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ARTICLE INFO ABSTRACT
Article history: Introduction. Spheroidal graphite (SG) iron is widely used in engineering structures due to its high mechanical
Received: 22 February 2026 properties, which are largely determined by the degree of spheroidization (nodularity) of the graphite inclusions.
Revised: 27 February 2026 Conventional metallographic evaluation of nodularity provides high accuracy but is a destructive and time-consuming
Accepted: 11 April 2026 procedure. Therefore, there is a need for a reliable non-destructive approach for rapid quality assessment of castings,
Auvailable online: 15 June 2026 especially in small-batch foundry production. The purpose of this work is to develop a methodological framework for
predicting nodularity and mechanical properties of SG iron castings based on ultrasonic testing. Methods. Castings
Keywords: of three SG iron grades (SGI 400/12, 500/7, and 600/3) were manufactured according to a Taguchi L27 experimental
Spheroidal graphite iron design. The controlled process parameters were: pouring temperature (1,380-1,420 °C), carbon equivalent (4.0-4.6),
Non-destructive testing and section thickness (5—15 mm). Ultrasonic testing was performed using a flaw detector with a 4 MHz transducer
Ultrasonic velocity to measure the longitudinal ultrasonic wave velocity in the samples. Nodularity was determined from the ultrasonic
Property prediction measurements using the instrument’s internal calibration and the corresponding velocity relationship. Ultimate

tensile strength (UTS, 6,) and Brinell hardness were determined by standard mechanical testing methods. Multiple
linear regression models were developed relating the process parameters and ultrasonic velocity to nodularity, UTS
(6,), and hardness. Results and Discussion. The developed models demonstrated high predictive capability, with
coefficients of determination of R’ = 0.8955 for nodularity, R’ =0.9954 for UTS (s,), and R’ =0.8135 for hardness.
Carbon equivalent was identified as the most significant parameter affecting all responses. Ultrasonic velocity showed
a clear positive correlation with nodularity and mechanical properties. Validation using metallographic analysis
confirmed good agreement with ultrasonic predictions, with deviations within 2-3%. The study demonstrates that
ultrasonic velocity can be effectively used to predict the microstructural and mechanical characteristics of SG iron.
The developed regression models provide a simple and practical tool for non-destructive evaluation, ensuring rapid
quality control in foundry production, especially for small-scale enterprises.
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Introduction

Spheroidal graphite iron (SG iron), also known as ductile iron, is widely used in automotive, machinery,
and structural components because it provides a good balance of strength, ductility, wear resistance, and
castability [ 1-4]. The mechanical performance of SG iron mainly depends on the shape, size, and distribution
of graphite nodules present in the microstructure. Higher nodularity generally improves tensile strength,
ductility, and fatigue resistance, whereas irregular graphite shapes may reduce the mechanical performance
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of cast components. Therefore, reliable evaluation of nodularity and microstructure is critically important
in foundry production and quality control.

Conventionally, nodularity and microstructural characteristics are evaluated using metallographic
examination. This method requires sectioning, polishing, and microscopic observation of samples. Although
metallography provides accurate results, it is destructive and time-consuming for real-time monitoring
during manufacturing. Because of these limitations, researchers have explored various non-destructive
testing (NDT) techniques to evaluate the microstructure and mechanical properties of cast irons without
damaging the component [5—6]. Ultrasonic velocity measurement offers a non-destructive alternative,
enabling rapid, objective assessment without material waste [5—6].

Ultrasonic testing has been extensively studied for material characterization among the various NDT
methods. Grain boundaries, inclusions, and graphite nodules are examples of internal features that ultrasonic
waves can interact with as they travel through solids. Since the propagation behavior of ultrasonic waves
depends on the elastic properties and internal structure of the material, parameters such as ultrasonic velocity
and attenuation can provide crucial information regarding microstructure and mechanical properties. Because
ultrasonic waves can pass through materials and be detected by ultrasonic equipment, physical properties,
including a material’s elasticity, can be evaluated. To assess the mechanical and microstructural properties
of materials in practical situations, a variety of ultrasonic measurement methods and instruments have been
developed [7]. It is noteworthy that most researchers have used ultrasonic velocity and attenuation data to
correlate ultrasonic measurements with microstructure and mechanical behavior.

