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Correlation of the acoustic emission and the 
fracture toughness of ductile nodular cast iron 

S. H. CARPENTER, ZUMING ZHU* 
Physics Department, University of Denver, Denver, C080208, USA 

Salzbrenner has recently determined the fracture toughness of a series of ductile cast iron 
samples which were heat treated to produce a fully ferritic matrix. His results indicated that the 
fracture toughness is strongly dependent upon the average spacing between (or equally the 
diameter of) the spherical graphite nodules in the ferrite matrix. The acoustic emission 
generated during the uniaxial compressive deformation of nodular cast iron also depends 
strongly on the average diameter of the graphite nodules in the test sample. The present 
investigation was carried out to determine the correlations, if any, between the fracture 
toughness and the acoustic emission generated during compression of ductile cast iron. The 
acoustic emission generated during compression was determined using sample materials 
identical to those used by Salzbrenner. Excellent correlations between certain features of the 
measured acoustic emission and the fracture toughness were obtained. Data indicate that it 
should be possible to determine both the fracture toughness and the average size of the 
graphite nodules from the acoustic emission and load curve generated during a compression 
test of ductile cast iron. 

1. Introduction 
In recent years there has been an increased interest in 
the use of ductile cast iron for a variety of practical 
applications [1]. Many of the applications reported, 
i.e. turbine castings, automotive components, trans- 
portation and storage casks for radioactive materials, 
etc., require the enhanced ductility due to the spherical 
graphite nodules. Proper design requires a working 
knowledge of the fracture toughness. Previous invest- 
igations have shown a wide variation in the fracture 
toughness of ductile cast iron, with the presence or 
absence of carbide in a pearlitic morphology reported 
to be the dominant controlling feature [-2-4]. Pre- 
viously reported work indicates that pearlite in 
amounts of 15% or greater wilt cause the ductile cast 
iron to behave in a linear elastic manner. If 10% or 
less pearlite is present, however, the ductile cast iron 
alloys will, in general, behave in an elastic-plastic 
manner. For those alloys with small amounts of pearl- 
ite, elastic-plastic techniques, such as ASTM E-813, 
must be used to determine the fracture toughness. 

Salzbrenner has recently carried out a study of the 
fracture toughness of a number of ductile cast iron 
materials which were heat treated to produce a fully 
ferritic matrix [5]: Heart treatments were carried out to 
produce samples having different average graphite 
nodule diameters with little if any pearlite in the 
matrix. The fracture toughness was determined by the 
procedures outlined in ASTM E-813. The results ob- 
tained showed that the fracture toughness was 
strongly dependent upon the spacing between (or 

equally the diameter of) the spherical graphite nod- 
ules. As would be expected, the fracture toughness was 
found to be determined by the ligament distance 
between the nodules. 

Acoustic emission is a transient elastic wave gener- 
ated by the rapid release of energy within a material. A 
wide variety of source mechanisms have been pro- 
posed and investigated as sources of acoustic emission 
[-6]. Mechanisms have included crack propagation, 
twin formation, martensitic phase transformations, 
dislocation avalanche motion and/or multiplication 
and the fracture and/or debonding of second-phase 
particles or precipitates. Most materials will produce 
acoustic emission when plastically deformed. Uniaxial 
compression of ductile cast iron generates significant 
acoustic emission [7]. Portions of the acoustic emis- 
sion (i.e. the acoustic emission generated in a par- 
ticular portion of the stress-strain curve) from the 
compression of ductile cast iron are strongly depend- 
ent Upon the average size of the nodule diameter 
[%9]. Experimental data show that the larger the 
graphite nodules, the more emission is generated. 

The purpose of the investigation reported on in this 
paper was to determine the correlations, if any, be- 
tween the acoustic emission generated during com- 
pressive deformation and the fracture toughness of 
nodular cast iron. If a strong correlation does exist it 
may be possible to establish the fracture toughness 
from monitoring a simple compression test rather 
than carrying out the more difficult elastic-plastic 
fracture toughness tests. Possibly the acoustic emis- 
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sion measurements will also provide useful and funda- 
mental information and insights into the mechanisms 
which determine and control the fracture toughness. 

