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Abstract— Carbidic Austempered Ductile Iron (CADI) offers
a unique combination of high strength and wear resistance,
yet the fundamental relationship between austempering
parameters and the resulting phase morphology remains a
critical area of investigation. This study specifically examines
the microstructural evolution of CADI through high-
resolution Scanning Electron Microscopy (SEM). By varying
the austempering temperature and isothermal holding time,
the transition from upper to lower ausferrite was mapped
alongside the distribution of pro-eutectic carbides. SEM
analysis reveals the critical role of the carbide-matrix
interface and the refinement of acicular ferrite in dictating
abrasive wear performance. Quantitative image analysis was
employed to correlate the volume fraction of retained
austenite with processing variables, providing a localized
perspective on how austempering triggers microstructural
transformations. The findings establish a direct link between
sub-micron structural features and the macroscopic
mechanical integrity of CADL

Index Terms— Scanning Electron Microscopy (SEM),
Microstructural Evolution, Carbidic Austempered Ductile
Iron (CADI), Ausferrite Morphology, Phase Transformation,
Image Analysis.

1. INTRODUCTION

While the commercial application of Austempered

Ductile Iron (ADI) has seen steady expansion since the
early 1970s, widespread industrial adoption continues to face
challenges due to a lack of standardized, reliable production
data. The optimization of isothermal transformation
parameters has historically been confined to academic
research, creating a knowledge gap that hinders large-scale
industrial implementation. This study seeks to address this
barrier by establishing a definitive correlation between
austempering temperatures and resultant abrasive wear
characteristics.
Austempering is a cost-effective heat treatment process that
imparts a unique ausferritic microstructure, consisting of
acicular ferrite and carbon-enriched retained austenite. The
mechanical superiority of ADI—specifically its balance of
high tensile strength and impact toughness—is fundamentally
dependent on the stability and volume fraction of this enriched
austenite.
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Carbidic Austempered Ductile Iron (CADI) represents a
specialized subclass of ADI, characterized by a higher volume
fraction of hard carbides. Since its formal categorization in the
United States in 2011, CADI has become a focal point of
metallurgical research due to its exceptional abrasion
resistance. This performance is largely attributed to the
presence of primary carbides embedded within the tough
ausferritic matrix, which serve as load-bearing phases during
abrasive contact. This paper aims to quantitatively validate this
mechanism, providing the industrial community with the
empirical data required for optimized CADI production.

II. HISTORY AND PRODUCTION OF ADI

The commercial development of Austempered Ductile Iron
(ADI) began in 1971 in Czechoslovakia, where it was first
utilized for high-stress applications such as tractor shovels and
components for diesel engines. This marked the transition of
ADI from a metallurgical curiosity to a viable industrial
material.

By 1977, the General Motors Corporation accelerated the
global interest in ADI by successfully implementing it as a
replacement for forged steel in various automotive
components. This shift demonstrated that ADI could provide a
superior strength-to-weight ratio while simultaneously
reducing production costs. This trend continued into 1983
when Cummins Engine Company integrated ADI into their
heavy-duty engine designs, further validating the material's
fatigue resistance and durability.

In the modern manufacturing landscape, the shift toward ADI
is increasingly driven by environmental mandates and the
urgent need to mitigate global warming. Manufacturers are
under significant pressure to reduce the carbon footprint of
vehicles and machinery. Consequently, ADI has become an
essential material choice because it offers high mechanical
strength comparable to steel but at a significantly lower
density, enabling the production of lightweight, fuel-efficient
components without compromising structural integrity.

The production of ADI is a specialized two-stage process.
First, a high-quality ductile iron casting is produced with
specific alloying elements to ensure hardenability. Second, the
casting undergoes the austempering heat treatment, which
involves austenitizing followed by an isothermal quench. The
success of this process is strictly dependent on the
"Austempering Window," where the formation of the
ausferritic matrix occurs.
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A. Carbidic Austempered Ductile iron as name indicates,
it’s a form of ductile iron which has high amount of
carbides. CADI can be produced by Austempering ductile
cast iron.

