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Abstract

CrMoV low alloy steels are widely utilized in aerospace, power generation, and high-stress
industrial applications due to their superior strength, toughness, and wear resistance. However,
their performance under extreme service conditions is often limited by surface degradation,
fatigue failure, and microstructural instability. To address these challenges, this study
investigates the individual and combined influence of cryogenic treatment and shot peening on
the mechanical, wear, and residual stress properties of CrMoV steels. A total of 1,000 test
specimens were systematically prepared and categorized into control, cryogenically treated,
shot-peened, and combined-treatment groups. Cryogenic processing involved controlled
cooling, soaking, and warming cycles designed to refine carbide precipitation and stabilize
microstructure. Shot peening was applied with optimized media, intensity, and coverage
parameters to induce beneficial residual stresses and surface work hardening. Mechanical
testing included hardness (Vickers/Rockwell), tensile strength, ductility, impact resistance
(Charpy), fatigue life (S—N curves), and wear performance (pin-on-disc method). The results
demonstrate that both treatments independently enhance specific material properties: cryogenic
treatment primarily improved hardness, dimensional stability, and wear resistance through
refined carbide precipitation, while shot peening significantly increased fatigue life and surface
durability by inducing compressive residual stresses. The combined treatment yielded a
synergistic effect, achieving superior overall performance compared to either process alone.
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Introduction

The continuous evolution of industrial applications in aerospace, power generation, and heavy
machinery sectors demands materials with exceptional mechanical properties and enhanced
service life under extreme operating conditions. CrMoV low alloy steels have emerged as
critical materials in these applications due to their unique combination of high strength,
toughness, and wear resistance at elevated temperatures [1]. These steels, typically containing
chromium (0.5-1.5%), molybdenum (0.5-1.0%), and vanadium (0.15-0.30%), demonstrate
superior performance characteristics compared to conventional carbon steels, particularly in
components subjected to cyclic loading, thermal stress, and aggressive wear conditions. The
microstructural characteristics of CrMoV steels, primarily consisting of tempered martensite
with dispersed carbides, provide the foundation for their mechanical properties. However, the
increasing severity of service conditions in modern industrial applications has revealed
limitations in untreated CrMoV steels, particularly regarding surface integrity, fatigue
resistance, and dimensional stability over extended operational periods.

Surface engineering techniques have gained considerable attention as effective methods to
enhance the performance of metallic materials without altering their bulk composition or
requiring expensive alloying additions. Among various surface modification approaches,
cryogenic treatment and shot peening have demonstrated significant potential for improving
the mechanical and tribological properties of tool steels and alloy steels [2]. Cryogenic
treatment, involving controlled exposure to sub-zero temperatures typically ranging from -
80°C to -196°C, induces microstructural refinement through the transformation of retained
austenite and the precipitation of fine carbides. This process has been shown to improve
hardness, wear resistance, and dimensional stability in various steel grades. Shot peening, a
mechanical surface treatment involving the controlled impact of spherical media on the
material surface, generates compressive residual stresses and work-hardened layers that
significantly enhance fatigue resistance and stress corrosion cracking resistance [3].

The individual effects of cryogenic treatment and shot peening on steel properties have been
extensively documented in the literature. Research has demonstrated that cryogenic treatment
can increase the hardness of tool steels by 2-5 HRC through the elimination of retained
austenite and the formation of eta-carbides during subsequent tempering [4]. Similarly, shot
peening has been shown to extend fatigue life by 200-600% in various steel components
through the introduction of beneficial compressive residual stresses that retard crack initiation
and propagation. However, limited research exists on the combined application of these
treatments on CrMoV low alloy steels, particularly regarding their synergistic effects on
mechanical properties, microstructural evolution, and performance under service conditions.
The potential for enhanced property improvements through the sequential or combined
application of these treatments remains largely unexplored, representing a significant gap in
the current understanding of surface engineering strategies for high-performance steels.

The industrial relevance of this research extends beyond academic interest, as the optimization
of surface treatment processes for CrMoV steels could lead to substantial improvements in
component reliability, maintenance intervals, and operational safety in critical applications.
Components such as turbine blades, bearing races, gears, and pressure vessel components
manufactured from CrMoV steels operate under conditions where surface integrity directly
influences overall performance and service life [S]. The development of optimized treatment
protocols combining cryogenic processing and shot peening could enable the design of
components with enhanced performance characteristics without the need for expensive
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material substitutions or design modifications. Furthermore, the potential for reduced
maintenance requirements and extended service intervals presents significant economic
benefits for industries relying on CrMoV steel components in critical applications.

This comprehensive investigation aims to elucidate the individual and synergistic effects of
cryogenic treatment and shot peening on the material properties of CrMoV low alloy steels
through systematic experimental analysis and microstructural characterization. The research
employs a multi-faceted approach encompassing mechanical testing, microstructural analysis,
residual stress measurement, and statistical evaluation to develop a thorough understanding of
the process-property relationships governing these surface treatments. The findings of this
study will contribute to the development of evidence-based guidelines for the application of
combined surface treatments to CrMoV steels, ultimately advancing the field of surface
engineering and enabling the production of components with superior performance
characteristics for demanding industrial applications.

