedious; this is true even with the availability of auto-
mated image analysis equipment. As an alternative, a
simplified manual method was employed to provide a
straightforward method of quantitatively describing
the changes in nodule distribution from sample to
sample. These simplified measurements however do
not contain all of the information necessary to uniquely
define a particle distribution. Specifically, the simpli-
fied measurements do not provide direct information
on the standard deviation or the number of particles
per unit volume. Rather, these measurements provide
a straightforward method of measuring the critical
aspects of the nodule distribution as they relate to
controlling the fracture toughness. The average 2-D
graphite nodule diameter, D,, and spacing, A,, were
estimated from the graphite volume fraction (obtained
from point count or linear intercept methods), and the
nodule count. The nodule count (i.e. the number of
nodules per unit area) is a technique which is com-
monly used to indicate the quality of ductile cast iron
[30]. The values for D, and A, were determined from
counts of approximately 100 to 400 total nodules for
each sample. Assuming that all of the nodules are
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Figure 2 Optical micrographs show the microstructures of the two commercial ductile cast iron alloys tested in this work: (a) alloy *“T7, and

(b) alloy “B”.

circular in cross-section (i.e. spherical in three dimen-
sions), the average nodule diameter can be calculated
as:

(4 V;graphite/nNA)l/Z (1)

where VE*"* is the volume fraction of graphite (from

the lineal analysis), and N, is the number of nodules
mm ™2 of material (on a random plane). A measure of
the average centre-to-centre planar nodule spacing,
A,. can be determined as:

Ay = 0.5/(N%) 2
This spacing is the average centre-to-centre distance
between nearest neighbour particles. It is obvious that
this determination of nodule spacing is not indepen-
dent from the calculation of nodule diameter. All

metallographic measurements (i.e. the three-dimen-

TABLE II Mechanical properties of the ferritic ductile cast
irons tested in this study

Sample Fracture Tensile properties
tj‘:c“(glg“r‘;’ffz) YS (MPa) UTS (MPa) % El % RA

1U 73 250 360 7 11
2U 63 180 200 2 5
k1) 52 390 410 2 2
4U 82 270 390 19 19
5U 75 190 240 7 8
6U 63 320 330 2 3
U 79 390 480 15 14
8U 77 390 480 13 15
1L 45 250 390 20 28
2L 47 270 390 20 24
3L 25 340 440 7 8
4L 39 340 440 19 25
SL 39 270 380 18 26
6L 38 410 500 8 9
7L 21 430 530 15 23
8L 27 430 530 14 21
R 47 239 369 21 23
“B” 52 223 340 18 21

sional and the simplified two-dimensional estima-
tions) were directly compared, as shown in the follow-
ing section.

3. Results and discussion
3.1. Mechanical preoperties of heat treated
alloys
The fracture toughness specimens were taken from
both the lower, (more rapidly cooled) and the upper
(more slowly cooled) portions of each ingot. The Ji;
fracture toughness values measured for all the samples
tested in this program are reported in Table I1. (The J,
values from these tests can be converted to equivalent
K. values as recommended in ASTM E 813 [22] by
using the equation K, = (EJ,.)"*.) Also reported in
Table II, are the average tensile properties from
samples taken from the same region of each ingot. All
of the alloys for which mechanical properties data are
reported were heat treated to eliminate the embrittling
(i.e. toughness reducing) effects of pearlite. The
residual (highly decomposed) pearlite which remained
after the heat treatment did not seem to have a major
effect on the fracture toughness behaviour at room
temperature.

As seen in Table I1, there is a large range in the
mechanical properties of the alloys measured in this
program. In comparing the fracture toughness results
with the tensile properties, there is no apparent corre-
lation. For example, an alloy with a high ductility can
exhibit either a high or low toughness {e.g. Samples 4U
and 7L). Similarly, low tensile ductility can be present
in high or low toughness alloys (e.g. Samples 6U and
3L). An examination of the strength—toughness
combinations in these materials also leads to the con-
clusion that there is no strong relationship between
these two properties.