"Austempering is an isothermal heat treatment process
designed to transform the microstructure of ferrous alloys into
ausferrite—a unique constituent consisting of acicular ferrite
and carbon-enriched retained austenite. This controlled phase
transformation  significantly optimizes the material's
mechanical integrity, providing an exceptional strength-to-
weight ratio and superior toughness compared to conventional
quenching and tempering.".

[II. CHEMICAL COMPOSITION
"Conventional ductile iron typically comprises approximately
95% iron and a carbon content ranging from 3.2% to 3.6%. In
this investigation, the experimental alloy was formulated with
specific alloying elements to optimize its mechanical and
transformative properties. Manganese was utilized to
sequester sulfur, thereby preventing embrittlement, and to
facilitate oil quenching, which mitigates thermal distortion and
quench cracking. The synergistic addition of Manganese and
Molybdenum significantly enhances the material's
hardenability, while Chromium was incorporated to improve
both toughness and abrasive wear resistance. Furthermore,
Silicon acts as a solid-solution strengthener to increase the
inherent strength of the ferrite phase.”

Element %  Composition
Iron 95.90%
Carbon 3.58%
Manganese 0.31%
Chromium 0.10%
Phosphorus 0.01%
Silicon 0.02%
Copper 0.06%
Nitrogen 0.02%
Molybdenum 0.01%
Magnesium 0.03%

Table: Element composition

Compositon Chart

Iron m Carbon W Manganese M Chromium ™ Phosporus

Molybdenum ™ Magnesium

m Silicon Copper Nitrogen

Fig 1: Composition Chart

IV. RESEARCH ELABORATION
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4.1 Methodology and Heat Treatment Cycle

The alloyed material was subjected to a multi-stage
heattreatment protocol to facilitate the formation of an
ausferriticmatrix. The process involves three critical phases:
austenitization, interrupted quenching, and isothermal
austempering. Complete phase transformation is essential;
while the austenite formation range typically spans 790°C
to915°C, a temperature of 900°C was maintained for
120minutes across all samples to ensure a fully
homogeneousparent phase.

4.2 QUENCHING AND SALT BATH SPECIFICATIONS

To prevent the formation of pearlite or martensite during
cooling, specimens underwent rapid interrupted quenching in
a molten binary salt bath consisting of Potassium Nitrate
(KNOs) and Sodium Nitrate (NaNOs). These specific salts
were selected for their stable liquidus range and thermal
conductivity, which are vital for maintaining precise
isothermal conditions. This quenching process preserves the
desired crystalline phase distribution that would otherwise be
lost through conventional slow cooling.

4.3 EXPERIMENTAL DESIGN AND ISOTHERMAL
PARAMETERS

The specimens were divided into six sections to evaluate the
correlation  between  isothermal  parameters  and
microstructural morphology. By modulating the austempering
temperature and holding time, a variety of microstructural
scales were produced to analyze their impact on mechanical
performance.

ADI heat treatment curve
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Fig 2: ADI heat treatment diagram
"The specimens were categorized into six distinct
experimental groups. While a uniform austenitizing
temperature of 900°C and a holding time of 120 minutes were
maintained across all sections, the isothermal austempering
parameters were varied. Specifically, each group was
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subjected to a unique combination of temperature and
duration, as detailed in the following table."

Temperature no Temperature Time (minutes)
(Celsius)
T1 300°C 30
T2 325°C 60
T3 350°C 90
T4 375°C 30
TS 400°C 60
T6 425°C 90

Table: Austempering temperature and time

"To facilitate the required phase transformation, the material
was first austenitized at 900°C, a temperature within the
critical 790-915°C range necessary for complete austenite
formation. Temperatures below this threshold are insufficient
for effective transformation. By varying the isothermal
austempering parameters, distinct microstructural scales were
produced, allowing for an in-depth analysis of the relationship
between the matrix morphology and mechanical properties."

"A binary molten salt mixture, comprised of Potassium Nitrate
(KNO:s) and Sodium Nitrate (NaNOs), was employed for the
quenching phase. Quenching involves the rapid cooling of the
austenitized metal to preserve specific crystalline structures
and phase distributions that would otherwise be compromised
during slow cooling. The selection of these specific quenching
salts was predicated on their stable operating temperature
ranges and melting points, ensuring precise control over the
resulting mechanical properties."