Objectives

1. To investigate the individual effects of cryogenic treatment on the mechanical
properties, microstructural characteristics, and wear resistance of CrMoV low alloy
steels through systematic experimental analysis

2. To evaluate the influence of shot peening parameters on surface integrity, residual stress
distribution, and fatigue performance of CrMoV steel specimens

3. To determine the synergistic effects of combined cryogenic treatment and shot peening
on the overall material properties and performance characteristics of CrMoV steels

4. To establish optimal process parameters for both cryogenic treatment and shot peening
that maximize property improvements while maintaining cost-effectiveness

5. To develop comprehensive process-property relationships that enable prediction of
material behavior under various treatment conditions

6. To provide industry-relevant recommendations for the implementation of combined
surface treatments in manufacturing processes for CrMoV steel components

Scope of Study

1. Analysis of CrMoV low alloy steel specimens with nominal composition of 1% Cr,
0.5% Mo, and 0.2% V, representing typical industrial grades used in aerospace and
power generation applications

2. Investigation of cryogenic treatment parameters including cooling rates (0.5-2°C/min),
soaking temperatures (-80°C to -196°C), soaking duration (12-36 hours), and warming
rates (0.5-1°C/min)

3. Evaluation of shot peening variables encompassing media type (steel shot, ceramic
beads), shot size (0.2-0.8 mm), peening intensity (0.15-0.45 mmA), and coverage
percentages (100-200%)

4. Comprehensive mechanical testing including hardness measurement (Vickers and
Rockwell scales), tensile testing, impact toughness evaluation, and fatigue life
assessment under rotating bending conditions
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5. Microstructural characterization utilizing optical microscopy, scanning electron
microscopy, and X-ray diffraction techniques to analyze carbide morphology,
distribution, and phase transformations

6. Residual stress profiling through X-ray diffraction methods to depths of 500 um from
the treated surface

7. Wear performance evaluation using pin-on-disc tribological testing under dry sliding
conditions with varying loads and sliding velocities

8. Statistical analysis of experimental data using ANOVA, regression analysis, and
response surface methodology to identify significant factors and interactions

Literature Review

The development of surface engineering techniques for enhancing the properties of alloy steels
has been a subject of intensive research over the past several decades, with particular emphasis
on treatments that can improve both surface and subsurface characteristics without
compromising core material properties. The evolution of cryogenic treatment as a viable
method for improving steel properties can be traced back to the early observations of Swiss
watchmakers who discovered that exposing steel components to winter temperatures improved
their dimensional stability and wear resistance [6]. Modern cryogenic treatment processes have
evolved significantly from these early observations, incorporating precise temperature control,
extended soaking periods, and optimized warming cycles to maximize microstructural
refinement and property enhancement. Barron's pioneering work in the 1980s established the
fundamental principles of deep cryogenic treatment, demonstrating that exposure to liquid
nitrogen temperatures could substantially improve the wear resistance of tool steels through
the transformation of retained austenite and the precipitation of fine carbides [7].

The mechanisms underlying property improvements from cryogenic treatment have been
extensively investigated through advanced characterization techniques. Research by Molinari
and colleagues demonstrated that the transformation of retained austenite to martensite during
cryogenic treatment is accompanied by the nucleation of numerous carbide precipitates, which
contribute to increased hardness and wear resistance [8]. The formation of eta-carbides during
subsequent tempering operations has been identified as a critical factor in achieving optimal
property improvements, with these fine precipitates providing effective barriers to dislocation
motion and contributing to enhanced strength and hardness. Studies utilizing transmission
electron microscopy have revealed that cryogenic treatment promotes a more uniform
distribution of carbides throughout the microstructure, reducing the clustering effects often
observed in conventionally heat-treated steels. The refinement of the martensitic structure
through cryogenic treatment has also been shown to improve toughness properties, contrary to
early concerns that increased hardness would necessarily compromise ductility and impact
resistance.

Shot peening technology has undergone parallel development as a surface enhancement
technique, with its origins in the accidental discovery that components exposed to shot blast
cleaning exhibited improved fatigue resistance. The systematic investigation of shot peening
parameters and their effects on material properties has led to the establishment of industry
standards and specifications that guide current practice [9]. The primary mechanism of property
improvement through shot peening involves the generation of compressive residual stresses in
the near-surface region, which effectively reduce the mean stress experienced during cyclic
loading and retard crack initiation. Research by Wagner and colleagues has shown that the
depth and magnitude of compressive residual stresses can be controlled through careful
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selection of peening parameters, with optimal conditions depending on the specific material
and application requirements [10]. The work hardening effects associated with shot peening
contribute additional strengthening, though excessive cold work can lead to surface damage
and reduced fatigue performance if not properly controlled.

The application of cryogenic treatment to CrMoV steels specifically has received limited
attention in the literature, with most studies focusing on tool steels and bearing steels with
higher carbon contents. Research by Akhbarizadeh and colleagues investigated the effects of
deep cryogenic treatment on 1.2080 tool steel, finding improvements in hardness of 3-4 HRC
and wear resistance improvements of up to 40% [11]. The lower carbon content and different
carbide-forming elements in CrMoV steels suggest that the mechanisms and magnitude of
property improvements may differ from those observed in higher-carbon tool steels. Studies
on similar low-alloy steels have indicated that the benefits of cryogenic treatment are more
pronounced when combined with appropriate tempering cycles, highlighting the importance of
process optimization for specific alloy compositions. The role of vanadium in promoting fine
carbide precipitation during cryogenic treatment and subsequent tempering has been identified
as particularly significant, with vanadium carbides providing superior wear resistance
compared to chromium or iron carbides.

Shot peening of low-alloy steels has been more extensively studied, with numerous
investigations demonstrating significant improvements in fatigue life and stress corrosion
resistance. Research by Torres and Voorwald on AISI 4340 steel showed that optimized shot
peening could increase fatigue strength by up to 30% and extend fatigue life by several orders
of magnitude under high-cycle conditions [12]. The effectiveness of shot peening in improving
the fatigue performance of CrMoV steels has been demonstrated in applications such as steam
turbine blades and connecting rods, where components are subjected to complex cyclic loading
conditions. Studies have shown that the compressive residual stresses induced by shot peening
can penetrate to depths of 300-500 pm in medium-strength steels, providing effective
protection against both surface and subsurface crack initiation. The stability of these residual
stresses under service conditions, particularly at elevated temperatures, remains an important
consideration for applications involving thermal cycling or high-temperature operation.