3.2. Microstructural measurements
After the fracture toughness testing was completed,
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TABLE III Microstructural features measured on the ductile cast irons used in this study

Sample  VE®M (%) 4% (mm) D, (mm) Z,(mm) N, (numbermm-?) B, (mm) A, (mm) ¥l (%)  Nodule type
U 114 0.071 0.167 0.755 19.9 0.085 0.118 <5 100%-type 11
2U 13.9 0.076 0.123 0.513 23.2 0.087 0.104 <5 100%-type 11
3U 13.8 0.057 0.134 0.299 71.3 0.050 0.059 0 60%-type 11
40%-type 111

4U 13.8 0.050 0.167 0.82t 13.2 0.115 0.138 <10 100%-type II
5U 10.2 0.057 0.136 0.808 13.0 0.100 0.139 <10 100%-type 11
6U 10.7 0.047 0.144 0.547 26.5 0.072 0.097 <5 70%-type 11
30%-type I11

7U 13.0 0.050 n.a. n.a. 17.7 0.097 0.119 0 100%-type 11
8U 11.6 0.041 n.a. n.a. 22.1 0.082 0.106 0 100%-type 11

1L 12.7 0.029 0.078 0.287 75.1 0.046 0.058 0 90%-type 1
10%-type 11

2L 10.2 0.031 0.093 0.448 39.2 0.057 0.080 <5 90%-type I
10%-type 11

3L 14.7 0.032 0.052 0.148 176.2 0.033 0.038 0 90%-type I
10%-type 11

4L 14.5 0.032 0.088 0.263 67.3 0.052 0.061 <5 90%-type 1
10%-type 11

5L 13.0 0.029 0.075 0.246 99.3 0.041 0.050 0 90%-type 1
10%-type 11

6L 9.9 0.028 0.052 0.198 209.7 0.025 0.035 0 50%-type 1
50%-type 11

7L 8.9 0.026 0.031 0.159 353.2 0.018 0.027 0 90%-type I
10%-type II

8L 13.2 0.030 0.051 0.157 169.1 0.032 0.038 0 90%-type I
10%-type 11

T 13.2 0.042 n.a. n.a. 105.0 0.040 0.049 0 90%-type [
10%-type II

“B” 14.4 0.048 0.103 0.366 40.5 0.067 0.079 0 30%-type 1

70%-type 11

each specimen was sectioned to produce samples for
chemical and microstructural analyses. These data are
reported in Tables I and III.

The two-dimensional measurements of mean nodule
size and spacing were found to be approximately
linearly related to the three-dimensional determi-
nation of these features. This is shown graphically in
Fig. 3. A linear relationship between D, and D, is
expected, and should have the form:

D, = (n/2) D, (€)

for spherically shaped particles [32]. The relationship
between the “2-D” and “3-D” size measurements
depends greatly on the nodule shape. As seen in Table
I11, almost all of the samples were composed primarily
of Type I and II nodules which are highly spherical.
The exceptions were samples from the upper portions
of Alloys 3 and 6, which contained large amounts of
non-spherical (Type III) nodules. The results from
these two samples were not included in Fig. 3a, which
is a plot of “2-D” against “3-D” diameters, and thus
the linear relationship shown between the two methods
of size measurements is limited to those materials
which contain highly spherical nodules. As shown in
Fig. 3a, the least squares straight line fit of the data
provides a slope which is close to that theoretically
predicted by Equation 3.

The measurement of the spacing between particles
does not depend on any assumptions of nodule shape.
As seen in Fig. 3b, there is a very good correlation
(which includes results from samples 3U and 6U),
between the two methods used in this study to charac-
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terize the nodule spacing. Fig. 3 verifies that since the
different (i.e. the “2-D” and “3-D”) techniques pre-
viously described, are linearly related, these methods
measure essentially the same features (i.c. mean nodule
size and spacing). Thus, it is appropriate to use the
straightforward and easy “2-D” methods to quantify
the mean nodule size and spacing.

3.3. Fracture toughness—microstructure—
composition correlations

A convenient method of showing a relationshir
between properties (e.g. fracture toughness) and struc-
ture—composition, is to assume that a particular
property is a dependent variable of the (assumed)
independent variables of structure and composition.
The simplest model for accomplishing this is a linear
relationship between the dependent and independent
variables. Thus, in such a model, the fracture tough-
ness can be written as:

Je = a+ b(% Ni) + c(% Si) + d(% C)
+ e(I/Vgraphite) + f(L) + g(dferrite) (4)

where a, b, c, d, e, f and g are constants. The term L,
used in the equation above, stands for dimensions
which represent the nodule distribution. Thus, L can
be replaced in this equation in turn, by 1,, A,, D, or
D,. % Ni, % Si and % C are the weight percentages
of nickel, silicon and carbon, respectively. Because of
the interrelationship between nodule size and spacing,
values representing these quantities are not used
simultaneously in the linear model shown in Equation
4,
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A multiple linear regression program*, was used to
fit the data to the general model, by a process of
minimizing the difference of squares [34]. It is clear
however, that not all of the assumed independent
variables have equal significance in a linear equation
to predict the {(dependent) fracture toughness. Thus
the regression program was run in a stepwise fashion
(both forward and backward) to either sequentially
add in the most significant independent independent
variables, or to eliminate the least significant variables
from the linear model. The results from this iterative
process produced a simple relationship between the
fracture toughness and a measure of the nodule distri-
bution as represented by 1,, A,, D, or D,. The other
variables measured (i.e. ferrite grain size, volume frac-
tion graphite, and composition) did not approach the
significance of the nodule size or spacing in determin-
ing the overall fracture toughness of each alloy. The
final model could thus be represented as:

Se = a+ f(D) (5)

where the value used for L can be taken from the

variables measured by the planar or volume methods
described carlier. The values for the coefficients for
each value of L are shown in Table IV. Also listed in
the table are the parameters which detail the statistical
significance of each model.

Figs 4 and 5 show measured values of fracture
toughness against values predicted by equation. The
equations used to determine Fig. 4 are based on the
three-dimensional measurement of size and spacing.
Those shown in Fig. 5 were established by using the
simple planar (i.e. “2-D”) microstructural measure-
ments. The results of the regression analysis demon-
strate that the fracture toughness is essentially inde-
pendent of ferrite grain size, volume fraction graphite
and composition (at least over the ranges measured).
Since each linear equation for fracture toughness is
dependent on a single parameter, values of that par-
ameter can be linearly represented on the abscissa as
shown on the upper part of each plot in Figs 4 and 5.
This clearly depicts the dependence of the fracture
toughness of ductile cast irons on the nodule spacing
or size. Therefore if an appropriate measure of size or

*Run on a VAX 750, VMS 4.0 Version of SAS, SAS Institute Inc., Cary, North Carolfina.
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Figure 4 Measured values of initi-
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spacing is available, the toughness can be accurately
estimated. These results further demonstrate that
these nodule characteristics can be suitably measured
on a plane, without transferring the results to the
actual three-dimensional spatial relationships. The
average (or mean) spacing or size alone seems to be an
adequate measurement to estimate the fracture tough-
ness to within approximately 20%. The distribution in

nodule size or spacing within each sample has not
been used in any of the models, and further, seems to
be of secondary importance at most.

It is reasonable for the Mode I fracture toughness of
ferritic ductile cast irons to be controlled by the planar
microstructure, since this property is measured in a
predominately planar fashion for these alloys. Specifi-
cally, the fracture during a test is constrained to a

TABLE IV Results of the stepwise multiple linear regression fit of the measured fracture toughness (as the dependent variable) with
measured microstructural and compositional variables (as the independent variables)

Microstructural Constant Coefficient f ¥’ Standard error F-test
feature measured a (kJm~?) (kIm~2mm~") (kIm~2)

(mm)

D, 9.6 403 0.907 6.13 F =117
7, 19.4 74.8 0.918 5.75 F ., = 134
b, 124 659 0.907 6.46 Fi = 136
A, 12.5 517 0911 6.31 F,, = 144

The linear equation is of the form: J,, = a + f(L), where L = D,, 1., D, or A,. (For a 99% confidence level, F,;, > 9.33and F, > 8.86).
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single, well-defined plane which is selected by the
specimen-loading geometry. The planar nature of the
cracking (through the centre of the test specimen) is
shown by Fig. 6, which is an optical micrograph of a
plane perpendicular to the crack plane containing the
direction of crack growth. Thus for this special situ-
ation, the direct information contained in planar
measurements may actually be preferred (over three-
dimensional geometric relationships) for establishing
structure/property relationships.

One important aspect of this research was the
demonstration that a simplified (planar) measurement
scheme for estimating particle size and spacing was
appropriate for inclusion in a model which predicts
fracture toughness. Such simplified measurement
methods and techniques could be extremely useful for
production quality control programs conducted at
foundries producing large castings (e.g. nuclear trans-
portation casks). Further, thick walled castings have a
large gradation in microstructure from the edges to

the centre, and thus it is important to determine what,
if any, effect these microstructural changes have on
properties such as fracture toughness.

As noted in several previous studies [10, 11, 15, 24,
27] the fracture of fully ferritic ductile cast irons
(above the ductile-to-brittle transition temperature
takes place by microveid coalescence. Specific micro-
mechanical models for this type of ductile fracture
have been proposed [35-38]. These models show a
dependency of initiation fracture toughness on the
mean void-initiating particle spacing within the
matrix. The data shown in Figs 4b and 5b supports the
hypothesis that the graphite nodules act as void nucle-
ation sites. Direct evidence of this is shown in Fig. 7,
which is a scanning electron micrograph of the frac-
ture surface (in the initiation region) typical of the
alloys studied in this work.

