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Ultrasonic Testing Possibilities
of Cast Iron Ingots
L. V. VORONKOVA, Scientific and Educational Center
“Welding &Testing” of MSTU n. a. N. E. Bauman , Moscow, Russia
Abstract. At present the semi-centennial experience has been accumulated in the
field of ultrasonic testing of cast irons. In the first place, the structure control (the
graphite form) of cast irons has been developed. Besides, the ultrasonic testing
appeared to be productive for the determination of the cast iron hard spots presence
having the graphite of the plate-type form and for the carbon content within the cast
iron.
It is also possible to determine the mechanical properties of cast iron using the
method of measurement of the velocity and attenuation ratio of the ultrasonic waves.
The lowest error is reached in the course of the solidity determination, using the
Brinnel’s method, and strength determination using stretching of the castings and
analyzing the longitudinal wave propagation.
The flaw detection of the cast irons has proved its effectiveness, especially for the
nodular cast iron, that was fixed in EN 12680 – 3:2003. The ultrasonic flaw
detection for the cast iron with vermicular and plate-type graphite may be used but
with certain limitations.
Using the head- and surface waves it is possible to get information on the thickness
of the chilled layer and the depth of the undersurface defects.
The stress condition of the cast iron castings has also influence on their acoustic
properties. For example, the micro-cracks formation may be connected with the
changes of the “signal/noise” ratio value

Introduction
In accordance with generally accepted definition cast iron is an alloy of iron with carbon,
containing more than 2.14% of carbon. Long since sixteenth century cast iron has been
used in Russia as the cheapest casting material in the course of production of different and
compound castings. Possibilities of flaw detection, structure detection and testing of cast
iron mechanical characteristics haven’t been studied enough. First publications in the field
of cast iron ultrasonic testing, in our country belong to Mr. N. V. Himtchenko and Mr. V.
N. Prihodko [1] and overseas – to Mr. R. Tsigler and
Mr. R. Gerstner [2].
Ultrasonic Flaw Detection of Cast Iron
In 1950s, when basic methods of steel ultrasonic testing were under development, cast iron
was considered to be non-applicable for flaw detection due to significant ultrasound
attenuation in it and that’s why practically nobody treated it as an object for testing.
Actually, gray iron ultrasound attenuation ratio has been exceeded several times the same
characteristics for steel, but there were no flaw detection barriers for the cast iron type - GI20 as well as for higher types of cast iron.
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In 1964 the Company “Karl Deutsch” (Germany) has developed an ultrasonic facility and
equipped a testing unit for flaw detection in cast iron ingots having plate-type and nodular
graphite [3].
Several factors affect the possibility of performing the ultrasonic testing of cast iron ingots
and in the first place it is affected by the graphite form. Flaw detection of the cast iron
ingots with nodular graphite is more effective in comparison with plate-type graphite cast
iron which may be proved by data presented in Table A1 [4].
Table A1. Maximum Wall Thickness of Cast Iron Ingots, tested by Ultrasonic Method depending on Cast
Iron Type and Ultrasound Frequency.
Transducer Frequency/
/Cast Iron Type
Cast Iron with Nodular
Graphite
Cast Iron with
Vermicular Graphite
Cast Iron with Platetype Graphite

5.0 MHz

2.5 MHz

1.0 MHz

Up to 100 mm

100-300 mm

100-300 mm

Up to 20 mm

Up to 100 mm

100-300 mm

-

Up to 20 mm

Up to 100 mm

In the course of ultrasonic flaw detection of cast iron ingots an echo – method is used for
revealing the defects of the gas cavities type, cracks with good surface reflection, mirrorshady for small pores revealing, slag inclusions with scattering surface. Each type of cast
iron, casting type and defect type need a special method development.
In order to reveal the defects coordinates of the inner porosity type, ideal scatterer and
ultrasonic wave absorber, the mirror – shady method may be used best of all. For example:
There was a need to measure porosity coordinates in an ingot of a “casing” type, of cast
iron with nodular graphite, which was manufactured at “Stankolit” works (Moscow).
Measurements took place on clean cast surface. Direct combined transducers with
frequency of 1.25 MHz and piezo-plates diameter 25 and 50 mm have been used. Sounding
tests took place in three planes (see Figure 1). The defect zone boundary criteria for the
transducer with the piezo-plate diameter of 50 mm lead to the amplitude decrease of the
base signal up to 6 dB and for the transducer with the piezo-plate diameter of 25 mm up to
16 dB.