The concept of combining multiple surface treatments to achieve synergistic property
improvements has gained increasing attention in recent years. Limited research exists on the
specific combination of cryogenic treatment and shot peening, though studies on related
treatment combinations suggest significant potential for enhanced performance. Research by
Peng and colleagues investigated the combination of nitriding and shot peening on AISI 4140
steel, finding that the sequential application of these treatments produced superior fatigue
resistance compared to either treatment alone [13]. The potential mechanisms for synergistic
effects between cryogenic treatment and shot peening include the enhanced work hardening
response of cryogenically treated material due to refined carbide distribution, improved
residual stress retention due to increased yield strength from cryogenic treatment, and the
possibility of strain-induced carbide precipitation during shot peening of cryogenically treated
material. These potential interactions highlight the complexity of combined treatment effects
and the need for systematic investigation to optimize process sequences and parameters.

Research Methodology

The experimental investigation employed a comprehensive methodology designed to
systematically evaluate the individual and combined effects of cryogenic treatment and shot
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peening on CrMoV low alloy steel properties. The research approach integrated quantitative
experimental methods with advanced characterization techniques to develop a thorough
understanding of process-property relationships. The study utilized a factorial design approach
to investigate the main effects and interactions between treatment parameters, enabling
statistical analysis of the significance of various factors on material properties. A total of 1,000
specimens were prepared from commercial-grade CrMoV steel with nominal composition of
0.35% C, 1.0% Cr, 0.5% Mo, and 0.2% V, representing typical industrial specifications for
high-performance applications. The specimens were machined to various geometries
appropriate for different testing methods, including cylindrical tensile specimens conforming
to ASTM ES8 standards, Charpy V-notch impact specimens per ASTM E23, rotating beam
fatigue specimens following ASTM E466, and disc specimens for wear testing according to
ASTM G99 specifications.

The cryogenic treatment process was conducted using a computer-controlled cryogenic
processor capable of precise temperature control from ambient to -196°C. The treatment
protocol involved controlled cooling at rates varying from 0.5 to 2.0°C per minute to minimize
thermal shock and prevent cracking. Specimens were categorized into three cryogenic
treatment groups based on soaking temperature: shallow cryogenic treatment at -80°C, deep
cryogenic treatment at -140°C, and ultra-deep cryogenic treatment at -196°C using liquid
nitrogen. Soaking durations of 12, 24, and 36 hours were investigated to determine the optimal
exposure time for maximum property enhancement. The warming phase was carefully
controlled at 0.5-1.0°C per minute to ambient temperature, followed by single or double
tempering cycles at temperatures ranging from 150°C to 200°C for 2 hours each. The entire
cryogenic treatment process was monitored using multiple thermocouples to ensure
temperature uniformity and prevent thermal gradients that could induce distortion or residual
stresses.

Comparative Analysis of Mechanical Propermies of Matenals
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Figure 1: Comparative Analysis of Mechanical Properti

Data Table 1:
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Property Baseline ||Cryogenic Only||Shot Peening Only||Combined Treatment
Hardness (HV) 285+8 (3129 348 +11 365+10

Tensile Strength (MPa)|[780 + 15 ||815 + 18 795+ 16 83017

Elongation (%) 18.0+1.2||17.0+1.0 16.5+1.1 16.0+0.9

Impact Energy (J) 45+ 3 43+3 42 +2 41+3

Fatigue Limit (MPa) 380+12 405+ 14 495 + 16 525+ 15

Explanation: This comparative visualization clearly demonstrates the distinct effects of each
treatment on various mechanical properties. While cryogenic treatment primarily enhances
hardness and tensile strength with minimal impact on ductility, shot peening shows pronounced
improvements in surface hardness and fatigue resistance. The combined treatment achieves the
highest values for most properties, particularly excelling in fatigue limit improvement (38%
increase), though with slight reductions in ductility and impact toughness that remain within
acceptable ranges for most applications.

Shot peening treatments were performed using an automated air-blast peening system equipped
with precise control of media flow rate, air pressure, and nozzle positioning. Three types of
peening media were evaluated: cast steel shot (45-52 HRC), ceramic beads (60-65 HRC), and
cut wire shot (45-50 HRC), with sizes ranging from 0.2 to 0.8 mm diameter. Peening intensity
was varied from 0.15 to 0.45 mmA as measured using standard Almen strips according to SAE
J443 procedures. Coverage percentages of 100%, 150%, and 200% were investigated, with
coverage verification performed using fluorescent tracer techniques and visual inspection at
10x magnification. The standoff distance between the nozzle and specimen surface was
maintained at 150 mm, with the incident angle fixed at 90 degrees to ensure consistent peening
conditions. Process parameters including air pressure (40-80 psi), media flow rate (5-15
kg/min), and exposure time were optimized through preliminary trials to achieve the desired
intensity and coverage values.

The experimental design incorporated four main treatment groups to enable comprehensive
comparison of individual and combined treatment effects. The control group consisted of
specimens subjected only to conventional quenching and tempering heat treatment to establish
baseline properties. The second group received cryogenic treatment following the initial heat
treatment, with various parameter combinations as described above. The third group underwent
shot peening after conventional heat treatment, exploring the full range of peening parameters.
The fourth group received combined treatment, with cryogenic processing performed first,
followed by tempering and subsequent shot peening. This sequence was selected based on
preliminary studies indicating that performing cryogenic treatment before shot peening
produced superior results compared to the reverse sequence. Within each treatment group,
multiple parameter combinations were evaluated using a design of experiments approach to
identify optimal conditions and significant factors affecting material properties.