2. Experimental  Procedure  
A series of well-characterized ductile cast iron samples 
were supplied by Dr R. Salzbrenner, Sandia Labora- 
tories, Albuquerque, NM, for use in the present invest- 
igation. The materials supplied were basically the two 
halves of previously tested compact tension speci- 
mens. Compression test specimens were machined 
from the material supplied as shown schematically in 
Fig. 1. The dimensions of the compression samples 
were 7mm x 10ram x 20ram. Before testing, the 
compression samples were annealed at 700 ~ for 24 h 
and then furnace cooled. The heat treatment was 
primarily to allow for the relaxation of any residual 
stresses which might have been introduced during 
previous testing. Compression tests were carried out 
at a constant crosshead speed of 0.0064 cmmin -1 
using an MTS-880 deformation machine. The com- 
position and average three-dimensional nodule dia- 
meter as determined by Salzbrenner are given in 
Table I. The microstructure is characterized by nearly 
spherical graphite nodules in a ferrite matrix. Fig. 2 
shows a micrograph of the microstructure for a 7L 
sample, i.e. an average nodule diameter of 0.031 ram. 

The acoustic emission generated during com- 
pressive deformation was measured using standard 
commercial equipment. The transducer used was a 
resonant type piezoelectric (PZT-5) transducer with a 
resonant frequency of approximately 140 kHz. Meas- 
urements were made at a gain of 105 dB and a band- 

p a s s  of 100-300 kHz. The amplified RMS voltage 
from the transducer was measured using a Hewlett- 
Packard 3400A voltmeter. All RMS voltage data were 
corrected for the noise level and gain factors and are 
referenced to the output voltage of the transducer. 
Care was exercised to eliminate any and all sources of 
extraneous noise during testing. 

3. Results 
Previous investigations have reported the generation 
of significant acoustic emission during the compress- 
ive deformation of ductile cast iron [7, 81. The results 
presented in this paper are in agreement with pre- 

/ 

Figure 1 Schematic diagram showing the location of compressive 
test specimens. Specimens were machined from previously tested 
fracture toughness specimens. 
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viously published data. An example of the acoustic 
emission generated during the compressive deforma- 
tion of nodular cast iron is shown in Fig. 3. Fig. 3 is a 
reproduction of actual strip chart acoustic emission 
data (in terms of the RMS voltage) and the applied 
load as a function of crosshead displacement for a 
ductile cast iron sample from the 4L sample group. An 
examination of the acoustic emission data reveals the 
existence of two distinct maxima. The first maximum 
occurs near yield and is believed to be due to the 
avalanche motion of dislocations at yield. A peak in 
the acoustic emission at yield during uniaxial de- 
formation is common behaviour for many materials 
[10, 11]. The acoustic emission at yield is most often 
associated with avalanche motion of dislocations and 
will not be discussed further in this paper. The acous- 
tic emission at strains well past yield forms a broad 
maxima. The source of this acoustic emission is be- 
lieved to be the fracture and/or debonding of the 
graphite nodules in the ferrite matrix [7, 8]. If the 
source of this acoustic emission is indeed the fracture 
of the graphite nodules, its magnitude Should be de- 
pendent on the average size of the graphite nodules. 
The 4L sample group (Fig. 2) has an average nodule 
diameter of 0.088 ram. By comparison, Fig. 4 shows 
the acoustic emission and applied load strip chart data 
as a function of crosshead displacement for the com- 
pressive loading of a sample from the 2U sample 
group. Samples from the 2U group have an average 
nodule diameter of 0.123 mm. An examination of the 
data in the two figures (3 and 4) shows that the 
magnitude of the acoustic emission is considerably 
larger in Fig. 4. Table II gives the average numerical 
values for the pertinent data generated during the 
acoustic emission measurements along with the aver- 
age three-dimensional nodule diameter for the differ- 
ent sample groups tested. The column RMS 2nd 
maximum is a best estimate of the average value of the 
RMS voltage at its maximum value past yield. A 
better estimate of the maximum value of the RMS can 
be obtained from strip charts operated at different 
speeds and sensitivities from those shown in Figs 3 
and 4. The column, "RMS 2nd maximum less back." is 
the average of the RMS bursts near the 2nd maximum 
less the value of the background or continuous emis- 
sion at that point. Analysis of the load deflection curve 
reveals that the value of the load (applied stress) at the 
point where the maximum in RMSvoltage occurs 
increases as the average nodule diameter decreases. 
The values of the applied stress at the 2nd RMS 
maximum are also given in Table II. As stated earlier, 
all of the RMS voltage data were corrected for elec- 
tronic noise and gain and are referenced to the output 
voltage of the transducer. Data presented in Table II 
are the averages of four separate tests in each sample 
group. 

