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Abstract: Compacted graphite cast iron (CGI) possesses excellent mechanical properties and is widely used 
in manufacturing cylinder blocks and heads for high-power internal combustion engines. However, higher 
tensile strength in CGI corresponds to a greater probability of shrinkage porosity defects occurring during 
production, resulting in few manufacturers being able to stably produce cylinder heads made of the RuT500 
high-strength material grade. To address the shrinkage porosity issue in RuT500 high-strength cylinder heads, 
this study conducted experimental research focusing on raw material selection and control, the influence of 
carbon equivalent (CE) on tensile strength and shrinkage porosity, and the optimization of casting feeding 
design. The results indicate that, based on the specific structural characteristics of this cylinder head and the 
casting process conditions, cylinder heads with a body tensile strength exceeding 500 MPa and free from 
shrinkage porosity defects can be successfully produced by selecting high-purity or ultra-high-purity pig iron 
as the raw material when CE ≤ 4.43 and the riser feeding modulus is 2.2.
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1. Introduction

As a critical component of an engine, the cylinder head operates under extremely harsh conditions, 
subject to high temperature, high pressure, and complex mechanical loads. Compacted graphite iron (CGI), 
due to its balanced combination of properties (such as high strength, good thermal conductivity, and excellent 
thermal fatigue resistance) positioned between gray iron and ductile iron, has become an ideal material for 
manufacturing engine cylinder heads [1–5].

However, the primary process challenge in producing cylinder heads using CGI is the susceptibility of 
castings to shrinkage porosity and cavity defects [6]. This issue is particularly pronounced in high-grade CGI 
materials. Fundamentally, this stems from the ineffective matching of casting processes (such as gating and 
risering system design, venting system design) and melting processes (such as molten iron composition 
control, vermicularization treatment), failing to find the critical balance point. This severely restricts the 
application of high-grade CGI in the manufacture of high-performance, high-power internal combustion 
engine cylinder heads.

Currently, public literature specifically addressing RuT500 (internationally designated as GJV500) is 
relatively scarce. Existing research primarily focuses on material properties and machinability [7–12], with 
limited studies on its manufacturing process. There is a notable lack of in-depth discussion on key issues 
encountered during casting, such as shrinkage porosity and shrinkage cavity defects. Nevertheless, to stably 
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obtain CGI cylinder heads free from shrinkage porosity and cavities (hereinafter referred to as high-quality) 
with a body tensile strength reaching 500 MPa (hereinafter referred to as high-strength), systematic 
optimization of the casting process, raw material selection, melting process, and indeed the entire production 
workflow is essential [13].

The author’s company specializes in the production of cylinder blocks and cylinder heads. For products 
requiring superior material properties, compacted graphite iron (CGI) is exclusively used. The core-making 
process employs a combination of cold-box and hot-box techniques, utilizing the HSW static pressure 
molding process. For melting operations, a 10-ton Inductotherm medium-frequency induction furnace is 
utilized, and production incorporates the Online Controlled Carburization vermicularization process 
(hereinafter referred to as OCC wire-feeding vermicularization) [14]. Since the cylinder head product 
requires a body tensile strength on the combustion face of ≥500 MPa (achieving internationally advanced 
levels), the key challenge for enabling stable production of high-quality, high-strength cylinder heads lies in 
the precise matching and control of critical parameters within both the casting and melting processes.

Therefore, this paper targets the RuT500 material grade to explore the manufacturing process and 
optimization strategies for its cylinder heads.

2. Casting Process Design

The cylinder head has overall dimensions of 924 mm × 292 mm × 120 mm and is cast in a flask 
measuring 1450 mm × 1100 mm × 420 mm. Given the extremely demanding material property requirements 
for this cylinder head (reaching the performance limits of CGI), the process design must prioritize enhanced 
feeding through the strategic addition of risers.

To improve casting yield and optimize riser placement, a horizontal pouring casting process with one 
casting per mold was ultimately adopted [15]. Within the mold, the cylinder head combustion face is 
positioned in the drag (lower mold), and the top face is positioned in the cope (upper mold), as shown in the 
casting process layout (Figure 1). This arrangement facilitates the placement of exothermic risers at critical 
hot spots (specifically the fuel injector bore region) for effective feeding.