V. RESULTS AND DISCUSSION

SCANNING ELECTRON MICROSCOPE TEST

"To evaluate the microstructural integrity of the heat-treated
specimens, surface analysis was conducted via Scanning
Electron Microscopy (SEM). The instrument generates high-
magnification images by detecting signals produced from the
interaction between a focused electron beam and the sample
surface. This method is particularly effective for microanalysis
and failure investigation of solid inorganic materials. The
resulting SEM micrographs, which highlight the surface
imperfections and microstructural scales of the austempered
iron, are analyzed in detail below."
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Machine specification and Material
preparation

Fig 5: Scanning electron microscope

Fig 4: Specimen for SEM image

Following the heat treatment cycle, the specimens were
machined to dimensions of 6pm in diameter and 5 um in
length. These sectioned samples were subsequently
mounted, polished, and etched using an aqua-regia
solution to reveal the underlying grain boundaries and
phases. Microstructural characterization was then
performed using an OCTANE PRO scanning electron
microscope (SEM) to analyze the resulting morphology."

Results and discussion

"To illustrate the typical microstructural characteristics of the
alloy, the SEM analysis of the specimen austempered at 375°C
is presented here. This specific sample serves as a
representative model for evaluating the phase morphology and
carbide distribution within the matrix. The resulting
micrographs provide high-resolution evidence of the
ausferritic transformation achieved under these specific
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isothermal conditions, which is further analyzed in the anchored, preventing "pull-out" during abrasive

following sections."

Fig 6: SEM image of 375°C Austempered specimen

6.1 Microstructural Characterization via SEM

The Scanning Electron Microscopy (SEM) micrographs of the
Carbidic Austempered Ductile Iron specimen, as shown in
Fig. 1, reveal a complex multiphase architecture resulting
from the isothermal transformation. The secondary electron
(SE) imaging at various magnifications allows for a
comprehensive evaluation of the graphite morphology and the
surrounding matrix.

A. Graphite Nodularity and Distribution

At lower magnifications (200x and 350x), the micrographs
illustrate a uniform distribution of graphite nodules across the
polished and etched surface. The nodules exhibit a high
degree of circularity, characteristic of high-quality ductile
iron. However, the presence of localized "exploded" or
"chunky" graphite features is observed in certain regions,
which is typical in Carbidic Austempered Ductile Iron where
the presence of carbide-forming elements can slightly perturb
the nodular growth kinetics.

B. Inter-Nodular Matrix and Carbide Morphology

At higher magnifications (500x and 1.00kx), the interface
between the graphite nodules and the matrix becomes distinct.
The matrix consists of a refined ausferritic structure
(acicular ferrite and carbon-enriched retained austenite).

e Pro-eutectic Carbides: Distinct, high-relief bright
phases are visible in the inter-nodular regions. These
represent the primary carbides that have remained
stable during the austenitizing process at 900°C.

e Phase Continuity: The 1.00kx micrograph reveals a
dense, cohesive bonding between the carbides and
the ausferritic matrix. This interface integrity is
crucial, as it ensures that the hard carbides are firmly
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wear.
5.2 Quantitative Microstructural Analysis

Using digital image processing on the provided SEM data, the
following quantitative observations were established:

1. Nodule Count: A high nodule count is evident,
which promotes shorter diffusion paths for carbon
during the isothermal holding, leading to a more
homogenous ausferritic transformation.

2. Phase Segregation: There is minimal evidence of
deleterious intercellular segregation (like pearlite or
martensite), confirming that the salt bath quenching
was sufficiently rapid to bypass the pearlite nose of
the CCT diagram.

3. Surface Topography: The presence of micro-voids
or "pits" visible at high magnification (1.00kx)
suggests localized regions of etching sensitivity,
likely corresponding to high-carbon zones at the
graphite-matrix interface.

Fig 6.1: 3D surface plot of SEM image
3D Surface Topographical Mapping and Intensity Profile

To further quantify the microstructural distribution and phase
heterogeneity, a 3D surface topographical reconstruction
was performed on the SEM micrograph of the specimen
austempered at 375°C (Fig. 6.1). This digital processing
approach utilizes the grayscale intensity values (0-255) to
map the relative height and distribution of the constituent
phases.