The micromechanical models also include the depen-
dency of the initiation toughness on the flow stress and
a term which represents the critical strain at fracture.
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Ni plating

Crack growth direction e—————————e—p~

Figure 6 An optical micrograph showing the planar nature of the crack growth in the fracture toughness testing. The micrograph was taken
on a plane through the centre of the specimen which was perpendicular to the crack plane.

This critical fracture strain is not simply related to
conventionally measured tensile or plane strain duc-
tilities, but is a function of the size, shape and spacing
of void-initiating particles as well as the stress state.
The evaluation of these terms is beyond the scope of
the current paper, but the fact that J,, is (approxi-
mately) linearly related to nodule spacing, suggests
that the product of the flow stress and critical fracture
strain is approximately a constant for the set of
materials tested.

3.4. Comparison with commercial alloys and
previous studies

The equations generated in this study should be valid

for all ductile cast irons which have nearly the same

levels of impurities such as sulphur, phosphorus, etc.;

these elements (particularly at higher levels) can domi-

Initiation
region

nate the fracture toughness behaviour. Thus, an alloy
which has a significantly different content of these
elements, may have a fracture toughness outside the
range predicted by the equations derived in this work.

Fracture toughness of two other ferritic ductile cast
irons were measured in this program (some data on
material “T”" were previously reported in [15]). These
materials are representative of actual material cast
into large castings (castings were 30 to 40 cm thick).
The measured mechanical, compositional, and micro-
structural features are listed in Tables I through IIL.
Values for fracture toughness were calculated by using
the equations as listed in Table IV. These results are
plotted on Figs 4 and 5. There is good agreement
between the predicted and measured fracture tough-
ness, and this suggests that the models generated for
the ductile cast irons in this study can be reasonably

Crack growth
direction

BUSLTS -

Figure 7 SEM micrograph of the initiation portion of the fracture surface displayed by ferritic ductile cast irons tested at room temperature.
Nucleation occurs at the nodule/ferrite interface, and fracture occurs by microvoid coalescence.
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TABLE V Fracture toughness and microstructural features for
ductile cast iron samples tested by Le Douaron et al. [24]

Sample Fracture Ny D, * (mm) A, (mm)
toughness (numbermm—?)
(kim™?)

A 32 101 0.036-0.043  0.050

B 28 135 0.031-0.038  0.043

C 32 164 0.028-0.034 0.039

D 26 183 0.026-0.032  0.037

*Calculated by using Equation 1, and assuming V" is in the
range of 10 to 15%.

applied to at least some commercially available (fully
ferritic) materials.

Crack tip opening displacement (COD) measure-
ment can (under rigorously controlled experimental
conditions) provide a valid measure of the initiation
fracture toughness of elastic—plastic materials. COD
at initiation of crack extension was reported by Jolley
and Holdsworth [27] for a number of fully ferritic
ductile cast irons. They report that the initiation frac-
ture toughness is independent of nodule size and
spacing. This is in direct contrast to the results
detailed earlier in this paper. Their conclusions also
conflict with the direct evidence of the association
between initiation and graphite nodules provided by
scanning electron microscopy (see for example Fig. 7
and [10, 15, 24, 39]). Without further information
concerning the exact experimental procedures used by
Jolley and Holdsworth, a more detailed comparison
of the actual initiation COD toughness values with the
Ji, numbers measured in this study is not possible. It
should be noted however, that the range of nodule size
and spacing for the alloys tested by Jolley and Holds-
worth was smaller than that for the alloys considered
in the present work. It is also important to note that
their conclusions were based on a much smaller num-
ber of experiments than are presented in this paper.

