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In my extensive experience with metal mold casting, particularly for cylinder components used
in compressors, I have observed that the process presents unique challenges compared to
sand casting. The inherent characteristics of metal molds—such as poor permeability, rapid
heat conduction, and high heat accumulation—make them prone to specific metal casting
defects. This article delves into the root causes of these metal casting defects and proposes
practical preventive measures, drawing from years of hands-on analysis and process
optimization. The focus is on gray iron castings with specified chemical compositions and
mechanical properties, where defects like gas holes, slag inclusions, and不合格 graphite
morphology can lead to significant scrap rates. I will systematically explore each major metal
casting defect, employing formulas and tables to encapsulate key relationships and solutions,
ensuring a comprehensive understanding of defect mitigation in this critical manufacturing
domain.
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The foundation of preventing metal casting defects lies in understanding the interplay
between molten metal properties, mold design, and process parameters. Metal mold casting,
while offering superior dimensional accuracy and surface finish, exacerbates issues like gas
entrapment and slag inclusion due to the mold’s impermeability. I have consistently noted
that factors such as improper gating system design, low pouring temperatures, high
environmental humidity, and irregular operational practices are primary contributors to
various metal casting defects. For instance, oxidized iron with high gas content often stems
from these factors, leading to defects that compromise component integrity. Through
meticulous analysis, I have developed strategies to eliminate or reduce these metal casting
defects, which I will detail in the following sections, emphasizing the importance of a holistic
approach to process control.

1. Unqualified Graphite Morphology: A Prevalent
Metal Casting Defect
In gray iron castings for cylinder bodies, achieving the desired D-type graphite morphology is
crucial for optimal mechanical and machining properties. This metal casting defect,
characterized by the formation of A-type graphite instead of D-type, frequently arises due to
insufficient cooling rates, high oxygen content, or inappropriate titanium levels in the molten
iron. From my observations, this defect often manifests as batch scrap, affecting multiple
heats per shift, particularly when transitioning between melting methods or changing raw
material suppliers.

The formation of unqualified graphite morphology is intrinsically linked to the presence of
residual graphite nuclei in the melt and suboptimal process conditions. When using electric
furnace or duplex melting, inadequate superheating temperatures or short holding times fail
to fully dissolve coarse graphite from pig iron, leaving nuclei that promote A-type graphite
growth. Additionally, for thicker cylinder sections, the cooling rate may fall below the
threshold required for D-type graphite formation. The relationship between cooling rate (  )
and graphite type can be expressed as:

where  is the temperature drop,  is the time interval, and  represents the casting wall
thickness. A lower  favors A-type graphite. Furthermore, excessive inoculation increases
graphite nucleation, exacerbating this metal casting defect.

To prevent this metal casting defect, I have implemented several measures. First, standardize
pig iron sources and use lower-grade pig iron to minimize residual graphite. Ensure sufficient
superheating (e.g., 1450–1500°C) and holding times to dissolve graphite nuclei. Adjust carbon
equivalent (CE) and inoculation levels based on wall thickness; for thicker sections, reduce CE
and inoculation amount while increasing titanium content. Enhance cooling by optimizing the
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metal mold-to-casting mass ratio; a ratio of 10–15 is often adequate for D-type graphite.
These steps have proven effective in eliminating batch scrap due to unqualified graphite
morphology, underscoring the need for precise control over melting and solidification
parameters to mitigate this metal casting defect.

Summary of Key Factors Affecting Graphite Morphology

Factor
Effect on Graphite

Morphology
Preventive Measure

Cooling Rate (
)

Low  promotes A-type
graphite

Increase mold cooling;
optimize wall thickness

Residual
Graphite Nuclei

Acts as sites for A-type growth
Use lower-grade pig iron;
ensure proper superheating

Inoculation Level
Excess increases nucleation,
favoring A-type

Reduce inoculant addition for
thick sections

Titanium
Content

Influences graphite type; low
levels may cause A-type

Maintain Ti at upper limit
(0.10–0.12%)

Metal Mold
Mass Ratio

Low ratio reduces cooling
efficacy

Aim for mold-to-casting mass
ratio >10

2. Phosphorus Eutectic Band: A Segregation-
Related Metal Casting Defect
Another significant metal casting defect in cylinder bodies is the formation of phosphorus
eutectic bands, which appear as带状偏析 in thick sections. This defect arises from the
enrichment of phosphorus during pouring and solidification, coupled with differential cooling
rates across the casting. In my analysis, this metal casting defect is prevalent in heavier
cylinder types (e.g., 185 and 111 models), where it creates脆弱 layers prone to cracking during
service.