The gating system employs a bottom-filling design for mold filling, with ingates located on both sides 
of the fire deck (combustion face) of the cylinder head. The fuel injector bore area constitutes the main hot 
spot of the entire cylinder head and is situated far from the gating points. The bottom-filling process results in 
relatively lower iron temperature in this area (as it is filled last), while the riser is positioned at the farthest 
end of this metal flow path (i.e., near the injector bore). This leads to the lowest molten iron temperature in 
the riser, making it difficult for a conventional riser to provide effective feeding. Not only can a conventional 
riser fail to effectively feed the injector bore hot spot, but it may also solidify too quickly itself, causing a 
“reverse feeding” phenomenon (where the casting feeds the riser instead). Therefore, exothermic risers must 

Figure 1.　Cylinder head casting process layout.
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be used to effectively solve the feeding problem for this hot spot [16].
The cylinder head requires a body tensile strength of ≥500 MPa on the combustion face. Since critical 

areas such as the water inlet ports are also located on the combustion face, this region represents the zone 
with the highest performance demands and relatively unfavorable solidification conditions (experiencing 
higher metal temperatures and slower cooling during filling). Consequently, evaluating the properties on the 
combustion face (including the water inlet port area) effectively confirms whether the material properties of 
the entire casting meet the design requirements. In other words, if the material properties in the combustion 
face region (particularly including hot spot areas) meet the specification, the entire casting is generally 
considered to satisfy the performance requirements.

3. Melting Control

3.1. Melting Process Flow Diagram

Key process control points during melting are detailed in the Process Flow Diagram (shown in Figure 2).

3.2. Raw Material Control Essentials

Pig iron: High-purity or ultra-high-purity premium-grade pig iron is selected [17]. Its advantages 
include moderate carbon content and low levels of silicon, sulfur, phosphorus, and trace elements, effectively 
minimizing adverse effects of impurities on the solidification structure and final properties of the cast iron.

Scrap steel: High-cleanliness scrap steel with low alloying elements and impurity content is used. This 
type of scrap enhances the overall mechanical properties of the cast iron material.

3.3. Vermicularization Treatment Control Essentials

The weight of tapped iron must be precisely controlled within the predetermined range to ensure 
stability in the quality of the wire-feeding vermicularization treatment. To guarantee consistent 
vermicularization effects, the slag on the surface of the iron ladle must be completely removed before the 
wire-feeding process. For the first ladle, the addition parameters of Mg wire (main components: Mg, Si, RE) 
and inoculating wire (main component: Si) required for vermicularization are comprehensively determined 
based on the weight of molten iron, treatment temperature, recommended values from the OCC system, and 
optimized production results [18, 19]. The Mg wire addition amount for subsequent ladles is adjusted 
according to the Mg index detected by the OCC system from the previous ladle, ensuring that the Mg index 
always remains within the range recommended by the OCC system. The inoculating wire addition is adjusted 
based on the inoculation index detected by the OCC system. The iron ladle is transferred to the 
vermicularization wire-feeding station for processing using a forklift. The key to consistently obtaining high-

Figure 2.　Melting process flow diagram.
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quality vermicular graphite iron material lies in strict control of: the molten iron’s wire-feeding treatment 
temperature, iron weight, Mg wire addition amount, and its feeding speed.

3.4. Vermicularization Analysis Control Essentials

Upon completion of the wire-feeding vermicularization treatment, the ladle is transferred to the 
sampling station via forklift for thermal analysis [20,21]. Pouring can only proceed after the thermal analysis 
results confirm that both the Mg index and the inoculation index meet the technical requirements. If the 
standards are not met, the ladle of molten iron must be returned to the furnace for re-tapping and re-
vermicularization treatment.

4. Material Testing

Following disassembly of the cylinder head, tensile test specimens were extracted from the combustion 
face region. In accordance with the Chinese National Standard GB/T 228.1—2010 “Metallic Materials—
Tensile Testing—Part 1: Method of Test at Room Temperature”, specimens were machined into standard 
tensile specimens with a diameter of 10 mm and a gauge length of 50 mm.