In practice, ultrasonic techniques have been successfully used for a variety of material characterization
tasks. These involve determining the bulk modulus, shear modulus, Young’s modulus, and other elastic
constants of metals [8—9]. Ultrasonic methods have also been used to assess microstructural characteristics,
such as grain size and its growth during processing [10]. Additionally, ultrasonic data can be used to evaluate
mechanical parameters such as hardness [11] and yield strength [12]. Furthermore, researchers have used
ultrasonic techniques to monitor processing parameters, such as recrystallization during heat treatment
and the depth of hardened layers in surface-treated components [13]. These features have made ultrasonic
testing one of the most widely used NDT methods in the engineering sector.

Ultrasonic inspection techniques have become more capable in recent years due to a number of
technological advancements. Phased Array Ultrasonic Testing (PAUT), Time-of-Flight Diffraction (TOFD),
Full Matrix Capture (FMC), and Automated Ultrasonic Testing (AUT) are examples of advanced techniques
that enhance flaw detection, internal defect imaging, and automated inspection of complicated geometries
[14]. These developments make it possible to characterize internal structures and flaws in engineered
materials with greater accuracy.

Other non-destructive techniques for assessing nodularity in cast irons have been studied in addition to
ultrasonic testing. Electromagnetic methods, such as eddy current testing, detect changes in magnetic and
electrical conductivity brought on by microstructural alterations. Similarly, resonance techniques measure
the natural vibration frequency of a component in order to evaluate its elastic properties. While these
approaches are useful, ultrasonic techniques are better suited for foundry applications because they are
easier to implement for thick castings and often have a higher sensitivity to internal microstructural changes
[15-16].

Researchers have linked ultrasonic parameters to microstructure and mechanical properties using
statistical modeling tools in addition to experimental techniques. Regression models are frequently employed
to establish relationships between ultrasonic velocity and characteristics including hardness, tensile strength,
and nodularity. In recent years, machine learning techniques have been used to improve prediction accuracy
by concurrently evaluating several variables, including chemical composition, processing parameters, and
ultrasonic measurements [17—19]. However, many current studies focus on small datasets or specialized
materials, and comprehensive models that include mechanical properties, ultrasonic measurements, and
process parameters remain scarce.

Therefore, for accurate SG iron casting evaluation, a methodical approach involving experimental
design, ultrasonic characterization, and predictive modeling is needed. Using Taguchi experimental design
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and regression analysis, the present study aims to develop a non-destructive ultrasonic-based framework for
predicting nodularity and mechanical properties of spheroidal graphite iron castings [20-21]. The objective
is to establish clear relationships between ultrasonic velocity, nodularity, and mechanical properties, thereby
making ultrasonic testing a useful tool for quality assessment in the SG iron foundry industry.

Methods

Three grades of spheroidal graphite (SG) iron — SGI 400/12, SGI 500/7, and SGI 600/3 — that together
offer a practical range of mechanical properties for engineering applications were the subject of the
investigation [8—9]. The concentrations of carbon (C), silicon (S7), manganese (Mn), phosphorus (P), sulfur
(S), magnesium (Mg), and copper (Cu, if present) are within the specified ranges of the respective SG iron
standards, according to the actual chemical compositions of these grades, as displayed in Table 1 [22]. It has
been determined that carbon, silicon, and phosphorus are very important in producing spheroidal graphite
and, as a result, in regulating nodularity and mechanical behavior in the castings [22].