The chemical composition specifies high phosphorus content (0.3–0.4%) to enhance wear
resistance via dispersed phosphides, but this exacerbates segregation. Traditional methods
like increasing cooling rate or inoculation are less effective here, as metal mold casting
already employs intense cooling. I found that the primary cause is inadequate gating design,
which allows phosphorus to富集 in slow-flowing regions. The segregation tendency can be
modeled using the Scheil equation for binary systems:

Rc

Rc
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where  is the solid composition,  is the initial liquid composition,  is the partition
coefficient, and  is the solid fraction. For phosphorus, , leading to enrichment in the
remaining liquid and band formation upon final solidification.

To eliminate this metal casting defect, I focused on gating system modifications. By enlarging
the gating systems for affected cylinder types, the pouring velocity is increased, reducing
phosphorus富集 during filling. This practical adjustment, without altering other factors,
successfully prevented phosphorus eutectic bands, highlighting how targeted design changes
can address specific metal casting defects related to segregation.

3. Surface Sweat: A Expansion-Induced Metal
Casting Defect
Surface sweat, characterized by small豆-like protrusions on casting surfaces, is a common
metal casting defect in metal mold casting of cylinder bodies. I have identified two main
causes: premature mold opening and localized slow cooling. When the mold is opened too
early, the casting surface has solidified but is still under internal pressure from graphite
expansion; this forces low-melting-point liquid iron through interdendritic channels onto the
surface, causing widespread sweat. Localized sweat occurs in areas with poor cooling, such as
regions with uneven coating thickness or gas entrapment.

The driving force for this metal casting defect is the graphite expansion pressure ( ) during
solidification, which can be approximated as:

where  is a expansion coefficient,  is the volume change due to graphite precipitation,
and  is the modulus of elasticity of the surrounding matrix. When  exceeds the strength
of the partially solidified skin, sweat occurs.

Prevention of this metal casting defect involves controlling mold opening time and ensuring
uniform cooling. Extend mold closure time to allow complete solidification under constraint.
Maintain consistent coating application and enhance cooling in slow spots to eliminate
thermal gradients. For cylinder types with thin walls, adjust CE to higher values to reduce
dendrite coherency strength, making the skin more resistant to penetration. These measures
have effectively reduced surface sweat, demonstrating the importance of thermal
management in mitigating this metal casting defect.

Common Metal Casting Defects in Cylinder Bodies and Their Primary Causes

Metal Casting
Defect

Typical
Location

Root Causes
Key Preventive

Actions
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Metal Casting
Defect

Typical
Location

Root Causes
Key Preventive

Actions

Unqualified
Graphite
Morphology

Thick section
centers

Low cooling rate;
residual graphite
nuclei; high
inoculation

Optimize cooling;
control melting
parameters; adjust CE

Phosphorus
Eutectic Band

Mid-
thickness of
heavy
sections

Phosphorus
segregation; slow
pouring velocity

Enlarge gating
system; increase
pouring speed

Surface Sweat
Entire surface
or localized
areas

Early mold opening;
uneven cooling; high
expansion pressure

Extend mold time;
uniform coatings;
adjust CE for wall
thickness

Gas and Slag
Holes

Upper
surfaces; near
risers

High gas content;
turbulent filling; low
pouring temperature

Design open gating;
control pouring
sequence; dry
materials

Surface Clips
Planes and
cylinder
junctions

Local slow cooling;
carbon black buildup;
low CE in thin walls

Clean molds; control
pouring speed; adjust
CE based on section

4. Gas Holes, Slag Holes, and Related Metal Casting
Defects
Gas and slag holes represent a critical category of metal casting defects in metal mold casting,
arising from the mold’s poor venting and limited slag-trapping capability. I categorize these
metal casting defects into several types: evolved gas holes, entrapped gas holes, slag-gas
holes, and slag pin-holes. Each has distinct characteristics and causes, but all compromise the
integrity of cylinder components.