A
B
Figure 1. A – Prediction of porosity coordinates based on acoustic measurements, using mirror-shadow
method, Direct Combined Transducers were used with frequency 1.25 MHz, with the piezo-plate diameter - *
- 25 мм, with decreasing of the base signal amplitude by 16 dB; -+- 50 mm, with decreasing of the base signal
amplitude by 6 dB; --- real porosity coordinates. B – casting after the defect uncovering.

All these values have been gained in an experimental way. Accuracy of determination of
the porosity zone coordinates was proved by uncovering. The mirror-shady method of the
cast iron ingots was also investigated in item [5], [6].
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In order to analyze the sensitivity of the echo-method of flaw detection it is necessary to
conduct the preliminary experiment on the sample with artificial reflectors. For these
purposes a sample of ”step-interval” type, made of a tested gray iron GI-20, was
manufactured. The reflected signal from the faces of drilled holes, having diameters of 3, 4,
5, 6 mm at the depth of 20, 40, 62 mm, was measured. The measurements were conducted
using direct combined transducer with frequency of 1.25 MHz on cast surface.
Basing on the results of measurements the DSR – diagrams have been constructed (see
Figure 2).

Figure 2. DSR – Diagram for a Direct Combined Piezo –
Transducer with Frequency 1.25 MHz for gray Cast Iron.

The single pore, detected by the echo – method, is presented on Figure 3. An echo –signal
was registered from the defect having the amplitude of 16 dB at the depth of 13 mm. Using
the DSR – diagram (see Figure 2), this enabled to calculate the equivalent diameter of the
pore – about 4.0 mm (the real dimensions appeared to be a little bit larger).

Figure 3. The Uncovered Defect of a Casting of a “single pore” – type.

Looking at Figure 4 we can see the defect, detected in a casting of the crown of the gear
wheel made of cast iron with nodular graphite. A net has been tightened into the body of
the casting. The thickness of the casting amounted to 130 mm. The testing was conducted
using combined direct transducer with frequency of 2.5 MHz.
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Figure 4. Uncovered inner Defect (foreign inclusion – undercover net) of the casting made of the Cast Iron
with Nodular Graphite.

Flaw detection of the surface defects of cast iron ingots is reduced to determination of
penetration depth of a defect inside the casting. In this case the method using the surface
waves may be informative.
In order to understand the physical nature of the Ralley – waves passing through the
defect of a “porosity” – type an experiment was conducted where two cuts were made,
having different width – 2 mm and 0.5 mm. These cuts were made in a steel sample and in
a sample of cast iron with nodular graphite with porosity of different depth, reaching the
surface. The measurements were conducted with the transducer with frequency of 1.8 MHz,
using the shadow method. The emitter and the receiver were hard fixed in one and the same
casing, meaning that the sounding base was constant (20 mm).
With increasing of the cut depth and porosity the Ralley - waves amplitude changes were
calculated from the amplitude value on the area free of defects. The Graph, presented on
Figure 5 was constructed in such units of measurement.

Figure 5. Dependence of the Surface Wave Amplitude on the Cut Depth and Porosity:
1 - cut 2 mm - width, 2- cut 0,5 mm - width, 3- porosity.
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The Technology of the cut fabrication with the width of 0.5 mm does not exclude presence
of connecting strips in it.
Porosity is represented by the combination of metallic “bridges”. The geometry of these
defects is very much alike, that is why the curves for this cut and for the porosity are rather
close to each other.
This gained relationship was used in measurements of porosity, reaching the surface of the
ingot made of cast iron with nodular graphite (see Figure 6).

A

B

Figure 6. Real Porosity Depth Measurement with Surface Waves, Cast Iron with Nodular Graphite. A –
Prediction of Porosity Depth, using the Surface Wave Amplitude (the Curve with experimental points) and the
Real Depth of a Defect, B – Porosity view after uncovering.

Having uncovered, the “two-humped” porosity relief (in the function of the transducer
transfer along the defect) and its maximum depth (8 mm) were confirmed.
One more example is presented in Figure 7. The Ralley – waves may be used for flaw
detection of the under – the – surface – defects (having the depth less than 5 mm).
Determination of the defect area of the casting is reliable.