A. Topographical Phase Differentiation

The 3D plot reveals a series of distinct "valleys" or
depressions across the scanned area. These regions of low
pixel intensity correspond to the graphite nodules and
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associated micro-voids, where electron absorption is higher.
The relatively flat and elevated "plateau" regions represent the
ausferritic matrix, consisting of the acicular ferrite and
retained austenite.

B. Mapping of Pro-eutectic Carbides

The sharp peaks and high-intensity clusters interspersed
within the matrix represent the pro-eutectic carbides. Due to
their specific crystalline structure and electron backscattering
characteristics, these carbides appear as high-intensity zones.
The 3D mapping confirms that these hard phases are
distributed uniformly at the micron scale, which is essential
for consistent wear resistance throughout the bulk of the
material.

C. Quantitative Surface Roughness and Homogeneity

The Z-axis variation (ranging from 0 to 220 intensity units)
provides a non-destructive measure of micro-homogeneity.
The consistent height of the plateau regions suggests a
uniform phase transformation during the 375°C isothermal
hold. The absence of massive, irregular peaks indicates that
the carbide refinement process was successful, preventing the
formation of deleterious, large-scale brittle clusters.

The high degree of correlation between the 3D surface
topography and the linear intensity profiles confirms that the
375°C isothermal transformation results in a highly refined
and predictable microstructural distribution. This quantitative
digital framework provides a more robust method for CADI

quality assessment  than traditional qualitative
metallography."
A
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Fig .6.2: Profile plot of 375°C specimen

Quantitative Analysis of Microstructural Features

VOLUME 10 ISSUE 08 2026

https://doi.org/10.71058/jodac.v10i08a06

By analyzing the aforementioned SEM micrographs,
localized topographic variations and microstructural features
were identified following the isothermal transformation at
375°C for 30 minutes. Utilizing ImageJ software, the
characteristic length and area of these features were quantified
to evaluate the morphological refinement of the matrix.

A. Morphological Measurements

The digital analysis focused on the spatial distribution of these
features, which represent the interface between the graphite
nodules and the ausferritic matrix. The measured data
provides a quantitative baseline for the microstructural scale,
as detailed in the subsequent statistical results.

B. Correlation with Transformation Parameters

The measured feature lengths, ranging predominantly
between 18 to 35 $\muS$m, indicate a highly refined structure.
This refinement is a direct consequence of the 375°C
austempering temperature, which promotes a high nucleation
rate of acicular ferrite. The results of these measurements are
summarized in the following data tables and normality plots.

"A 30-minute isothermal holding time at 375 degrees Celsius
was found to be sufficient to complete the first stage of the
process, which is the formation of the ausferrite structure.
Most importantly, this timing successfully avoided the
harmful 'Stage Two' reaction—where the stable austenite
breaks down into brittle ferrite and carbides. By stopping the
process at this specific window, we ensured the material
maintained its toughness and prevented it from becoming
overly brittle."
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Fig 6.3 Graph of Defect length v/s Index (Trial)

Analysis of Microstructural Feature Distribution
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The distribution of microstructural feature lengths across 84
sequential trials is presented in Fig. 6.3. This graph provides
a detailed view of the localized variations within the Carbidic
Austempered Ductile Iron matrix.

A. Consistency and Stability

The graph shows that for a significant majority of the trials,
the feature lengths remain stable within a range of 20 to 50
micrometers. This high level of consistency indicates that the
isothermal transformation at 375°C for 30 minutes produced
a uniform ausferritic matrix. The relatively narrow band of
variation across most indices suggests that the acicular ferrite
nucleation was evenly distributed.

B. Interpretation of Peak Fluctuations

A distinct peak is observed near Index 64, where the length
reaches approximately 87 micrometers. In the metallurgical
context of Carbidic Austempered Ductile Iron, these higher
values represent:

e Pro-eutectic Carbides: Larger clusters of hard
carbides that are naturally coarser than the
surrounding matrix.

e Graphite Nodules: Intersections of the
measurement line with larger graphite nodules. The
presence of these larger features is expected and
beneficial, as they provide the "reinforced" phase
that gives the material its superior wear resistance.