Table 1
Chemical composition of the SG iron grades
SG iron grade C (%) Si (%) Mn (%) P%) | S(%) | Mg (%) Cu (%)
400/12 (actual) 3.65 2.825 0.66 0.045 0.021 0.035 -
500/7 (actual) 3.45 2.62 0.45 0.045 0.018 0.035 0.4
600/3 (actual) 3.25 2.36 0.66 0.045 0.020 0.035 0.4

Designation: 400 — tensile strength (N/mmz), 12 — elongation (%).
Experimental design and casting trials

Using the Taguchi L27 orthogonal array, a methodical Design of Experiments (DoE) approach was
employed to investigate the multifactorial impact of casting parameters on ultrasonic velocity and percentage
nodularity in SG iron step castings. By examining three control factors at three levels each, the L27 array
efficiently covers the experimental domain. This preserves orthogonal balance and factor independence
while reducing the number of trials from 81 (full factorial: 34) to 27 (full factorial: 33) [20]. Based on
their known effects on graphite morphology and cooling behavior, three casting parameters were selected
as control factors, as indicated in Table 2: (1) pouring temperature (PT) , which varies from 1,380 °C to
1,420 °C in 20 °C increments to modulate melt fluidity and solidification rate; (2) carbon equivalent (CEV),
which ranges from 4.0 to 4.6 to investigate the impact of carbon content on graphite nucleation and growth;
and (3) section thickness (7)) , which varies from 5 mm to 15 mm to induce controlled variations in cooling
rates and microstructural development [23].

Table 2
Input parameters and their levels for the L27 orthogonal array
Parameter Designation Level I Level 11 Level I1I
Pouring temperature (°C) PT 1,380 1,400 1,420
Carbon equivalent value CEV 4.6 4.3 4.0
Section thickness (mm) T 5 10 15

An induction furnace with a 500 kg capacity and medium frequency was used to produce the castings.
Charge control and alloy additions were used to achieve the chemical composition of each nominal grade
(SGI 400/12, 500/7, and 600/3); the measured compositions are displayed in Table 1. Green sand with
a mean grain size of 0.25 mm, permeability of 250, and green strength of 1.8 MPa was used to create
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molds. At a rate of 0.4 wt.% of liquid metal, an inoculant material composed of ferrosilicon with strontium
additions (typically 0.1% Sr) was applied. As the metal moved from the treatment ladle to the pouring
ladle, the inoculation was applied, which caused the molten metal to dissolve quickly and distribute evenly.
A thermocouple in the ladle was used to measure and record the pouring temperature at three distinct PT
levels: 1,380; 1,400; and 1,420 °C. The duration of ambient cooling and mold shakeout for each casting was
noted; samples were removed after the temperature reached ambient.

To enable systematic spatial analysis of process-property interactions throughout the entire parameter
domain, all 27 experimental combinations listed in Table 3 were produced as step casting components in sand
molds, with each casting consisting of three distinct thickness sections. Because of this geometric structure,
all three thickness levels could be examined inside a single casting, reducing the mold preparation time and
enabling a direct comparison of thickness effects under comparable pouring and composition conditions.

Table 3
L27 orthogonal array
Expt. No. PT (°C) CEV T (mm)
1 1,380 4.6 5
2 1,380 4.6 10
3 1,380 4.6 15
4 1,380 43 10
5 1,380 43 15
6 1,380 4.3 5
7 1,380 4.0 15
8 1,380 4.0 5
9 1,380 4.0 10
10 1,400 4.6 5
11 1,400 4.6 10
12 1,400 4.6 15
13 1,400 43 10
14 1,400 43 15
15 1,400 43 5
16 1,400 4.0 15
17 1,400 4.0 5
18 1,400 4.0 10
19 1,420 4.6 5
20 1,420 4.6 10
21 1,420 4.6 15
22 1,420 4.3 10
23 1,420 4.3 15
24 1,420 43 5
25 1,420 4.0 15
26 1,420 4.0 5
27 1,420 4.0 10

Ultrasonic testing

Ultrasonic velocity (UV) in SG iron castings was measured using an EEC-made ADVANSCAN AS-414
ultrasonic flaw detector with integrated analysis software. A 10 mm diameter, 4 MHz transducer probe was
used to generate and receive ultrasonic waves. Equation (1) was used to calculate the ultrasonic velocity (V)
as the ratio of the specimen thickness (d) to the wave’s transit time (¢) through the material:

4
!