Mechanical property evaluation encompassed a comprehensive suite of testing methods to

characterize the effects of surface treatments on various performance metrics. Hardness
measurements were conducted using both Vickers and Rockwell methods, with surface
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hardness measured at 1 kgf load and hardness depth profiles obtained through incremental
material removal and measurement at depths up to I mm. Tensile testing was performed using
a 100 kN universal testing machine at a crosshead speed of 2 mm/min, with extensometer
measurement of strain to determine yield strength, ultimate tensile strength, elongation, and
reduction in area. Impact toughness was evaluated using Charpy V-notch testing at room
temperature and -40°C to assess the effect of treatments on fracture resistance. Fatigue testing
employed rotating beam configuration at a frequency of 50 Hz under fully reversed loading
conditions (R = -1), with tests conducted at multiple stress levels to generate S-N curves and
determine fatigue limits. Wear testing utilized pin-on-disc configuration with hardened steel
counter-face material, applying normal loads of 20-60 N and sliding velocities of 0.5-2.0 m/s
over distances up to 5000 m, with continuous monitoring of friction coefficient and periodic
measurement of wear volume loss.

Microstructural characterization employed multiple techniques to investigate the mechanisms
of property enhancement and identify microstructural changes induced by the surface
treatments. Optical microscopy was performed on polished and etched specimens using 2%
nital solution, with examination at magnifications ranging from 100x to 1000x to observe
general microstructural features, grain size, and carbide distribution. Scanning electron
microscopy provided higher resolution imaging of carbide morphology, fracture surfaces, and
wear tracks, with energy-dispersive X-ray spectroscopy used for elemental mapping and phase
identification. X-ray diffraction analysis was conducted to identify phases present, measure
retained austenite content, and determine lattice parameters and crystallite size. The residual
stress measurements were performed using the sin®y method with Cr-Ka radiation, measuring
stresses in multiple directions and at various depths through electrochemical layer removal.
Transmission electron microscopy on selected specimens provided detailed information on
carbide structure, dislocation density, and subgrain formation resulting from the treatments.

Statistical analysis of experimental data employed multiple techniques to ensure robust
conclusions and identify significant factors affecting material properties. Analysis of variance
(ANOVA) was used to determine the statistical significance of treatment effects and parameter
variations, with p-values less than 0.05 considered significant. Multiple regression analysis
established mathematical relationships between process parameters and material properties,
enabling prediction of properties for untested parameter combinations. Response surface
methodology was applied to optimize treatment parameters for specific property requirements
and identify interaction effects between variables. The reliability and repeatability of results
were ensured through replication of critical experiments, with at least five specimens tested for
each condition in mechanical testing and three replicate measurements for microstructural and
residual stress analyses. Quality control measures included calibration of all testing equipment
according to relevant standards, use of certified reference materials where applicable, and
participation in inter-laboratory comparison programs to validate testing procedures.

Analysis of Secondary Data

The comprehensive analysis of existing literature and industrial data reveals significant insights
into the current state of surface treatment technologies for alloy steels and their impact on
material performance in critical applications. Historical data from aerospace manufacturers
indicate that component failures attributed to surface-initiated fatigue account for
approximately 65% of all mechanical failures in gas turbine engines, highlighting the critical
importance of surface integrity in determining component reliability [14]. Analysis of failure
databases from power generation facilities shows that CrMoV steel components, particularly
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turbine blades and valve stems, experience average service lives of 80,000-100,000 operational
hours under current treatment protocols, with surface degradation being the primary life-
limiting factor. The economic impact of premature component failure and unscheduled
maintenance in these industries exceeds $2.5 billion annually in North America alone,
providing strong motivation for the development of enhanced surface treatment strategies.
Examination of patent databases reveals over 300 patents filed in the past decade related to
cryogenic treatment and shot peening technologies, indicating sustained industrial interest and
ongoing innovation in these fields.

Statistical analysis of published data on cryogenic treatment effects across various steel grades
demonstrates consistent trends in property improvements, though with significant variation in
magnitude depending on steel composition and treatment parameters. Meta-analysis of 47 peer-
reviewed studies on cryogenic treatment of alloy steels shows average hardness increases of 2-
6 HRC, with higher carbon steels generally exhibiting greater improvements than low-carbon
grades [15]. The wear resistance improvements reported in the literature range from 15% to
85%, with the wide variation attributed to differences in wear testing conditions, steel
composition, and cryogenic treatment parameters. Analysis of treatment temperature effects
indicates a non-linear relationship between soaking temperature and property improvement,
with maximum benefits typically observed at temperatures between -140°C and -196°C. The
duration of cryogenic soaking shows diminishing returns beyond 24 hours for most steel
grades, suggesting that extended treatment times may not be economically justified.
Comparison of shallow versus deep cryogenic treatment across multiple studies indicates that
deep treatment consistently produces superior results, with an average additional improvement
of 15-20% in wear resistance compared to shallow treatment.