A comparison of the experimental data given in 
Table II with the nodule diameter reveals definite 
correlations. Basically, the larger the average nodule 
diameter, the larger the second RMS maximum and 
the smaller the value of the applied stress at the second 
RMS maximum. As will be discussed in detail in the 
next section, the correlations are in fundamental 



T A B L E  I Composit ion (wt %) and average nodule diameter of the ductile cast iron samples used in the present investigation 

Sample C Si Ni S Cu Cr Mn  Nodule 
group no. diameter (ram) 

5U 2.97 1.70 0.76 0.024 0.083 0.08 0.24 0.136 
2U 2.82 1.64 0.66 0.018 0.085 0.08 0.25 0.123 
1L 2.88 1.11 0.96 0.022 0.21 0.14 0.26 0.078 
4L 3.06 1.16 1.42 0.022 0.21 0.14 0.23 0.088 
7L 2.93 2.10 0.79 0.010 0.20 0.14 0.26 0.031 

agreement with theoretical predictions for the fracture 
of a brittle spherical particle in a plastic matrix 
[12, 133. 

As mentioned earlier, Salzbrenner measured the 
fracture toughness of these materials according to 
ASTM E-813-81. The fracture toughness was found to 
be strongly dependent upon the size of the graphite 
nodules. Table III gives the values of the fracture 
toughness as determined by Salzbrenner and the 
average nodule diameter. 

Figure 2 Micrograph of a sample from the 7L group at a magnific- 
ation of x 183. The average nodule diameter is 0.031 mm. 
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Figure 3 Copy of an actual data trace showing the load~teflection 
curve and the acoustic emission (shown in terms of the RMS 
voltage) generated from a sample from the 4L group. RMS voltage 
is shown as measured with no corrections, gain is 105 dB. Average 
nodule diameter is 0.088 mm. 
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Figure 4 Copy of an actual data trace showing the load-deflection 
curve and the acoustic emission (shown in terms of the RMS 
voltage) generated from a sample from the 2U group. RMS voltage 
is shown as measured with no corrections, gain is 105 dB. Average 
nodule diameter is 0.123 mm. 

4 .  D i s c u s s i o n  
The phenomenon of the acoustic emission generated 
by the fracture of an elastic spherical second-phase 
particle in a plastic matrix has been treated theoret- 
ically [12, 13] and has been the subject of a limited 
number of experimental investigations [9, 10, 11, 14]. 
The fundamental prediction of the present theory is 
that the magnitude of the acoustic emission generated 
by the fracture of the particle should depend on the 
diameter of the particle. A power-law dependence is 
predicted, i.e. the acoustic emission should be propor- 
tional to the particle diameter raised to some power. 
There is disagreement on the exact value of the power 
dependence, with values of 2 and 2.5 being predicted. 
The experimental data given in Table II can be plotted 
to determine the relationship between the measured 
acoustic emission and the particle diameter. Fig. 5 
shows the magnitude of the second acoustic emission 
maxima from Table II plotted as a function of the 
average graphite nodule diameter on a log-log plot. A 
fair straight-line fit is obtained with a slope (or power 
dependence) of 0.96, which is considerably lower than 
predicted by any of the theoretical treatments. The 
lower power dependence is most likely due to addi- 
tional acoustic emission in the second maximum 
caused by decohesion of the graphite nodules from the 
ferrite matrix. 