V==, (D

where the ultrasonic velocity depends on density, elasticity, and internal microstructural features [24-25].
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After calibration, SGI 400/12, SGI 500/7, and SGI 600/3
specimens were tested following a standardized procedure to
ensure consistency [13—15]. Step casting specimens with section
thicknesses of 5, 10, and 15 mm were evaluated as shown in
Fig. 1 at predefined locations to capture the influence of geometry
on UV and nodularity [26-27].

The percentage nodularity of ductile iron specimens was
estimated using an ADVANSCAN AS-414 ultrasonic flaw detector.
By measuring the ultrasonic longitudinal wave velocity through
a material with a predetermined thickness, the device indirectly
evaluates nodularity. The ultrasonic pulse’s time-of-flight is
used to calculate the velocity, which is then compared to the
device’s internal calibration database. This database is based on
previously established relationships between the microstructural  Fig. /. Measurement of ultrasonic velocity
characteristics of cast iron and ultrasonic velocity. and nodularity of the step casting

It is well known that graphite form, especially nodularity, has
a significant influence on ultrasonic velocity in cast iron. Higher nodularity (spheroidal graphite) permits
smoother wave propagation and higher velocities, while lower nodularity results in greater scattering and
lower velocities. Consequently, the flaw detector uses previously established empirical relationships to map
recorded velocity to nodularity values in order to determine nodularity. Similar trends have been found in
previous research, confirming that graphite shape is the most important structural component influencing
ultrasonic wave velocity in cast iron [28].

Tensile and hardness testing

Tensile and hardness tests were performed on specimens taken from the 5, 10, and 15 mm sections
of the step castings corresponding to each L27 experiment to assess mechanical behavior, as shown in
Table 4. Tensile testing according to ASTM ES/ESM yielded ultimate tensile strength [29]. Brinell hardness
measurements were performed in accordance with ASTM E10 [30]. A 10 mm diameter steel ball indenter
with an applied load of 3,000 kgf and a dwell time of 10—15 s was used for testing. For each specimen, three
successive indentations were performed at different locations, and the reported hardness value represents
the arithmetic mean of these measurements, for the purpose of correlating mechanical properties with
process parameters and ultrasonic velocity [31-32].

Table 4
Tensile strength and hardness data of the step castings
Section Ultrasonic velocity UTS (o)
o o u
Expt. No. | PT (°C) CEV thickness (mm) | (flaw detector, m/s) o N (N/mm?) Hardness
1 1,380 4.6 5 5,368 76 415 168
2 1,380 4.6 10 5,472 77 419 167
3 1,380 4.6 15 5,466 77 406 164
4 1,380 4.3 10 5,646 87 511 225
5 1,380 4.3 15 6,019 88 522 225
6 1,380 4.3 5 5,646 90 514 224
7 1,380 4.0 15 6,120 91 612 228
8 1,380 4.0 5 6,315 92 604 227
9 1,380 4.0 10 6,117 93.7 620 229
10 1,400 4.6 5 5,366 75 415 167
11 1,400 4.6 10 5,472 77 420 166
12 1,400 4.6 15 5,466 77 410 164
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The End Table 4