Treatment Parameter Distribution and Optimization
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Figure 2: Treatment Parameter Distribution and Optimization
Data Table 2:
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‘Treatment Category "Specimens"PercentageHParameter Subdivisions HSub-count‘
(control 150 [15% |standard Q&1 150 |
(Cryogenic Only ;300 130% |-80°c/12h |75 |
| | oo s
| | Jawom o |
| | e o |
[Shot Peening Only  [[300 130% lo.15 mmA/100% |75 |
| [ [ l0.30 mmA/100% |75 |
| [ [ l0.30 mmA/150% [200 |
| [ [ l0.45 mmA/150% [ES |
‘Combined TreatmentHZSO HZS% HOptimaI Cryo +0.25 mmAHlOO ‘
| [ [ loptimal Cryo +0.30 mmA]100 |
‘ H H HOptimaI Cryo +0.35 mmAHSO ‘

Explanation: The specimen distribution reflects a balanced experimental design that enables
robust statistical analysis while focusing resources on the most promising parameter
combinations. The larger allocation to individual treatments (60% total) establishes strong
baseline understanding of each process, while the 25% devoted to combined treatments
provides sufficient data for interaction analysis. This distribution strategy ensures adequate
replication for statistical significance while exploring the full parameter space efficiently.

Residual Stress and Microstructural Correlation

Data Table 3:

Figure 3: Residual Stress and Microstructural Correlation

‘Residual Stress (MPa)HUntreated FL RatioHCryo FL RatioHSP FL RatioHCombined FL Ratio‘

-50 to -150 lLotoa [L1to1 |- I |
150 to -250 lLotoa [12t01  Jsro2 |- |
-250 to -350 1.2+0.1 23402 |[2.8+0.2
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‘Residual Stress (MPa)HUntreated FL RatioHCryo FL RatioHSP FL RatioHCombined FL Ratio‘
-350 to -450 I I B2t03 [3.8:03 |
-450 to -550 I I Bsto3 [45:03 |
-550 to -650 I I l42+04 [52:04 |
-650 to -750 I I l45t04 [5.8+05 |
R? values lo.15 0.42 0.87 lo.o1 |

Explanation: The strong correlation between compressive residual stress and fatigue life
improvement validates the critical role of shot peening in enhancing fatigue performance. The
higher correlation coefficient for combined treatment (R>=0.91) compared to shot peening
alone (R*=0.87) suggests that the microstructural refinement from cryogenic treatment
enhances the effectiveness of peening-induced residual stresses. The non-linear relationship
indicates diminishing returns at very high stress levels, providing guidance for process
optimization.

The evaluation of shot peening effectiveness through analysis of published fatigue data reveals
strong correlations between peening parameters and fatigue life improvement. Compilation of
S-N curve data from 28 studies on shot-peened alloy steels shows fatigue life improvements
ranging from 50% to 600% at stress levels near the fatigue limit, with the magnitude of
improvement decreasing at higher stress amplitudes [16]. Statistical regression analysis of
peening intensity effects indicates an optimal intensity range of 0.25-0.35 mmA for medium-
strength steels, with both under-peening and over-peening resulting in suboptimal
performance. The influence of coverage on fatigue performance shows a threshold effect, with
minimal additional benefit observed beyond 150% coverage for most applications. Analysis of
residual stress profiles from multiple sources reveals consistent patterns of maximum
compressive stress at depths of 50-100 um, with total affected depths ranging from 200-500
pum depending on peening parameters and material properties. The stability of peening-induced
residual stresses under cyclic loading shows significant variation, with stress relaxation of 10-
40% reported after 1076 cycles at stress levels approaching the yield strength.

Industrial case studies provide valuable insights into the practical implementation and
effectiveness of surface treatments in real-world applications. Analysis of field data from a
major turbine manufacturer implementing cryogenic treatment for CrMoV turbine blades
shows a 35% increase in average service life and a 25% reduction in warranty claims over a
five-year period [17]. The implementation costs, including equipment, training, and process
development, were recovered within 18 months through reduced replacement part sales and
warranty expenses. A comparative study of shot-peened versus unpeened connecting rods in
heavy-duty diesel engines demonstrates a 280% improvement in fatigue life under service
conditions, with the additional processing cost of $12 per component yielding lifecycle cost
savings exceeding $500 per engine. Examination of quality control data from aerospace
suppliers indicates that combined surface treatments can reduce part-to-part variation in fatigue
performance by up to 40%, improving reliability and enabling more aggressive design
optimization.

The analysis of failure analysis reports provides critical information about the limitations of
current surface treatment practices and opportunities for improvement. Review of 150 failure
investigations involving CrMoV steel components reveals that 40% of failures occurred at
stress concentrations where shot peening effectiveness was compromised due to geometric

2443 S Sarveswara Reddy et al 2433-2454



Journal of Computational Analysis and Applications VOL. 33, NO. 5, 2024

10.48047/jocaaa.2024.33.05.65

constraints or inadequate coverage [18]. Metallographic examination of failed components
shows evidence of carbide clustering and non-uniform distribution in conventionally heat-
treated materials, suggesting potential benefits from cryogenic treatment to promote more
homogeneous microstructures. The presence of tensile residual stresses in unpeened regions
adjacent to peened areas has been identified as a contributing factor in several failure cases,
highlighting the importance of comprehensive coverage strategies. Analysis of service
temperature effects indicates that components operating above 400°C experience accelerated
relaxation of peening-induced residual stresses, with complete relaxation occurring within
1000 hours at 500°C. These findings emphasize the need for treatment optimization specific to
service conditions and the potential benefits of combined treatments that address multiple
failure mechanisms.

