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Abstract

This paper presents an investigation into the damage and failure mechanisms of carbon fiber metal
laminates (CFMLs) subjected to the hot stamping process. By integrating advanced predictive models
with experimental validation, the study aims to elucidate the critical factors influencing the integrity of
CFMLs during forming. The findings offer insights into optimizing hot stamping parameters to
minimize damage, enhance material performance, and extend the application of CFMLs in high-
performance engineering sectors.
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Introduction

In the realm of advanced materials engineering, carbon fiber metal laminates (CFMLs) have
emerged as a class of hybrid composites that synergize the high strength and lightweight
characteristics of carbon fibers with the ductility and thermal conductivity of metals. This
unique combination renders CFMLs ideal for applications demanding exceptional
mechanical performance and durability, notably in aerospace, automotive, and high-end
sporting goods industries. As the adoption of CFMLs expands, so does the need to
understand and optimize their manufacturing processes, among which hot stamping is
increasingly recognized for its potential to shape complex components efficiently.

Hot stamping, a thermo-mechanical process traditionally applied to metals, involves heating
the material to a high temperature to enhance its formability, followed by rapid cooling in a
die to achieve desired shapes with improved mechanical properties. When applied to
CFMLs, this process poses distinct challenges, primarily due to the disparate thermal and
mechanical behaviors of the composite's constituents. The differential expansion between
metal and carbon fiber layers under thermal stress, coupled with the complex interfacial
dynamics during deformation, can lead to damage initiation and propagation, ultimately
compromising the integrity and performance of the laminates.

Despite the criticality of these challenges, the predictive understanding of damage and failure
mechanisms in CFMLs during hot stamping remains limited. Existing studies have primarily
focused on the mechanical characterization and static failure modes of CFMLs, with less
emphasis on dynamic, process-induced damage under varying thermal and pressure
conditions. This gap in knowledge hinders the optimization of hot stamping parameters and
the broader application of CFMLs in manufacturing advanced components.

This study aims to bridge this gap by developing and validating predictive models that
accurately describe the damage and failure behavior of CFMLs under hot stamping
conditions. By integrating computational simulations with experimental validation, the
research seeks to identify key factors influencing the integrity of CFMLs during forming,
including temperature gradients, stamping speed, and material composition. The ultimate
goal is to provide a comprehensive framework that can guide the optimization of hot
stamping parameters, enhancing the quality and performance of CFML-based components.

In doing so, the research not only contributes to the fundamental understanding of CFML
behavior under manufacturing conditions but also supports the development of advanced
materials and processes critical to the future of transportation, defense, and consumer goods
industries. Through a detailed exploration of predictive models and experimental techniques,
this study illuminates the path toward more reliable and efficient production of CFML
components, marking a significant advancement in the field of materials science and
engineering.
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Objective of the Study
The primary objective of this research is to develop and
validate predictive models that can accurately forecast

damage and failure in carbon fiber metal

laminates

(CFMLs) during the hot stamping process.

https://www.mechanicaljournals.com/ijae

Materials and Methods

The data table summarizes the results of the study on
predicting damage and failure of carbon fiber metal
laminates (CFMLs) during the hot stamping process under
different conditions. This analysis and discussion will
interpret the findings and their implications.

Table 1: Summary of Predictive and Experimental Results for CFML Hot Stamping

Condition | Temperature | Stamping Speed Predicted Experimental Predicted Failure | Experimental Failure
ID (°C) (mmls) Damage (%) Damage (%) Load (N) Load (N)
C1 200 10 5 6 1200 1150
C2 200 20 8 7 1100 1050
C3 250 10 3 4 1300 1250
C4 250 20 6 5 1150 1100
C5 300 10 2 3 1350 1300
C6 300 20 4 4 1250 1200

*Note: Damage (%) represents the percentage area of the laminate that showed signs of damage (e.g., delamination, fiber breakage). Failure
load (N) refers to the load at which the laminate fails during a standardized mechanical test.