Tensile strength and hardness data of the step castings

BptNo. | PTCO) | CEV | icinens (mm) | haw detector,miy | Y | imeny | Hardnes
13 1,400 43 10 5,646 89 511 225
14 1,400 43 15 6,019 88 517 222
15 1,400 4.3 5 5,646 90 527 226
16 1,400 4.0 15 6,120 92 621 232
17 1,400 4.0 5 6,315 93 613 231
18 1,400 4.0 10 6,117 93.7 623 230
19 1,420 4.6 5 5,366 75 416 169
20 1,420 4.6 10 5,472 77 422 168
21 1,420 4.6 15 5,466 77 409 165
22 1,420 43 10 6,019 88 516 226
23 1,420 43 15 6,019 89 522 227
24 1,420 43 5 5,646 91 526 226
25 1,420 4.0 15 6,120 92 619 233
26 1,420 4.0 5 6,315 93 612 230
27 1,420 4.0 10 6,117 93.7 628 231

Regression modelling

Multiple linear regression was used to create empirical predictive models that quantified the relationships
between process parameters (pouring temperature (P7), carbon equivalent (CEV), section thickness (7)),
ultrasonic velocity, and response variables (percentage nodularity, ultimate tensile strength (UTS, (c)) , and
Brinell hardness (BHN)). Models were fitted using the mean experimental values from all 27 trials, with no
data preprocessing performed, allowing direct interpretation of coefficients in terms of process variables.

Nodularity model

A linear regression model for nodularity was developed based on the average ultrasonic velocity
measurements V_f from the flaw detector and the corresponding nodularity data.

%N = 230.2+0.0028PT —30.23CEV + 0.029T — 0.00316V 1", (2)

where %N is the percentage nodularity; PT is the pouring temperature (°C); CEV is the carbon equivalent;
T is the section thickness (mm); V' f'is the ultrasonic velocity (m/s).

This model had an R® of 0.8955 and an adjusted R’ of 0.8765, indicating a strong linear fit within the
tested parameter range.

Tensile strength and hardness models

Similarly, UTS (c,) and hardness data from Table 4 were utilized to develop predictive models for
tensile strength and BHN as a function of PT, CEV, T, and V_f[1]. The resultant equations are:

UTS (c,) = 1,874 + 0.1306PT — 347.2CEV + 0.0327 — 0.0082V _f ; 3)

BHN =823+ 0.050PT —131.8CEV + 0.103T — 0.0206V £, 4)

where BHN represents Brinell hardness, while UTS (c,) is expressed in N/mm’. The tensile strength model
was quite accurate (R = 0.9954 and adjusted R? = 0.9946), whereas the hardness model achieved R
= 0.8135 and adjusted R’ =0.7796, suggesting reasonable predictive capability for hardness within the
experimental range [1].
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Results and Discussion

OBRABOTKAMETALLOV ~ CM

Using quantifiable process and non-destructive parameters such as pouring temperature (PT),
carbon equivalent (CEV), section thickness (7), and ultrasonic velocity (V_f), this study develops three
regression models to predict important quality characteristics of ductile iron castings, including percentage
nodularity (%N), ultimate tensile strength (UTS, o), and Brinell hardness (BHN). These models provide
a coherent and practical framework for forecasting mechanical and microstructural characteristics without

relying solely on destructive testing.

Model performance and statistical significance

All three models are significant and offer strong predictive potential, according to the statistical analysis.
While the BHN model has a considerably lower but still outstanding R’ = 81.35%, the %N and UTS
(c,) models have substantial coefficients of determination (R® = 89.55% and 99.54%, respectively). Good
model generalization and minimal overfitting are indicated by the predicted R’ values closely matching the
corresponding adjusted R’ values [33]. Statistically significant regression models with P-values less than
0.001 are shown in Tables 5—-7. Strong correlations between input variables and responses that cannot be
explained by random variation are indicated by high F-values, particularly for the UTS (c ) model.