Comparative analysis of international standards and specifications for surface treatments
reveals significant variations in recommended practices and acceptance criteria. Examination
of aerospace specifications (AMS 2430, AMS 2432) shows stringent requirements for shot
peening intensity control and coverage verification, with tolerance bands of £0.05 mmA for
intensity and minimum coverage requirements of 100% [19]. Industrial standards for cryogenic
treatment remain less developed, with no universally accepted specifications for treatment
parameters or quality control methods. European standards tend to emphasize process control
and documentation requirements, while American standards focus more on performance-based
acceptance criteria. The lack of standardization for combined treatments represents a
significant barrier to widespread industrial adoption, highlighting the need for systematic
research to establish evidence-based guidelines. Analysis of certification and qualification
procedures across different industries reveals that the adoption of new surface treatment
processes typically requires 2-5 years of validation testing and field trials, emphasizing the
importance of comprehensive data generation to support technology transfer.

Analysis of Primary Data

The experimental investigation yielded comprehensive data on the effects of individual and
combined surface treatments on CrMoV steel properties, with statistical analysis confirming
significant improvements in multiple performance metrics. The baseline characterization of
untreated specimens established reference values of 285 HV for hardness, 780 MPa ultimate
tensile strength, 18% elongation, 45 J Charpy impact energy at room temperature, and a fatigue
limit of 380 MPa. These baseline properties are consistent with published data for quenched
and tempered CrMoV steels and provide a foundation for evaluating treatment effects. The
microstructural analysis of baseline specimens revealed a tempered martensitic structure with
uniformly distributed carbides, primarily MsC and M-Cs types, with an average carbide size of
0.8 um and volume fraction of approximately 4.5%. The residual stress state of untreated
specimens showed negligible stresses (=50 MPa) at the surface, confirming the effectiveness
of the stress relief treatment applied after machining.

The implementation of cryogenic treatment produced statistically significant improvements in
hardness and wear resistance, with the magnitude of improvement strongly dependent on
treatment parameters. Deep cryogenic treatment at -140°C for 24 hours followed by double
tempering at 180°C resulted in optimal property enhancement, achieving a hardness increase
to 312 HV (9.5% improvement) and wear rate reduction of 38% compared to baseline. The
ultra-deep treatment at -196°C showed marginally better results with 315 HV hardness, though
the additional improvement did not justify the increased processing cost and complexity.
Microstructural examination revealed significant refinement in carbide distribution following
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cryogenic treatment, with average carbide size decreasing to 0.5 um and a more uniform spatial
distribution. The volume fraction of carbides increased to approximately 5.8%, attributed to
the precipitation of fine secondary carbides during the post-cryogenic tempering process. X-
ray diffraction analysis confirmed complete transformation of retained austenite, which
measured 3.2% in untreated specimens, to martensite during cryogenic treatment. The tensile
properties showed modest improvements, with ultimate tensile strength increasing to 815 MPa
while maintaining elongation at 17%, indicating that strength enhancement was achieved
without significant ductility loss.

Shot peening treatment demonstrated pronounced effects on surface properties and fatigue
performance, with optimal results achieved at 0.30 mmA intensity using S330 steel shot at
150% coverage. The surface hardness increased to 348 HV immediately after peening,
representing a 22% improvement over baseline, with the hardened layer extending to a depth
of approximately 180 um. Residual stress measurements revealed maximum compressive
stresses of -680 MPa at a depth of 75 pm, with compressive stresses extending to 420 pm depth.
The fatigue limit improved dramatically to 495 MPa, representing a 30% increase over
untreated specimens. The S-N curves showed even more pronounced improvements at finite
life, with fatigue life at 500 MPa stress amplitude increasing by 450%. Surface roughness
increased from Ra 0.4 um to 2.8 um following peening, though this did not adversely affect
fatigue performance due to the dominant effect of compressive residual stresses. The impact
toughness showed a slight decrease to 42 J, attributed to surface work hardening effects, though
this reduction was not statistically significant at the 95% confidence level.

Time-Dependent Property Evolution
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Figure 4: Time-Dependent Property Evolution
Data Table 4:
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Explanation: The temporal evolution of properties under cyclic loading reveals the superior
stability of combined treatment specimens. While shot peening alone shows significant stress
relaxation (30% loss after 107 cycles), the combined treatment maintains 82% of initial residual
stress, demonstrating enhanced resistance to cyclic softening. The gradual decrease in surface
hardness follows similar trends, with combined treatment specimens retaining the highest
absolute values throughout testing. These results validate the long-term durability of treatment
benefits under service-relevant conditions.

The combined treatment of cryogenic processing followed by shot peening produced
synergistic effects exceeding the sum of individual treatment benefits. Specimens subjected to
optimized combined treatment achieved surface hardness values of 365 HV, core hardness of
318 HV, and exceptional wear resistance with wear rates 52% lower than baseline. The fatigue
limit reached 525 MPa, representing a 38% improvement over untreated material and
demonstrating the complementary effects of microstructural refinement from cryogenic
treatment and compressive residual stresses from shot peening. The enhanced work hardening
capacity of cryogenically treated material resulted in deeper penetration of peening effects,
with the hardened layer extending to 220 um compared to 180 um for peening alone. Residual
stress profiles showed maximum compressive stresses of -745 MPa at 85 um depth, with the
higher magnitude attributed to the increased yield strength of cryogenically treated material.
The stability of these residual stresses under cyclic loading was superior to specimens receiving
only shot peening, with only 15% relaxation observed after 10° cycles at 450 MPa stress
amplitude compared to 25% relaxation in peened-only specimens.
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Figure 5: Comprehensive Performance Comparison Matrix

Data Table 5:

|Performance Metric HBaseIineHCryogenic OnIyHShot Peening OnIyHCombined Treatment‘
Hardness (0-100) |55 72 [EE los |
|Wear Resistance H45 H75 HGO H90 ‘
|Tensi|e Strength HGO H70 H65 H75 ‘
[Fatigue Limit Iso 55 80 los |
|Impact Toughness H75 H70 H68 H65 ‘
IDimensional Stability |60 o5 [CE o2 |
|Cost—Effectiveness HlOO H75 H80 H65 ‘
|Process Time (inverse)”lOO HGO H7O H45 ‘
[Surface Quality [EE 83 60 |58 |
|Overa|| Performance H58 H71 H73 H85 ‘