Tensile testing was conducted on a WDW 3100 electronic universal testing machine (Changchun 
Chuangyuan Testing Equipment Co., Ltd., Changchun, China) at a crosshead speed of 2 mm/min. Three 
parallel specimens were tested per group, with the average tensile strength value reported as the final 
performance result [22].

Metallographic specimens were taken from the tensile specimen exhibiting the strength closest to the 
group average. After grinding and polishing using a ZMP-2000 intelligent automatic metallographic polishing 
machine (Shanghai Yanrun Optical Machinery Technology Co., Ltd., Shanghai, China), graphite morphology 
was observed under an Axio Scope. A1 metallurgical microscope (Carl Zeiss AG, Oberkochen, Baden-
Württemberg, Germany). Observations were performed at 100× and 200× magnifications, capturing two 
micrographs each from five distinct fields of view (upper, middle, lower, left, and right regions) per specimen.

Graphite morphology was classified according to GB/T 26656—2023 “Metallographic Examination of 
Compacted Graphite Cast Irons” by comparison with standard micrographs, supplemented by analysis using 
the Axio Imaging intelligent metal microstructure analysis system.

Subsequently, polished specimens were etched with 4% nital solution (nitric acid in ethanol) to reveal 
the matrix microstructure. Pearlite content was quantitatively rated, with the average rating from multiple 
fields adopted as the final pearlite content grade for each specimen [23].

5. Pre-Optimization Process Design and Melting Practice

5.1. Experimental Plan

Based on the casting process layout in Figure 1, the feeding modulus of the riser for the cylinder head 
fuel injector bore was designed as 1.8 (pouring temperature 1490 ℃ ; 1147 ℃ holding time 300 s). Trials 
were conducted according to the molten iron composition requirements specified in the melting process, with 
detailed target compositions listed in Table 1.

5.2. Experimental Results

After multiple trial series, experimental data exhibiting consistent vermicularity grades were selected for 
focused analysis to more accurately identify key control factors for stably producing high-strength (body 

Table 1.　Chemical Composition Requirements of Molten Iron Before and After Process Optimization (wt.%).

Approach

Before Optimization
(Before Opt.)

After Optimization
(After Opt.)

C

3.75–3.90

3.65–3.80

Si

1.9–2.2

1.9–2.1

Mn

0.4–0.7

0.4–0.7

S

0.010–0.018

0.010–0.018

Cu

0.8–1.0

0.8–1.0

Mo

0.1–0.3

0.1–0.3

Sn

0.07–0.10

0.07–0.10
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tensile strength ≥ 500 MPa) and high-quality (shrinkage-defect-free) cylinder heads. This data screening 
strategy aimed to minimize analytical bias caused by vermicularity fluctuations [24]. Critical process 
parameters during the optimization and corresponding material property test results are detailed in Table 2; 
representative microstructures are shown in Figures 3a and 4a.

Table 2.　Key Process Parameters and Material Properties Before and After Optimization.

Approach

Before Opt.

After
Opt.

No.

1

2

3

4

5

1

2

3

4

5

CE/%

4.29

4.35

4.38

4.48

4.5

4.27

4.32

4.34

4.41

4.43

Solidification 
Value

50

50

50

140

140

50

50

50

50

50

Liquidus 
Temperature/℃

1160

1153

1149

1139

1137

1161

1156

1153

1146

1144

Tensile 
Strength/

MPa

538

535

525

489

470

545

532

520

516

511

Vermicularity/%

84.2

80.4

83.6

81.9

84.7

80.5

82.5

84.6

81.8

83.7

Vermicularity 
Grade

80

80

80

80

80

80

80

80

80

80

Pearlite 
Content/%

95

95

95

95

95

95

95

95

95

95

Casting 
Quality

Shrinkage 
cavity

Shrinkage 
cavity

Shrinkage 
cavity

Shrinkage-
free

Shrinkage-
free

Shrinkage-
free

Shrinkage-
free

Shrinkage-
free

Shrinkage-
free

Shrinkage-
free

(a)　Before Opt. (b)　After Opt.