Two recent publications have presented evidence 
that the decohesion between the particle and the 
matrix acts as a source of background or continuous 
emission and that the acoustic emissions generated by 
the actual fracture of the particles are the acoustic 
emission bursts above the background level [-9, 13]. 
The data tabulated in Table II as "RMS 2rid max- 
imum less back." is an attempt to evaluate the acoustic 
emission bursts at the second maximum with the 
background or continuous emission removed. These 
data are believed to be a result of the actual fracture of 
the graphite nodules. A log log plot of "RMS 2nd 
maximum less back." data from Table II versus the 
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Sample 
n o .  

E 

E 
v 

o 
Q .  

t -  

N 

RMS 2nd RMS 2nd maximum 
maximum less back. 
(~v) (~v) 

Stress at Nodule 
second maximum diameter 
(MPa) (mm) 

5U 1.46 _+ 0.09 1.03 _+ 0.06 
2U 1.16 _+ 0.07 0.76 _+ 0.04 
1L 0.80 _+ 0.04 0.36 _+ 0.02 
4L 0.77 • 0.04 0.40 __+ 0.02 
7L 0.31 + 0.02 0.04 _+ 0.005 

450 _+ 20 0.136 
460 _+ 20 0.123 
500 _+ 20 0.078 
525 + 25 0.088 
780 + 30 0.031 
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Figure 5 Log-log plot of the RMS second maximum versus the 
average nodule diameter. 
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Figure 6 Log-log plot of the RMS 2rid maximum less background 
versus the average nodUle diameter. 

average nodule diameter is given in Fig. 6. A good 
straight-line fit is obtained with a slope (or power 
dependence) of 2.22, which is in excellent agreement 
with theoretical predictions. The excellent agreement 
with theoretical predictions provides strong evidence 
that the "RMS 2nd maximum less back." acoustic 
emission is generated by the fracture of the graphite 
nodules. 
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The strong dependence of the fracture toughness on 
the average nodule size (Table III) is not unexpected, 
and has been discussed in detail by Salzbrenner [5]. 
Fig. 7 gives a log-tog plot of the fracture toughness as 
a function of the average nodule diameter. A straight 
line is obtained indicating a power-law dependenc e. 
The distance between nodules is essentially the liga- 
ment distance, or the average distance a crack will 
propagate before running into a barrier. A large nod- 
ule diameter for the same volume fraction of graphite 
means a larger ligament distance and, hence, a higher 
fracture toughness. 

The purpose of the present study was to investigate 
any correlations between characteristics of the meas- 
ured acoustic emission and the fracture toughness. To 
determine if correlations exist, it is necessary to com- 
pare the experimental acoustic emission data (Table II 
and Figs 5 and 6) with the fracture toughness of 
identical materials (Table III and Fig. 7). Plots of the 
acoustic emission data versus the fracture toughness 
are shown in Figs 8 (RMS 2nd maximum) and 9 (RMS 
2nd maximum less background). In both cases a fairly 
good straight-line fit is obtained. There is little differ- 
ence in correlation of the fracture toughness with 
either of the two RMS measurements and the correla- 
tion is good for the full range of measurements. From 
the data presented in Figs 8 and 9, a fairly accurate 
measure of the fracture toughness of ductile cast iron 
with low pearlite content could be obtained from 
analysis of the acoustic emission occurring after yield 
in a uniaxial compression test. 
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T A B L E  II 

Figure 7 L0g-log plot of the fracture toughness versus the average 
nodule diameter. Data are from Salzbrenner [5]. 