Evolved gas holes typically appear in last-to-solidify areas, such as riser junctions, due to high
gas content in the molten iron. This metal casting defect results from low melting
temperatures, short holding times, or humid raw materials, which increase hydrogen and
nitrogen solubility. The gas evolution can be described by Sieverts’ law for diatomic gases:

[G] = K PG
−−−√
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where  is the gas concentration in the melt,  is a temperature-dependent constant, and
 is the partial pressure of the gas. During solidification, gas rejection leads to pore

formation if  exceeds saturation.

Entrapped gas and slag holes occur on upper surfaces due to turbulent filling, improper
gating design, or fast pouring speeds that卷入 air and oxides. The Reynolds number ( ) for
flow in the gating system indicates turbulence risk:

where  is density,  is velocity,  is hydraulic diameter, and  is viscosity. High  (>2000)
promotes紊流, increasing this metal casting defect. Additionally, the use of inoculants
containing易氧化 elements like Al and Ca leads to secondary oxidation, forming slag that
combines with gas.

Slag pin-holes, a unique metal casting defect in metal mold casting, appear as small, deep
holes on side surfaces near the parting line. They result from slag adhesion to the mold
surface, where carbon from coatings or iron reacts to generate gas that penetrates the
solidifying front. The rapid cooling in metal molds restricts pore growth, yielding narrow, deep
holes.

To prevent these metal casting defects, I have optimized gating systems toward bottom-
pouring open designs to ensure laminar flow. The area of venting risers should exceed that of
ingates by at least 2–3 times for thick cylinders. Implement slag traps in gating systems to
capture oxides. Control pouring practice: start slow, accelerate, then finish slow to minimize
turbulence. Superheat and hold molten iron to reduce gas content; maintain dry materials and
tools in humid environments. For slag pin-holes, regulate acetylene soot application, remove
residual carbon, and enhance cooling to inhibit gas evolution. These integrated approaches
significantly reduce gas- and slag-related metal casting defects, emphasizing the need for
meticulous design and operation.

5. Surface Clips: A Complex Metal Casting Defect
Surface clips, resembling cold shuts but with a thin flake that detaches to leave a depression,
are another challenging metal casting defect in cylinder bodies. I have observed them
primarily on upper planes and at plane-cylinder junctions. This metal casting defect occurs
when last-solidifying iron, under graphite expansion pressure, is forced through weak points
in the casting skin into the mold-casting gap, causing局部凹陷 and thin edges.

The mechanism involves localized slow cooling due to factors like carbon black accumulation,
slag adherence, or gas entrapment, which reduces the solidification rate. In thin-walled
cylinders, low CE leads to发达 dendrites, creating脆弱 interdendritic paths. The pressure
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required to squeeze liquid through these paths ( ) can be approximated using Darcy’s law
for flow in porous media:

where  is viscosity,  is path length,  is flow velocity, and  is permeability of the dendritic
network. Low  (from fine dendrites) increases , but if the skin strength is compromised by
slow cooling, clips form.

Prevention of this metal casting defect focuses on eliminating slow-cooling points and
adjusting composition. Ensure uniform mold cooling by cleaning residual carbon and
controlling coating thickness. Optimize pouring speed to avoid gas entrapment. For different
cylinder types, tailor CE: use higher CE for thin walls (e.g., 143, 145 models) to reduce dendrite
coherency, and lower CE for thick walls (e.g., 111, 119 models) to maintain strength. This
targeted approach has effectively prevented surface clips, underscoring how composition and
cooling control can mitigate this metal casting defect.

6. Comprehensive Preventive Strategies for Metal
Casting Defects
Based on my analysis, preventing metal casting defects in metal mold casting requires a
systematic approach that addresses multiple factors simultaneously. I have consolidated key
strategies into a framework that encompasses mold design, process control, and material
management. The interaction between these elements dictates the occurrence of metal
casting defects, and optimizing them is essential for defect-free production.