A

B

Figure 7 А – Influence of the Undersurface Defect Depth on the Surface Wave Amplitude, B – View of the
Defect after uncovering.

If there is a necessity of determining the depth of the under – the – surface – defect we
may use the echo – method. The separate – combined direct transducer enables to measure
the depth of a defect from 1 mm up to 25 mm with an error of +- 0.5 mm.
The level of cracking of the cast iron ingots under mechanical influence may be evaluated
with the help of signal / noise proportion. Basing on experiments conducted in the factory
environment and in the laboratory, using fractured samples, threshold values of the signal /
noise proportion were gained, after which fracture took place. In comparison with unloaded
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state of cast iron, before fracturing, the proportion base signal / structural noise was
decreasing, that in turn enabled to predict a dangerous situation.
Ultrasonic Testing of Cast Iron Structure
In industrial and laboratory practice the cast iron structure is usually analyzed using
destructive metallographic method, which is not safe for a human being and is not
representative for castings of different thickness having compound form. Ultrasonic testing
of the cast iron structure might have eliminated the majority of weak points of the
metallographic method, but its usage is restrained by the fact that acoustic characteristics
(velocity and ultrasound attenuation ratio) depend on technological peculiarities of cast iron
production. That is why it is necessary to develop its own method for specific type of cast
iron produced at the specific factory.
Our compatriot, Mr. C. Ya. Socolov, was the first to offer to use ultrasound for metal
structure testing [7]. At first, attention was paid to the link between the form of graphite
inclusions and the velocity of the ultrasound longitudinal wave.
It is known that the Yung – module for the cast iron with nodular graphite is two times
more than that for the cast iron with the plate – type graphite. The ultrasound longitudinal
wave velocity V1 being a value depending on the Yung – module, changes as well as the
graphite form. The curve, describing the influence of the graphite form on the value V1
from [2], is presented in Figure 8.
The type of relationship is constant, but the curve may be shifted along the axis of
ordinates with changes of dimensions of graphite inclusions [8]. For different thicknesses
of castings and for different technologies of their production, the value of the boundary V1
between the nodular and vermicular forms of graphite, fluctuates from 5.10 km / sec (thickwalled castings) up to 5.50 km / sec, as it is presented in the majority of papers.

Figure 8.The Influence of the Size and Content of the Nodular Graphite on the Longitudinal Wave Velocity
(1- small-sized graphite, 2- medium-sized graphite, 3- big-sized graphite)
and the signal/noise proportion.

The author has offered to use the proportion signal / noise for determination of the
graphite form. The maximum level of structural interferences was measured near the base
signal. This proportion depends on V1, ultrasound scattering ratio and ultrasound pulse
length (2).
As it is known, V1 and ultrasound scattering ratio depend on the graphite form which
enable us to assume that there is the same dependence in the proportion signal / noise. The
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experiment, conducted by us, proves the correctness of this assumption (see Figure 8). It is
convenient to use the proportion signal / noise for the evaluation of the graphite form at the
absence of the second base signal which is necessary for calculation of the velocity of the
wave propagation and the scattering ratio.
In the course of testing of castings of compound forms, when it is impossible to measure
the value V1 for thickness it is recommended to use surface waves. The authors [9] have
determined the boundary value of the surface wave velocity between the cast iron with
nodular and vermicular forms of graphite -2.74 – 2.93 km / sec. Head waves may be used
for evaluation of the form of graphite as well, that was proved by introducing this method
at “KAMAZ” Joint Stock Company.
In order to determine the graphite form in cast iron the ultrasound attenuation ratio is used
as well [10]. Attenuation ratio decreases with the nodular graphite part increase and this
relationship has a linear nature. But the big error in the attenuation ratio measurements
(10%) in comparison with the error of V1 measurements (1%), makes the last
measurements more appropriate for practical use.
Less than the graphite form the quantity of graphite inclusions and their dimensions
influence the acoustic characteristics of cast iron. The influence of the graphite inclusions
parameters on V1 is so significant, that if we vary them it is possible to change the value
V1 by 2 times.
Under the constant carbon content, dimensions and form of the graphite inclusions it is
possible to trace the influence of the structure of metal base of cast iron (perlite, ferrite,
cementite content) on its acoustic characteristics. Usually the value V1 in the perlite base is
5-10% bigger than in the ferrite base [11].
Usually, cast iron, containing cementite in metal base, has excessive value V1 (see Figure
9).