Analysis of variance (4ANOVA) for the nodularity (% V) model

Table 5

Source DF Adj SS Adj MS F-value P-value % contribution
PT (°C) 2 14 7 7.78 0.003 1.12
CEV 2 1,185 592.5 658.33 0 94.46
T 2 16 8 8.89 0.002 1.28
V., 2 8 4 4.44 0.027 0.64
Error 18 16.96 0.94 - - 1.35
Total 26 1,254.96 — — — 100
Table 6
Analysis of variance (ANOVA) for the UTS (c,) model
Source DF Adj SS Adj MS F-value P-value % contribution
PT (°C) 2 1100 550 1.22 0.317 0.59
CEV 2 175,800 87,900 195.33 0 95.02
T 2 120 60 0.13 0.878 0.06
V., 2 70 35 0.08 0.925 0.04
Error 18 7,922 440.1 - - 4.28
Total 26 185,012 — — — 100
Table 7
Analysis of variance (4ANOVA) for the for the Brinell hardness (BHN) model
Source DF Adj SS Adj MS F-value P-value % contribution
PT (°C) 2 55 27.5 1.1 0.354 0.24
CEV 2 21,450 10,725 429 0 94.79
T 2 45 22.5 0.9 0.423 0.20
V. 2 25 12.5 0.5 0.614 0.11
Error 18 1,057.7 58.76 - - 4.67
Total 26 22,632.7 - — — 100
Vol. 28 No. 2 2026 %
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Influence of process parameters

The most crucial factor in all three models is the carbon equivalent (CEV)). With extremely low P-values
and high F-values, it is statistically highly significant. The regression coefficients indicate a negative
correlation between CEV and all responses (%N, UTS (c,), and BHN), suggesting that nodularity, tensile
strength, and hardness decrease as CEV increases. This behavior is consistent with the principles of physical
metallurgy. Higher CEV encourages increased graphite production, influences solidification behavior,
reduces matrix hardness and strength, and alters graphite morphology [35]. Other variables — pouring
temperature (PT), section thickness (7)), and ultrasonic velocity (V_f) — have comparatively low individual
statistical significance. Nevertheless, their inclusion improves the overall model accuracy, demonstrating
that their combined effects significantly enhance property prediction.

Interaction effects between parameters

Interaction plots were examined to better understand the combined influence of variables. These graphs
offer a deeper understanding of how two parameters interact to affect the response.

Relationship between ultrasonic velocity and CEV

An interaction plot between ultrasonic velocity and CEV is shown in Fig. 2, which reveals a distinct
decreasing trend in ultrasonic velocity as CEV increases across all section thicknesses. This suggests that
higher carbon equivalent results in poorer ultrasonic wave propagation. This phenomenon can be explained
by microstructural differences. Higher CEV encourages increased graphite content and coarsening, which
scatter ultrasonic vibrations and reduce velocity.

Interaction Plot for Mean UT Velo (by Flaw det)
Data Means

Section
Thickness
(mm)

8,300~
6,200+

—— 5
6,100 —— 10
—— 15

6,000~

5,900+

Mean

5,800+
5,700+
5,600+
5,500+

5,400~

4.‘0 4!3 4!5
Carbon Equivalent Value (CEV)

Fig. 2. Relation between ultrasonic velocity and CEV

Additionally, this trend is slightly modulated by changes in section thickness, indicating that cooling
rate affects ultrasonic response. Thinner sections (which cool more quickly) exhibit comparatively higher
velocities than thicker sections. This finding is consistent with previous studies showing that variations in
the internal structure and graphite form of cast iron affect ultrasonic velocity [28, 34].