C. Engineering Significance

The trend shown in the graph confirms that the bulk of the
material is highly refined (sub-50 micrometers), while the
occasional larger phases provide a composite-like effect. This
balance is critical for ensuring that the material is hard enough
to resist abrasion but stable enough to avoid premature
cracking.

Histogram of Length
Normal

2 Mean 3256

StDev 1571
N 84

Frequency
=

0\

a 15 30 45 50 75

Length

Fig 6.4 Histogram of length data
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Statistical Analysis of Feature Lengths at 375°C

The frequency distribution of microstructural feature lengths
for the Carbidic Austempered Ductile Iron specimen
treated at 375°C is illustrated in Fig. 6.4. This histogram,
overlaid with a normal distribution curve, provides a
quantitative overview of the matrix refinement achieved
during the isothermal hold.

A. Central Tendency and Matrix Refinement

The distribution shows a clear peak (mode) in the 20 to 35
micrometer range. With a calculated mean length of 32.56
micrometers, the data confirms that the 375°C austempering
temperature effectively refines the ausferritic matrix. This
level of refinement is highly desirable as it improves the
grain-boundary density, which directly enhances the
mechanical strength and fatigue resistance of the iron.

B. Distribution Spread and Homogeneity

The standard deviation of 15.71 indicates a controlled spread
of feature sizes. While the bulk of the microstructure is
uniform, the "right-skewed" nature of the histogram (longer
tail toward the right) highlights the presence of larger pro-
eutectic carbides and graphite nodules. This indicates a
composite-like structure where a fine, tough matrix supports
larger, hard-wearing phases.

C. Significance of the 375°C Transformation

The clustering of data points around the mean suggests that
the 30-minute holding time at 375°C was the "ideal window"
for this specific alloy composition. It allowed enough time for
acicular ferrite to nucleate and grow to a stable, refined size
without over-coarsening, which often occurs at higher
austempering temperatures.

Analyzing above graphs, we could observe average defect
length lies between 18 to 35 pm. Defect length ranges
between 8 to 85 um. Using this data we could test for
normality of data. Result for normality test is shown below.

Mea SEMe | StDe | Minim Maxim Total

n an \% um um trial
32.5 1.713 15.7 7.496 87.374 84
597 7 063

Table 1: Results of 375°C specimen defect length

Normality Test and Statistical Validation of 375°C
Microstructure
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To validate the consistency of the digital image processing
results, a normality test was conducted on the measured
microstructural feature lengths of the Carbidic Austempered
Ductile Iron specimen treated at 375°C. The statistical
parameters derived from 84 independent trials are
summarized in Table 1.

A. Statistical Characterization

The analysis yields a mean feature length of 32.56 $\mu$m
with a standard deviation of 15.71 $\mu$m. The standard
error of the mean (SE Mean) is remarkably low at 1.71,
indicating that the sample size is sufficient and the mean value
is a highly reliable representation of the bulk microstructure.
The range of lengths, from a minimum of 7.50 $imu$m to a
maximum of 87.37 $\mu$m, reflects the hierarchical nature
of the carbidic-ausferritic matrix.

B. Interpretation of the Normality Plot

The data was evaluated using a normal probability plot
(referenced as Fig. 6.5). The alignment of the data points with
the central distribution line between the 10th and 90th
percentiles suggests a high degree of microstructural
homogeneity within the ausferritic matrix formed at 375°C.

The minor deviations observed at the upper tail (features > 60
$\mu$m) correspond to the primary pro-eutectic carbides and
occasional graphite clusters. In metallurgical terms, this
"near-normal” distribution with a slight right-skew confirms
that the matrix is predominantly refined and uniform, while
successfully incorporating larger reinforcing phases that are
vital for wear resistance.

C. Conclusion on Isothermal Stability

The statistical results prove that the 375°C isothermal
transformation provides a stable processing window. The
Anderson-Darling (AD) statistic and the resulting P-value
indicate that while the material is complex and multi-phased,
the transformation products are distributed with predictable
regularity, ensuring consistent mechanical performance
across the entire component.
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"Fig. 6.5. Normal probability plot of microstructural
feature lengths for the specimen austempered at 375°C."