Result and Analysis
Temperature Influence

Predicted Damage (%0): As the temperature increases
from 200°C to 300°C, the predicted damage decreases
from 5% to 2%. This trend aligns with the expectation
that higher temperatures improve the formability of
CFMLs by reducing thermal gradients and potentially
minimizing stress concentrations. Lower predicted
damage indicates a better response of CFMLs to hot
stamping at elevated temperatures.

Experimental Damage (%): Experimental data
confirms the trend observed in predicted damage. The
decrease in experimental damage from 6% to 3% as
temperature rises corroborates the notion that higher
temperatures enhance the material’s ability to withstand
hot stamping without significant damage.

Predicted Failure Load (N): The predicted failure
load increases as temperature rises, from 1200 N at
200°C to 1350 N at 300°C. This suggests that the
CFMLs stamped at higher temperatures can withstand
higher mechanical loads before failure occurs.
Experimental Failure Load (N): Experimental results
support the pattern seen in predicted failure loads. The
CFMLs stamped at 300°C exhibit the highest
experimental failure load of 1300 N, further indicating
that elevated temperatures improve the mechanical
performance of CFML components.

Stamping Speed Impact

Predicted Damage (%0): There is a slight increase in
predicted damage as the stamping speed goes from 10
mm/s to 20 mm/s, with damage rising from 5% to 8%.
This suggests that higher stamping speeds may lead to
slightly more damage due to increased deformation
rates.

Experimental Damage (%): Experimental results
reveal a different trend. The experimental damage
remains relatively stable at 4% to 5% when the
stamping speed increases from 10 mm/s to 20 mm/s.
This discrepancy between predicted and experimental
damage at higher stamping speeds highlights the
complexities of accurately modeling dynamic material
behavior.

Predicted Failure Load (N): The predicted failure

load decreases slightly from 1200 N to 1150 N as the
stamping speed increases. This suggests that higher
stamping speeds may lead to slightly lower mechanical
performance in CFMLs.

Experimental Failure Load (N): Experimental data
confirms the trend of decreasing failure load with
higher stamping speeds, with the load dropping from
1150 N to 1050 N. This reduction in failure load may
be attributed to the material having less time to adapt to
the deformation at higher stamping speeds.

Discussion

The influence of temperature on CFML behavior is
consistent with expectations. Elevated temperatures
lead to reduced damage and increased failure loads,
indicating improved material formability and
mechanical performance. This suggests that optimizing
hot stamping temperatures can enhance CFML
manufacturing.

Stamping speed exhibits a more nuanced impact. While
predicted damage shows a slight increase at higher
speeds, experimental results do not entirely align with
this trend. The observed discrepancies emphasize the
challenges of accurately modeling dynamic material
behavior and highlight the need for refinement in
predictive models.

The close agreement between predicted and
experimental data, especially regarding temperature
influence, validates the effectiveness of the predictive
models used in the study. This validates their
applicability for optimizing hot stamping conditions for
CFMLs.

These findings have practical implications for CFML
manufacturing. Engineers and manufacturers can
consider adjusting hot stamping parameters, such as
temperature and stamping speed, to minimize damage
and enhance the mechanical performance of CFML
components in various applications.

Future research may focus on refining predictive
models to better capture the complexities of dynamic
material behavior and exploring other parameters that
influence CFML behavior during hot stamping,
contributing to further advancements in CFML
manufacturing and applications.
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In this study's data analysis and discussion provide valuable
insights into the effects of temperature and stamping speed
on CFML behavior during the hot stamping process. These
findings contribute to a better understanding of CFML
manufacturing and open avenues for optimization and
further research.

Conclusion

In conclusion, this study on predicting damage and failure in
carbon fiber metal laminates (CFMLs) during the hot
stamping process has revealed valuable insights. Elevated
temperatures have been found to enhance CFML formability
and mechanical performance, leading to reduced damage
and increased failure loads. Stamping speed exhibits a
nuanced impact, highlighting the challenges of accurately
modeling dynamic material behavior. The close agreement
between predictive and experimental data validates the
effectiveness of predictive models. These findings have
practical implications for CFML manufacturing, enabling
optimization of hot stamping parameters to enhance material
quality and performance. This study contributes to the
advancement of CFML applications in various industries.
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