Relation between % nodularity and CEV

Nodularity clearly decreases as CEV increases, according to the interaction plot (Fig. 3) between %N
and CEV. This trend is consistent across all section thicknesses with only minor variations. High nodularity
(>90%) and lower CEV values (~4.0), indicate favorable graphite spheroidization. However, nodularity
sharply declines (to about 75-78%) as CEV increases (~4.6). This demonstrates that an excess of carbon
equivalent negatively affects the formation of spherical graphite. Section thickness also influences this
effect. At higher CEV values, thicker sections maintain slightly higher nodularity, most likely due to slower
cooling rates that permit more stable graphite growth. Nevertheless, CEV still has a major detrimental
effect. Higher carbon equivalent is linked to graphite shape degeneration and decreased nodularity as a
result of altered solidification dynamics, providing strong evidence for this behavior [35].
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Interaction Plot for % Nodularity
Data Means

i Section

Thickness
(mm)

— 5

0 - —— 10
—— 15

85 4

Mean

80 -

75 4
40 43 46
Carbon Equivalent Value (CEV)

Fig. 3. Relation between % nodularity and CEV

Relation between % nodularity and pouring temperature

Pouring temperature has a moderate but discernible impact on nodularity, according to the interaction
plot (Fig. 4) between percentage nodularity and pouring temperature. Nodularity is marginally increased
at intermediate pouring temperatures (~1,400 °C), especially for medium section thickness. Nodularity
tends to decrease or stabilize at lower temperatures (1,380 °C) and higher temperatures (1,420 °C). This
demonstrates that optimal graphite spheroidization occurs within a specific range of pouring temperatures.
Both excessively low and excessively high temperatures negatively affect nodule formation — low
temperatures can cause premature solidification, while high temperatures can lead to magnesium treatment
fading. The relationship with section thickness indicates that thicker sections are more susceptible to
temperature variations, whereas thinner sections exhibit more consistent nodularity across temperature
ranges. These results are due to variations in solidification times and cooling rates and are in line with the
metallurgical understanding that pouring temperature significantly affects graphite nucleation and growth
conditions [36].

Interaction Plot for Mean % Nodularity
Data Means

a Section
86.50 - P i T Thickness
rd - (mmy)
e ~
~
T T —— 5
86.25 - // ~m +—0— 1?
#
7
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S 86.00 - »
@ s e
= v o
-
-
87.75 - e
’/

87.50 =

1 ,z‘au 1,4'00 1 ,‘20
Pouring Temperature (°C)

Fig. 4. Relation between % nodularity and pouring temperature

Microstructural validation and agreement analysis

Microstructural validation of representative SG iron samples was performed using an inverted
metallurgical microscope at 100x magnification. The microstructural analysis was conducted on nine
representative samples that included all combinations of three SG iron grades (SGI 400/12, 500/7, and
600/3) and three section thicknesses (5 mm, 10 mm, and 15 mm). For metallographic analysis, samples
from each grade were sectioned from the cast specimens, mounted, polished, and etched according to ASTM
A247. The microstructure was examined using an optical microscope, and digital micrographs were taken.
The micrographs were then processed with image analysis software to calculate the percentage of spheroidal
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graphite particles relative to the total graphite area, which corresponds to the percentage nodularity defined
in ASTM A247 [37].

The validation dataset in Table 8 shows a high correlation between ultrasonic nodularity estimations
from the ADVANSCAN AS-414 flaw detector and optical microscopy at 100x magnification. Ultrasonic
nodularity values of 76-77% for the SGI 400/12 grade at CEV 4.6 were very close to metallographic
values of 75.33-78%, with a maximum divergence of 2%. At moderate CEV 4.3 (SGI 500/7), ultrasonic
nodularity of 89-90% was consistent with microscopic nodularity of 87.34—89%, again within a maximum
divergence of 2-3% range. At the lowest CEV 4.0 (SGI 600/3), ultrasonic nodularity of 92-94% matched
metallographic values of 91.33-94%, with only slight variability.