Figure 9. Influence of Cementite Content in the Metal Base of Cast Iron with
Nodular Graphite on the value of the Longitudinal Wave Velocity.

If cementite is contained in a layer it is important to know its thickness. In case of the
washed out boundary between the whitened layer and the non-whitened casting, there may
be several variants of evaluation of the whitened layer thickness. There may be used an
average velocity of the longitudinal ultrasonic wave, which is measured along the thickness
of the casting; velocity of the surface wave (see Figure 10), velocity of the head wave. It is
also possible to use inclined transducers over the cross wave which work according to the
“duet” scheme.
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Figure 10. Dependence of the Surface Wave Velocity on the Whitened Layer Depth in Gray Iron.

It is interesting to mention, that increase in cementite content in metal base of the cast iron
causes increase of the longitudinal ultrasonic wave attenuation ratio.
In order to evaluate casting and mechanical properties of cast iron, besides the information
concerning graphite and metal base structure, it is necessary to have information on the
level of eutecticity - Sc and carbon equivalent – Ce. The level of eutecticity is calculated
basing on chemical composition of cast iron.
In paper [12] there is a linear regressive equation for gray iron:
Sc= 0.67 – 1.16 Vl,
Correlation ratio amounts to 0.94. Ultrasound attenuation ratio increases with increase of Sc. The carbon equivalent Ce, which characterizes the cast iron capacity for graphitization
is connected with V1 by reverse proportion [13]. The influence of content of different
elements of chemical composition on V1 has been studied fully for ferrite forgeable cast
irons.
As a result of experimental data interpretation, the following formula has been gained:
[14]:
Vl = 4793 – 14С + 42Si – 20Ni.
The decrease of the ultrasound attenuation ratio with increase of the phosphorus content in
gray iron is mentioned in [15]. The influence of phosphorus content in cast iron on the
velocity of the ultrasonic longitudinal wave propagation was investigated by the author and
is presented in Figure 11.

Figure 11. Influence of Phosphorus Content in the Metal Base of Cast Iron with Nodular and Plate – Type
Graphite on the value of the Longitudinal Wave velocity.
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It is different for the cast iron with plate-type and nodular graphite and, probably,
determined for the cast iron with plate-type graphite by liquidation of phosphides on the
grains boundaries and cementite formation in phosphide eutectics. As for the cast iron with
nodular graphite – by partial acquisition of free carbon in plate form because of melting in
the course of annealing of phosphate eutectics and graphite crystallization through the
liquid solution.
Ultrasonic Testing of the Cast Iron Mechanical Characteristics
At present, there is a possibility of evaluating, using ultrasonic method, of such important
cast iron characteristics, as Yung module, strength, hardness. Their connection with
acoustic parameters can be vividly seen in the equation for the Yung module calculation
using velocity of longitudinal V1 and cross Vt – waves:
E=

ρVt 2 (4Vt 2 − 3Vl 2 )
2

Vt − Vl

2

(1)

The error in the course of the Yung module determination for cast iron, calculated using
formula (1) is varied from 4 up to 10 % [16]. The reliable ultrasonic testing of the
mechanical characteristics of cast iron is possible in those cases when their dependence on
the Yung module is taking place. In the first place this is closely connected with temporary
resistance under stress-strain σΒ, which is determined using special fractured samples.
In paper [17] the direct proportional relationship between - σΒ - E and hardness of the cast
iron – HB- is shown:
σΒ = α × Е × НВ,
(2)
where - α - is a ratio, determined empirically, depends on the type of the cast iron and
technology of its fabrication.
If – E – is directly connected with ultrasonic waves velocities under the formula (1), then
hardness has indirect connection with acoustic parameters and is determined, mainly, by the
structure of the metal base and to a lesser degree than the Yung module, by parameters of
the graphite inclusions.
In initial papers on investigation in the field of acoustic characteristics of cast iron it was
indicated that there is a dependence of ultrasound velocity from the value -σΒ.
For example, in [16] there is a regressive equation for calculation of -σΒ - of the gray iron:

σΒ = 0,227 Vl – 783.