Explanation: This comprehensive performance matrix synthesizes all experimental findings
into a single visualization that facilitates decision-making for specific applications. The
combined treatment achieves the highest overall performance index despite increased
processing time and cost, making it ideal for critical applications where performance justifies
additional investment. The matrix reveals trade-offs between different treatments, such as the
excellent cost-effectiveness of baseline processing versus the superior performance of
combined treatment, enabling informed selection based on application requirements and
economic constraints.
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Statistical analysis using ANOVA confirmed the significance of treatment effects and revealed
important interactions between processing parameters. The main effects of cryogenic
temperature, soaking time, and tempering temperature were all significant at p < 0.01 for
hardness and wear resistance. Shot peening intensity showed the strongest correlation with
fatigue life improvement (R? = 0.87), while coverage percentage showed a threshold effect
with no significant improvement beyond 150%. The interaction between cryogenic treatment
and shot peening was highly significant (p < 0.001) for fatigue performance, confirming
synergistic effects. Response surface analysis identified optimal parameter combinations for
different property objectives: maximum hardness required deep cryogenic treatment at -140°C
for 24 hours with double tempering, maximum fatigue resistance required combined treatment
with moderate cryogenic conditions followed by optimized shot peening, and balanced
properties were best achieved with -140°C cryogenic treatment for 18 hours followed by 0.25
mmA intensity peening at 125% coverage. The regression models developed showed good
predictive capability with R? values exceeding 0.85 for all major properties, enabling reliable
property prediction for parameter combinations within the investigated range.

Discussion

The comprehensive experimental results demonstrate that both cryogenic treatment and shot
peening independently contribute significant improvements to CrMoV steel properties through
distinctly different mechanisms, with their combination producing synergistic effects that
exceed simple additive benefits. The observed improvements in hardness and wear resistance
following cryogenic treatment align with established theories of microstructural refinement,
though the magnitude of improvement in CrMoV steels is notably lower than that reported for
high-carbon tool steels, reflecting the influence of carbon content on the extent of carbide
precipitation and austenite transformation. The complete elimination of retained austenite
through cryogenic treatment represents a critical factor in dimensional stability for precision
components, addressing a long-standing challenge in the heat treatment of alloy steels. The
formation of fine secondary carbides during post-cryogenic tempering, particularly vanadium-
rich carbides identified through electron microscopy, provides the primary mechanism for
enhanced wear resistance, with these hard particles acting as effective barriers to abrasive wear
while maintaining adequate matrix toughness.

The superior fatigue performance achieved through shot peening can be attributed to multiple
complementary mechanisms operating at different length scales. The introduction of
compressive residual stresses represents the dominant factor in fatigue improvement,
effectively reducing the mean stress experienced during cyclic loading and increasing the
threshold stress for crack initiation. The depth and magnitude of residual stresses achieved in
this study exceed those reported in several previous investigations, which can be attributed to
the optimization of peening parameters through systematic experimentation and the use of
controlled peening conditions. The work hardening effects associated with shot peening
contribute additional strengthening in the near-surface region, though the observed gradient in
hardness creates a complex stress state that must be carefully considered in component design.
The increased surface roughness following peening, while potentially detrimental in some
applications, does not significantly impact fatigue performance in the stress range investigated,
as the beneficial effects of compressive residual stresses dominate over stress concentration
effects from surface irregularities.
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The synergistic benefits observed in specimens receiving combined treatment provide
compelling evidence for the complementary nature of these surface modification techniques.
The enhanced work hardening response of cryogenically treated material during shot peening
can be attributed to the refined carbide distribution providing additional obstacles to dislocation
motion, enabling greater plastic deformation and deeper penetration of peening effects. The
improved stability of residual stresses in combined-treatment specimens suggests that the
increased yield strength from cryogenic treatment reduces the tendency for stress relaxation
under cyclic loading. The microstructural analysis reveals that the refined carbide structure
remains stable during shot peening, with no evidence of carbide dissolution or coarsening
despite the severe plastic deformation at the surface. This stability is critical for maintaining
the benefits of both treatments under service conditions and represents a significant advantage
over alternative surface modification approaches that may compromise bulk material
properties.

The practical implications of these findings extend beyond the immediate property
improvements to encompass broader considerations of manufacturing feasibility, economic
viability, and industrial implementation. The relatively modest equipment requirements for
both cryogenic treatment and shot peening make these technologies accessible to a wide range
of manufacturing facilities, unlike more capital-intensive alternatives such as laser surface
treatment or physical vapor deposition coatings. The ability to treat complex geometries
through appropriate fixturing and automated peening systems addresses a critical limitation of
many surface modification techniques. The sequential nature of the combined treatment
process allows for integration into existing heat treatment and finishing operations with
minimal disruption to established production flows. Cost-benefit analysis based on the
experimental results and industrial energy costs indicates that the combined treatment adds
approximately 15-20% to the total heat treatment cost while potentially doubling component
service life, representing a highly favorable return on investment for critical applications.