T A B L E  II I  Fracture toughness 

Sample group Fracture toughness, Nodule diameter 
number Jl~ (kJ m -  2) (mm) 

5U 85.8 0.136 
2U 62.7 0.123 
1L 56.0 0.078 
4L 51.7 0.088 
7L 28.4 0.031 

10 

elastic particle in a plastic matrix. They predict that 
the applied stress, ~, should be given by 

= ( 1 / q ( e ) ) ( 6 E * y ~ / d )  ~/2 (1) 

where q(e) is a complicated strain concentration factor 
(which typically has a value slightly less than 2 and 
increases slowly with strain), 7~ is the specific work of 
fracture and E* is the Young's modulus of the particle. 
Assuming that the location of the second acoustic 
emission maximum is a reasonable position measure 
the applied stress required to produce fracture of an 
average sized nodule, it is possible to investigate ex- 
perimentally the validity of Equation 1. Fig. 10 is a 
log-log plot of the applied stress at the second max- 

Corr. = 0.978 imum given in Table II versus the average nodule 
diameter. An excellent straight-line fit is obtained with 

prediction of Equation 1. 
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a slope of 0.38, which agrees fairly well with the 

Figure 8 Log-log plot of the RMS second maximum versus the 
fracture toughness. Each data point is for samples with the same 
average nodule diameter. 
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Figure 9 Log-log plot of the RMS 2nd maximum less background 
versus the fracture toughness. Each data point is for samples with 
the same average nodule diameter. 

As mentioned earlier, the applied stress required to 
produce the fracture of a spherical particle is also 
dependent on the size of the particle. Gerberich and 
Jatavallabhula [13] have investigated the problem of 
the applied stress required to fracture a spherical 

Average nodule diameter (ram] 

Figure 10 Log-log plot of the applied stress at the second RMS 
second maximum versus the average nodule diameter. 
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Figure 11 Log-log plot of the applied stress at the second RMS 
maximum versus the fracture toughness. Each data point is for 
samples with the same average nodule diameter. 
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Because both the applied stress required to cause 
fracture of a graphite nodule and the fracture tough- 
ness depend on the average nodule diameter, it is 
instructive to compare these two experimental quant- 
ities. Fig. 11 presents a plot of the applied stress 
measured at the second RMS maximum versus the 
fracture toughness for the same values of average 
nodule diameter. A good straight-line fit is obtained 
for the majority of the data; however, there are signi- 
ficant deviations at the larger nodules sizes which are 
responsible for high fracture toughness. It should be 
pointed out that even if an excellent correlation be- 
tween applied stress and fracture toughness had been 
achieved, one could not simply obtain an estimate of 
the fracture toughness from the load-deflection curve. 
One would still need to carry out the acoustic emis- 
sion measurements ifi order to identify the point in the 
load-deflection curve at which to evaluate the applied 
stress corresponding to the average nodule size, i.e. the 
2nd RMS maximum. 

5. Conclusions 
The acoustic emission generated during the com- 
pressive deformation of nodular cast iron samples was 
measured and characterized. The sample material was 
identical to that used in a previous investigation to 
determine the fracture toughness [5]. Both the frac- 
ture toughness and certain features of the acoustic 
emission were found to be strongly dependent on the 
average diameter of the graphite nodules in the cast 
iron. The dependence of the acoustic emission from 
fracture and/or debonding of the graphite nodules was 
found to have a strong dependence on the nodule 
diameter. As suggested in the literature the acoustic 
emission from the actual fracture of the graphite 
nodules was obtained from subtracting the back- 
ground or continuous emission from the burst-type 
emissions [9, 14]. The acoustic emission data treated 
in this fashion were in excellent agreement with theor- 
etical predictions. A close correlation of the fracture 
toughness and the acoustic emission was obtained, 
indicating that it would be possible to determine the 
fracture toughness from acoustic emission measure- 
ments. 

Data obtained also indicated that the stress re- 
quired to fracture the graphite nodules can also be 
determined from the acoustic emission measurements 
and the load~deflection curve. The/aecessary stress for 

fracture was found to depend inversely on the nodule 
diameter as predicted by theory. 
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