(3)

An error, in the course of determination of the value - σΒ- using the formula (3), amounts
to 14%. In the same paper one more variant of calculation of the value - σΒ-is shown,
where V1 and HB are present in additive relationship:

σΒ = 0,16 Vl + 0,86 НВ – 689.
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(4)

Calculation of the value HB in the formula (4) decreases the error in the course of
determination of the value - σΒ-up to 10%.
But physically proved relationship should be considered [18] the formula:

σΒ=α хV l2 х НВ,

(5)

which was obtained out of (2) taking into account (1).
An example of a nomogram for calculation of the value - σΒ-using the formula (5) is
shown at Figure 12. Determination of the value - σΒ-using the formula (5) was conducted
by the author at five different factories [19]. Numeric values of the ratio -α - for the value σΒ -in MPa, V1 – in km / sec, were different at different factories.

Figure 12. Nomogram for Strength Determination (temporary resistance under strain) of low-alloy Cast Iron
with Nodular Graphite, using Hardness and Longitudinal Wave Velocity.

The following values of -α -were obtained for the cast iron with the plate-type graphite –
0.032 – 0.077; and for the cast iron with nodular graphite the values were as follows –
0.062 – 0.114. The error of determination of the value - σΒ-does not exceed 7%.
The use of the other acoustic parameter – the ultrasound attenuation ratio – for evaluation
of the value - σΒ- [20], did not have wide application. The error of determination of the
value - σΒ-, in this case, is much more, than for V1. Together with determination of the
value - σΒ-, there have been attempts of determination, using ultrasonic method, of the
value of elasticity limit - σ0,2-, relative lengthening - δ -, percussive viscosity of the cast
iron [21].
Obtained relationships are rather usable for evaluation of parameters of the cast iron
mechanical characteristics using velocity of the ultrasonic longitudinal wave, but, in
practice, they are used only in exceptional cases.
For a long time we know the dependence of the velocity of ultrasonic longitudinal wave
and ultrasound attenuation ratio on the gray iron density [22] and density of the cast iron
with nodular graphite [23], see Figure 13. Physically, changes in the cast iron density may
be connected with changes of graphite inclusions content in the metal base of the cast iron.
There is an ambiguous judge by investigators of the influence of the cast iron hardness on
its acoustic characteristics – starting from denial of this interrelation [22], up to its absolute
recognition [24].
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Figure 13. Dependence of the Longitudinal Wave velocity on the Cast Iron Density

In paper [25] there is determination of the hardness characteristics of the cast iron
cylinders using velocity of the ultrasonic longitudinal wave; in paper [26] a regressive
equation was obtained for the gray iron:
НВ = 0,04853 Vl – 57,4,

Vl м / s.

According to the authors’ opinion, reliable relationship of the cast iron hardness
characteristics with its acoustic characteristics exists not for all types of cast iron and can be
discovered only experimentally.
In order to determine hardness characteristics of cast iron it may be interesting to use such
an acoustic parameter as frequency of the maximum amplitude of the spectrum of the first
base signal. [27]. Obtained direct proportional relationship between the above mentioned
parameter and hardness of the cast iron results from the influence of hardness on frequency
dependence of the ultrasound attenuation ratio. But the use of the suggested method is
restrained by the necessity of use of the flaw detector, containing the spectrum analyzer.
Summing up the above mentioned information, it is possible to affirm that there are wide
opportunities for investigations of the cast iron ingots using the ultrasonic method [28].
Publications on this topic haven’t ever stopped, with accumulation of experience and, at
last – the long waited standard EN 12680-3:2003 “Castings. Ultrasonic Testing. Cast Iron
with Nodular Graphite”, appeared. It is for the first time when the half-century experience
of ultrasonic flaw detection of cast iron ingots have been generalized in one document.
The discussed Standard gives the most generalized approaches towards flaw detection of
cast iron and in the course of tests of a specific casting it will be needed to solve a lot of
non – regulated questions that have not been covered by it. In these cases we should use
Ultrasound Physics knowledge and our common sense. But the fact that the Standard has
come out and it is possible to refer to it – is big achievement in the field of development of
Ultrasonic Testing of cast iron ingots!
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