Figure 3.　Graphite Morphology.
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5.3. Casting Quality Assessment

(1) Strength Inconsistency: Even with a stabilized vermicularity grade of 80%, the body tensile strength on 

the combustion face failed to consistently meet the product design requirement (≥500 MPa). Material 

performance declined significantly when the solidification value (SV) ≥ 140 (A solidification value of 

100 represents the eutectic point; a value less than 100 indicates a hypoeutectic composition, and a value 

greater than 100 indicates a hypereutectic composition. It is a dimensionless quantity.) and the molten 

iron composition was hyper-eutectic. This indicates an urgent need for further optimization of the current 

melting process parameter ranges.

(2) Defect-Strength Trade-off: Experimental results demonstrated that cylinder heads achieving a body tensile 

strength of 500 MPa exhibited a significantly increased risk of shrinkage porosity and cavity defects in 

the fuel injector bore region [25]. Figure 5a clearly illustrates a typical shrinkage cavity defect near the 

riser neck adjacent to the fuel injector bore [26].

(3) Hyper-eutectic Benefit: For cylinder heads not attaining 500 MPa body tensile strength, when SV = 140 

under hyper-eutectic composition, no shrinkage defects were observed at the injector bore riser neck 

region despite the identical vermicularity grade. This indicates that hyper-eutectic solidification favors 

reduced formation of shrinkage porosity and cavity defects.

(4) The CE Conundrum: Achieving hyper-eutectic solidification necessitates increasing the CE. However, elevated 

CE degrades material properties, making it difficult to satisfy the design requirement for body tensile 

strength ≥500 MPa.

5.4. Integrated Optimization Pathway

Synthesizing the analysis of material properties and feeding performance, the feasible process route comprises:

(1) Enhance Feeding Capacity: First, increase the feeding capability of the cylinder head risers.

(2) Adjust Iron Composition: Subsequently, appropriately reduce the CE value to shift the molten iron composition 

into a hypo-eutectic state, thereby improving material properties.

(3) Implement Effective Hot Spot Feeding: Concurrently, employ exothermic risers possessing sufficient feeding 

modulus to effectively feed critical hot spots.

Through this synergistic process optimization, stable production of high-strength (≥500 MPa) and high-
quality (shrinkage-defect-free) cylinder heads can be achieved.

(a)　Before Opt. (b)　After Opt.

Figure 4.　Matrix Microstructure.
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6. Post-Optimization Process Design and Melting Practice

6.1. Experimental Plan

Based on pre-optimization process design schemes, melting ratio parameters, and analysis of trial 
production results, a two-stage approach was implemented to resolve unstable material properties and 
shrinkage porosity/cavity defects:

(1) Optimize Casting Design: Increase feeding capacity by enhancing exothermic riser design.

(2) Adjust Melting Parameters: Subsequently reduce the carbon equivalent (CE) to stabilize material properties 

at the design requirement.

The pre-optimization riser feeding modulus of 1.8 was insufficient. To achieve stable feeding and 
improve casting yield, the modulus was increased to 2.2 (pouring temperature 1560 °C; 1147 °C holding time 
312 s) using exothermic risers. With adequate riser feeding capacity and compliant vermicularity (≥80%), CE 
reduction improved material properties, enabling consistent attainment of body tensile strength ≥500 MPa. 
Optimized molten iron composition targets are detailed in Table 1.

6.2. Experimental Results

To enable direct comparison, data matching the vermicularity grades of pre-optimization trials were 
selected, minimizing analytical bias from vermicularity variations. Key process parameters and material 
property test results are listed in Table 2; corresponding microstructures are shown in Figures 3b and 4b.

6.3. Casting Quality Assessment

(1) Strength Stability: After CE reduction, body tensile strength on the combustion face consistently achieved 

values ≥500 MPa at a vermicularity grade of 80.

(2) Defect Elimination: Enhanced riser feeding capability resulted in no occurrence of shrinkage porosity or 

cavity defects at the fuel injector bore riser neck, as show in Figure 5b. Machining verification confirmed 

complete resolution of shrinkage defects in this area.