A J-integral technique was employed by Le Douaron
et al. [24] to measure the initiation fracture toughness
of both as-cast and heat-treated ferritic ductile cast
irons. Since nodule count measurements, as well as J;,
values are presented in their paper, their results can be
directly compared to the measurements presented in
this paper. A summary of their data (for as-cast
alloys) is presented in Table V, which includes “2-D”
microstructural values calculated from their planar
nodule count values. A range of “2-D” nodule dia-
meters is presented which was based on assuming the
volume percentage graphite was in the range of 10 to
15vol%. The ‘“2-D” microstructural data were
further used in the relevant equations presented in
Table 1V, to calculate a predicted value for J,.. The

comparison between predicted (i.e. calculated) values
of toughness with those actually measured by Le
Douaron et al. are shown in Fig. 5 (the range shown
in Fig. 5a results from the assumption that the vol %
graphite was 10 to 15%). There is satisfactory agree-
ment of these values with the current work, especially
considering errors that might be introduced from dif-
ferences in technique used to measure toughness and
microstructure. A further result reported by Le
Douaron et al., was that a ferritizing heat treatment
resulted in the reduction of the fracture toughness of
ductile cast irons. Such results were not seen in the
current work, and it is especially clear (see Fig. 5) that
proper heat treatment can bring the fracture tough-
ness of ductile cast irons to levels equal to, or exceed-
ing those of as-cast alloys.

3.5. Linear regression models for tensile
properties

The relationship between tensile properties and the
microstructure and composition for the alloys
described in this study was previously reported [9].
The stepwise regression solution for the yield strength
and for the ultimate tensile strength demonstrated
that these properties are primarily dependent on the
alloy composition of the matrix. Further, these
strength properties are effectively independent of the
microstructural features (at least over the range
present in the alloys used in this study). The linear
equation for strength (either yield or ultimate) is:

strength = a + b(% Ni) + c(% Si)y  (6)

where the constants for g, b and ¢ are listed in Table
V1. This equation shows the effectiveness of silicon
and nickel as solid solution strengtheners in these
alloys. Carbon does not strongly affect the strength
since the heat treatment causes the carbon to pre-
cipitate as graphite at the pre-existing nodules.

A suitable linear model relating the tensile ductility
to the compositional and microstructural features
measured could not be obtained for these alloys. This
result indicated that a more complicated model (either
in terms of compositional and microstructural features
not measured, or in non-linear interaction of each
independent microstructural and compositional vari-
able) must be used to describe the tensile ductility.

These results thus show that fracture tcughness,
tensile strength and tensile ductility are each controlled
by different variables. Fracture toughness is governed
by the nodule distribution. Strength is determined
almost entirely by composition. Ductility on the other
hand, did not bear a simple relationship to the par-
ameters measured. It is nonetheless clear that each of

TABLE VI Results of the stepwise multiple linear regression fit of the measured strength from tensile tests {as the dependent vari-
able) with measured microstructural and compositional variables (as the independent variables)

Property Linear model Statistical fit parameters
Constant a Coeflicient & Coefficient ¢ r Standard error F-test
(MPa) (MPa/% Ni) (MPa/% Si) (MPa) (Fypn)
Ys 135 118 105 0.958 17.6 137
urs 286 85.6 0.898 22.9 59.2

The linear equation is of the form: strength = a + (% Ni) + (% Si). (For a 99% confidence level, F,,, > 6.93).
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these mechanical properties are not directly coupled.
There is not a simple tradeoff between strength, duc-
tility and toughness for fully ferritic ductile cast irons.
This then suggests that there is the opportunity to
optimize the composition and microstructure in order
to obtain the best combination of mechanical proper-
ties for a particular application. An important auxili-
ary result that should be apparent, is that the accept-
ability of a particular material for a fracture sensitive
design cannot be gained solely from tensile test results.
For such applications, the fracture toughness must be
monitored directly either via actual fracture toughness
testing, or by measurement of specific features (such as
nodule spacing) which have previously been shown
to correlate with fracture toughness for the materials
of interest.

4. Summary and conclusions

This investigation has examined the fracture tough-
ness from eight heats of ductile cast iron. This study
has shown that:

1. Fracture toughness can be validly determined
with a J-integral method for a wide range of fully
ferritic ductile cast irons.

2. The microstructural features in ductile cast iron
which control the toughness can be appropriately
measured by using simple two-dimensional techniques.

3. A linear relationship can be used to associate the
fracture toughness of fully ferritic ductile irons to the
size and spacing (based on either a “2-D” or “3-D”
measurement scheme) of the graphite nodules present
in each alloy.

4. The linear regression model for toughness was
shown to be significantly different from those
previously described for tensile strength and ductility
for these same alloys.

5. Since the regression analyses has shown that frac-
ture toughness, strength and ductility are essentially
de-coupled for ductile cast irons, ductile cast iron
alloys might be designed with particular combinations
of microstructure and composition to produce opti-
mized alloys for specific applications.

6. Since fracture toughness has been fundamentally
shown to be effectively independent of tensile proper-
ties, fracture toughness cannot in general be predicted
from tensile data for ferritic ductile cast irons.
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