First, gating system design is paramount. Use bottom-pouring open systems to promote
laminar flow and reduce turbulence, which minimizes gas entrapment and slag inclusion. The
gating ratio (sprue:runner:gate) should be calibrated to achieve平稳 filling; for cylinder bodies,
a ratio of 1:2:1.5 often works well. Incorporate ceramic filters and slag traps to capture oxides.
Second, control pouring parameters strictly. Maintain pouring temperatures within 1350–
1400°C, depending on section thickness, to balance fluidity and gas evolution. Implement a
pouring sequence: slow start to avoid splashing, rapid fill to prevent premature freezing, and
slow finish to feed shrinkage.

Third, manage molten metal quality. Employ superheating (1450–1500°C) and holding to
dissolve gases and inclusions. Control CE according to wall thickness using the formula:

Psq

=Psq

μLv

κ

μ L v κ

κ Psq

CE = C +
Si + P

3
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For thin sections, aim for higher CE (3.8–4.0) to prevent clips and白口; for thick sections, lower
CE (3.4–3.6) to promote D-type graphite. Inoculation should be minimized for thick walls to
reduce graphite nuclei. Fourth, optimize mold conditions. Ensure uniform coating application
with proper thickness (0.1–0.3 mm) to regulate heat transfer. Control mold temperature via
water cooling to maintain consistent cooling rates. Extend mold opening time to at least 60–
90 seconds for cylinder bodies, allowing solidification under constraint to prevent sweat and
clips.

Fifth, address environmental factors. In humid climates, pre-dry raw materials like pig iron and
inoculants to reduce hydrogen pickup. Keep tools and ladles dry to minimize moisture-related
gas defects. Sixth, conduct regular maintenance. Clean mold surfaces to remove carbon
buildup and slag residues that cause local slow cooling. Inspect gating systems for wear that
might alter flow dynamics.

To quantify the impact of these measures, I have developed a defect reduction index ( )
based on process parameters:

where  is cooling rate,  is pouring temperature,  is gas content, and  represents
mold coating uniformity. A higher  correlates with lower metal casting defect rates,
guiding process adjustments.

Preventive Measures Matrix for Common Metal Casting Defects

Process Area Control Parameter
Target

Value/Range
Defects

Addressed

Gating Design
Gating ratio
(sprue:runner:gate)

1:2:1.5 (open
system)

Gas holes, slag
holes, phosphorus
band

Pouring Practice
Pouring temperature
(°C)

1350–1400 (thick);
1380–1420 (thin)

Gas holes, clips,
sweat

Melting Control
Superheating
temperature (°C)

1450–1500 with
10-min hold

Evolved gas,
unqualified
graphite

Composition
Carbon equivalent
(CE)

3.4–3.6 (thick);
3.8–4.0 (thin)

Graphite
morphology, clips,
sweat

DRI

DRI =
( ⋅ ⋅Rc Tp Qg)

−1

η

Rc Tp Qg η

DRI
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Process Area Control Parameter
Target

Value/Range
Defects

Addressed

Inoculation
Inoculant addition (%
weight)

0.2–0.4% (thick);
0.4–0.6% (thin)

Graphite
morphology,白口

Mold
Management

Mold opening time
(seconds)

60–90 for cylinder
bodies

Surface sweat,
clips

Coating Control
Coating thickness
(mm)

0.1–0.3 uniform
layer

Local slow cooling,
clips

Environmental
Control

Raw material
moisture (%)

< 0.1% for pig
iron and
inoculants

Gas holes, slag
holes

7. Conclusion: Toward Zero Metal Casting Defects
In conclusion, metal casting defects in cylinder components produced via metal mold casting
are multifaceted, stemming from interrelated factors in design, process, and environment.
Through my detailed analysis, I have highlighted that defects like unqualified graphite
morphology, phosphorus bands, surface sweat, gas holes, and surface clips can be
systematically addressed by understanding their root causes and implementing targeted
measures. Key to success is the integration of proper gating design, controlled pouring
parameters, optimized molten metal quality, consistent mold conditions, and environmental
management. The use of formulas, such as those for cooling rate and gas solubility, alongside
empirical tables, provides a quantitative framework for defect prevention. By adhering to
these strategies, manufacturers can significantly reduce scrap rates and enhance the reliability
of cylinder castings. Ultimately, a proactive approach to process control, coupled with
continuous monitoring and adjustment, is essential for minimizing metal casting defects and
achieving high-quality production in metal mold casting operations.
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