(3) Integrated Performance: Cylinder heads exhibited stable high-strength (≥500 MPa) and defect-free quality.

6.4. Validated Process Mechanism

When riser feeding capacity is sufficient:

(1) CE reduction enables a hypo-eutectic molten iron composition.

(2) Material properties improve controllably.

(a)　Before Opt. (b)　After Opt.

Figure 5.　Injector Riser Neck.
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(3) Stable production of high-strength, high-quality compacted graphite iron (CGI) cylinder heads is achieved.

7. Results Analysis and Discussion

7.1. Experimental Data Screening Strategy

Given the inherent subjectivity in vermicularity assessment, this study prioritized comparative analysis 
of experimental data sharing identical vermicularity grades to minimize evaluation bias. All subsequent 
analyses adhered to this controlled vermicularity condition.

7.2. Relationship between CE and Material Properties

Analysis of pre-optimization data (Table 2) established a clear inverse correlation: at consistent 
vermicularity grades, elevated CE directly caused progressive reduction in body tensile strength.

7.3. Relationship between CE and Casting Defects

Under an identical riser feeding modulus (1.8), pre-optimization data demonstrated:

(1) Reduced CE triggered: Heightened shrinkage tendency; significantly increased shrinkage cavity risk 

(Mechanism: Diminished eutectic expansion weakened self-feeding capacity).

(2) Increased CE generated: Enhanced self-feeding capacity that reduced shrinkage defects; material property 

degradation preventing attainment of ≥500 MPa strength requirements.

7.4. Synergistic Optimization of Riser Modulus and CE

Resolving the core conflict—where hypo-eutectic composition improves strength but intensifies 
shrinkage risk—required coordinated measures:

(1) Substantial enhancement of riser feeding capacity via modulus elevation from 1.8 to 2.2.

(2) Implementation of hypo-eutectic CE composition made feasible by robust feeding assurance.

Post-optimization Outcomes:

(1) Increased modulus (2.2) produced clinically effective feeding performance.

(2) Hypo-eutectic CE consistently delivered body tensile strength ≥500 MPa

(3) The integrated approach successfully enabled stable production of high-strength (≥500 MPa), defect-free 

cylinder heads

8. Conclusions

Addressing the fundamental conflict between shrinkage defects and high-strength requirements (≥500 MPa) 
in high-grade RuT500 cylinder head production, this study systematically analyzed and optimized the 
manufacturing process. Validated conclusions are as follows:

(1) Critical Process Window Confirmation: Using high-purity or ultra-high-purity premium pig iron as raw 

material, cylinder heads with body tensile strength ≥500 MPa and free from shrinkage defects can be 

stably produced under the conditions of carbon equivalent (CE) ≤ 4.43 and riser feeding modulus ≥ 2.2.

(2) CE Impact on Material Properties: At consistent vermicularity grades, elevated CE causes a significant 

reduction in body tensile strength.

(3) CE Influence on Solidification Feeding: Under fixed riser feeding capacity (modulus), increased CE 

enhances casting self-feeding capacity (primarily through augmented eutectic expansion), thereby 

reducing shrinkage defect risks.

(4) Synergistic Optimization Strategy: Achieving high-strength targets (≥500 MPa) requires hypo-eutectic 

compositions (lower CE). To counteract increased shrinkage tendency from reduced CE, feeding capacity 

must be substantially enhanced (modulus ≥ 2.2), establishing an effective process equilibrium.
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Process Integration Principle: Casting process design (e. g., riser system optimization) and melting 
control (CE, vermicularity) are intrinsically interdependent. Superior casting design enhances fault tolerance 
and adaptability of melting parameters, significantly improving production controllability for stable 
manufacturing of high-quality (defect-free), high-strength (≥500 MPa) cylinder heads.

Future Research Directions: Further investigation should deepen the understanding of CGI solidification 
behavior and microstructure formation mechanisms. Developing advanced production technologies and 
intelligent control systems will continuously enhance the comprehensive quality and in-service performance 
of high-strength CGI cylinder heads, providing stronger support for automotive industry innovation.
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