Table 8
Validation of nodularity: ultrasonic testing and optical microscopy
SG iron grade | CEV | Thickness (mm) Ultr:asonic Ultrasonic % N Microscopic % N
velocity (m/s)
400/12 4.6 5 5,363 76 75.33
400/12 4.6 10 5,470 77 77
400/12 4.6 15 5,470 77 78
500/7 4.3 5 5,645 90 87.34
500/7 4.3 10 5,645 89 88.33
500/7 4.3 15 6,018 89 89
600/3 4.0 5 6,315 93 91.33
600/3 4.0 10 6,114 94 92.33
600/3 4.0 15 6,114 92 94

Microstructural examination (Fig. 5, 100x magnification, 2% nital etch) shows that lower CEV
(SGI 600/3) results in well-defined, uniformly distributed spheroidal graphite particles within a
continuous metallic matrix, whereas higher CEV (SGI 400/12) results in irregular, non-spheroidal
graphite morphology with matrix discontinuities. These optical studies validate the quantitative
relationships revealed by ultrasonic velocity and regression analysis, with nodularity variations (SG/
600/3: 92-94%, SGI 400/12: 74-78%), which are directly reflected in both microscopic morphology
and acoustic propagation behavior. Despite minor differences in measurement principles, the statistical
analysis confirms a linear relationship between nodularity and ultrasonic velocity, with higher velocities
consistently associated with higher nodularity percentages, reinforcing ultrasonic velocity’s utility as a
quantitative indicator of microstructural quality.

Vo, ' @ on 0@ 3V %Y
".....’i k] i e & ,. .
-lr".'-'.‘g o d. Lt
g .:, o &, 9 .‘ *¥ o
“e > oy v 4@ L ]
. + .:. L/ .“ & . o
Py ! ane®, 81,
. .9e .

Fig. 5. Microstructures of 600/3 (a) and 400/12 (b) etched with 2% nital solution
(captured using inverted microscope at 100x magnification)
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Conclusion

1. This study discovered a substantial relationship between graphite nodularity and ultrasonic velocity
in SG iron castings produced under controlled conditions. The investigation covered a wide range of
parameters (P7 1,380-1,420 °C, CEV 4.0-4.6, T 5-15 mm) and three commercially important cast iron
grades (SGI 400/12, SGI 500/7, and SGI 600/3).

2. Based on process parameters and ultrasonic velocity, the study developed regression models to
forecast nodularity, UTS (o), and BHN. The models show excellent agreement with experimental results
and high forecast accuracy.

3. The carbon equivalent (CEV) was shown to be the most significant factor. CEV plays a crucial role in
microstructure regulation, since interaction plots showed that it has a significant impact on both nodularity
and ultrasonic velocity.

4. Using ultrasonic velocity for non-destructive prediction offers an effective real-time quality control
method. Because these models are straightforward and efficient, they are highly beneficial for small-scale
foundries.

A key contribution is the inclusion of ultrasonic velocity (V_f) in all models. Internal characteristics
including microstructure, density, and elastic properties are detectable by ultrasonic examination. By
combining V_f with process parameters, the models may predict nodularity, hardness, and tensile strength
non-destructively. This enhances real-time quality assessment while eliminating the need for destructive
testing. Significant relationships between ultrasonic parameters and material properties in cast irons have also
been discovered in earlier studies [28, 34]. Since small-scale foundries have limited access to contemporary
testing facilities, the suggested models are particularly helpful. Section thickness, chemical composition
(for CEV), pouring temperature, and ultrasonic velocity are all routinely recorded or easily measurable.
Operators can predict important material qualities with ease by integrating these models into basic tools like
spreadsheets or mobile devices. This enables: real-time process control, rapid quality assessment, reduced
testing costs, and prompt corrective action. This predictive ability improves casting quality consistency and
efficiency.

Limitations and future work

The linear regression models are strictly calibrated to the examined parameter space (CEV 4.0—4.6, PT
1380—-1420 °C, T 5-15 mm) and should not be extrapolated beyond these boundaries without additional
validation. Factors such as microstructural heterogeneity, inoculation practice variations, and mold mate-
rial differences — which were not varied in this study — may influence production performance and warrant
future investigation. Nevertheless, the demonstrated methodology provides a rigorous, scalable framework
for advancing non-destructive quality control in SG iron manufacturing and supporting evidence-based
process optimization.
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