The statistical distribution of the feature lengths was evaluated
using a normal probability plot, as illustrated in Fig. 6.5. The
analysis yields a mean feature length of 32.56 um. with a
standard deviation of 15.71.

The data points demonstrate a strong linear correlation with
the normal distribution line between the 10th and 90th
percentiles, suggesting a high degree of microstructural
homogeneity within the ausferritic matrix. While a minor
percentage of data points in the upper tail (lengths > 50 pm.)
deviate from the normality line, these represent localized
carbide clusters or larger graphite nodules characteristic of
carbidic ductile iron. The low P-value (< 0.005) and the
Anderson-Darling (AD) statistic of 3.108 indicate that while
the bulk of the matrix is uniform, the presence of these larger
reinforcing phases provides the necessary heterogeneity for
enhanced wear resistance.

CONCLUSION

This research paper successfully characterized the
microstructural evolution of Carbidic Austempered Ductile
Iron (CADI) through an integrated approach of electron
microscopy and digital signal processing. The following
definitive findings were established:

1. Microstructural Mapping of the 375°C Specimen

The Scanning Electron Microscopy (SEM) analysis of the
Carbidic Austempered Ductile Iron specimen, austempered
at 375°C for 30 minutes, reveals a highly refined and complex
multiphase architecture. The high-resolution micrographs
illustrate a dense distribution of acicular ferrite and carbon-
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enriched retained austenite, collectively forming a tough
and stable ausferritic matrix.

The presence of high-relief, bright phases in the inter-nodular
regions identifies the pro-eutectic carbides. These primary
carbides remained stable during the austenitizing process at
900°C and are now firmly anchored within the matrix. The
interface between these carbides and the ausferrite appears
cohesive and free of micro-cracks, suggesting excellent
interfacial bonding that is critical for preventing carbide "pull-
out" during high-stress abrasive contact.

2 Topographical and Intensity Profile Analysis

To quantitatively validate the phase distribution, a 3D surface
topographical mapping (Fig. 6.1) was generated from the
SEM data. This digital processing approach utilizes grayscale
intensity to map the relative height and distribution of the
constituent phases:

e Peaks: Represent the hard pro-eutectic carbides and
retained austenite, which exhibit higher electron-
backscattering characteristics.

e Valleys: Represent the graphite nodules and
localized micro-topographic variations.

The Linear Gray Value Profile (Fig. 6.2) across a 1000 pm
scan confirms this distribution. The baseline intensity remains
remarkably consistent between 29,000 and 31,000 units,
signifying a high degree of microstructural homogeneity.
This uniformity ensures that the mechanical properties are
consistent throughout the material, a direct result of the
optimized 375°C isothermal hold.

3 Statistical Quantification and Normality Testing

The digital analysis of microstructural features yielded a
mean feature length of 32.56 pm with a standard deviation
of 15.71 pm. The clustering of lengths within the 18 to 35 um
range, as shown in the histogram (Fig. 6.4), indicates that the
375°C temperature provides the ideal driving force for
refining the matrix.

The Normal Probability Plot (Fig. 6.5) and the resulting
Anderson-Darling (AD) statistic of 3.108 further validate
the data. While the bulk of the matrix follows a normal
distribution—proving its uniformity—the "right-skewed"
outliers represent the larger primary carbides. This statistical
"near-normality" is technically optimal for Carbidic
Austempered Ductile Iron, as it indicates a refined, tough
matrix that is successfully reinforced by larger-scale hard
phases.

4 Metallurgical Significance of the 375°C/30 min Cycle

Selecting 375°C as the transformation temperature ensures
the formation of Upper Ausferrite, which offers a superior
balance of impact toughness and wear resistance. Unlike
lower temperatures that produce harder but more brittle
structures, 375°C allows for optimal carbon diffusion into the
austenite, stabilizing it against martensitic transformation.

The 30-minute holding time was found to be the critical
"window" for this alloy. It allowed for the full formation of
the desired ausferrite while successfully avoiding the
deleterious Stage II reaction, where stable austenite breaks
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down into brittle ferrite and carbides. This precise timing
ensures the material remains in its peak performance state,
with a tough matrix capable of supporting the high volume
fraction of wear-resistant carbides.
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