The limitations and challenges identified through this investigation highlight important
considerations for industrial implementation and areas requiring further research. The observed
variations in treatment response among different specimen geometries suggest that process
parameters may need adjustment for complex-shaped components with varying section
thicknesses. The potential for distortion during cryogenic treatment, while minimal in the test
specimens, could become significant for large or thin-walled components, necessitating
appropriate fixturing and support strategies. The long-term stability of property improvements
under actual service conditions, particularly involving elevated temperatures and corrosive
environments, requires validation through extended field trials. The interaction between
surface treatments and subsequent manufacturing operations, such as grinding or coating
application, needs careful consideration to avoid compromising the beneficial effects achieved
through treatment. The development of non-destructive evaluation methods for verifying
treatment effectiveness and quality control represents an ongoing challenge, as conventional
hardness testing and visual inspection may not adequately capture the full extent of
microstructural and residual stress modifications.

The comparison of current findings with published literature reveals both consistencies and
notable differences that provide insights into the role of material composition and processing
history on treatment effectiveness. The hardness improvements achieved through cryogenic
treatment in CrMoV steels are lower than those reported for D2 and M2 tool steels, which
typically show increases of 4-6 HRC compared to the 2-3 HRC observed in this study [20].
This difference can be attributed to the lower carbon content and different carbide-forming
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elements in CrMoV steels, which limit the extent of secondary carbide precipitation. The
fatigue improvements from shot peening align well with results reported for similar medium-
strength steels, confirming the general applicability of established peening principles across
different alloy systems. The synergistic effects of combined treatment, while not extensively
documented in previous literature, are consistent with the limited studies available on
sequential surface treatments, supporting the hypothesis that multiple mechanisms of property
enhancement can operate simultaneously without mutual interference. The wear resistance
improvements exceed those reported in several previous studies, which may reflect the
optimization of treatment parameters specifically for wear performance rather than general
property enhancement.

The microstructural evolution observed through various stages of treatment provides
fundamental insights into the mechanisms governing property improvements and offers
guidance for further process optimization. The transformation of retained austenite during
cryogenic treatment occurs through a martensitic transformation mechanism that is thermally
activated despite occurring at very low temperatures, with the driving force provided by the
increased chemical potential difference between austenite and martensite at cryogenic
temperatures. The nucleation of secondary carbides appears to occur preferentially at
martensite lath boundaries and existing carbide interfaces, leading to a more uniform
distribution compared to carbides formed during conventional tempering. The plastic
deformation induced by shot peening creates a complex dislocation structure in the near-
surface region, with transmission electron microscopy revealing the formation of dislocation
cells and subgrain boundaries that contribute to surface strengthening. The interaction between
these dislocation structures and the refined carbide distribution in combined-treatment
specimens creates a unique microstructural configuration that provides superior resistance to
both wear and fatigue damage.

The statistical relationships developed through response surface methodology enable
prediction of property outcomes for different treatment combinations and provide insights into
the relative importance of various process parameters. The quadratic models developed for
hardness, wear rate, and fatigue life show excellent fit to experimental data, with residual
analysis confirming the validity of model assumptions. The parameter sensitivity analysis
reveals that cryogenic soaking temperature has the strongest influence on hardness and wear
resistance, while shot peening intensity dominates fatigue performance. The interaction terms
in the models confirm that the effects of combined treatment cannot be predicted through
simple superposition of individual treatment effects, emphasizing the importance of
comprehensive experimental investigation. The optimization algorithms applied to the
response surface models identify multiple parameter combinations that can achieve desired
property targets, providing flexibility in process design to accommodate manufacturing
constraints or economic considerations. The confidence intervals associated with property
predictions enable risk assessment for critical applications and guide decisions regarding safety
factors and design margins.

Conclusion

This comprehensive investigation into the effects of cryogenic treatment and shot peening on
CrMoV low alloy steels has demonstrated substantial improvements in mechanical properties
through both individual and combined surface treatment approaches. The systematic evaluation
of 1,000 specimens under various treatment conditions has established clear process-property
relationships and identified optimal parameters for enhancing specific performance
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characteristics. The key findings indicate that cryogenic treatment at -140°C for 24 hours
produces optimal improvements in hardness (9.5% increase) and wear resistance (38%
reduction in wear rate), while shot peening at 0.30 mmA intensity and 150% coverage yields
significant enhancements in fatigue limit (30% increase) and fatigue life (up to 450%
improvement at specific stress levels). The combined application of these treatments
demonstrates remarkable synergistic effects, achieving surface hardness values of 365 HV,
fatigue limits of 525 MPa, and wear rate reductions exceeding 50% compared to untreated
material.

The microstructural characterization reveals that the mechanisms underlying these
improvements involve complementary processes operating at different length scales.
Cryogenic treatment eliminates retained austenite, refines carbide distribution, and promotes
the precipitation of fine secondary carbides, particularly vanadium-rich particles that enhance
wear resistance. Shot peening introduces beneficial compressive residual stresses extending to
depths of 420 um while creating work-hardened surface layers that improve fatigue crack
initiation resistance. The combination of these treatments produces a unique microstructural
configuration characterized by refined carbides within a work-hardened matrix under
compressive stress, providing superior resistance to multiple damage mechanisms. The
stability of these improvements under cyclic loading conditions, demonstrated through
extensive fatigue testing and residual stress measurements, confirms the durability of treatment
benefits under service conditions.

The industrial implications of this research extend beyond the immediate technical
achievements to encompass significant economic and operational benefits for industries
utilizing CrMoV steel components. The potential for doubling component service life through
optimized combined treatment, while adding only 15-20% to processing costs, represents a
compelling value proposition for critical applications in aerospace, power generation, and
heavy machinery sectors. The relatively modest equipment requirements and compatibility
with existing heat treatment infrastructure facilitate industrial implementation without major
capital investment. The development of predictive models through response surface
methodology enables manufacturers to optimize treatment parameters for specific applications
and property requirements, reducing development time and costs for new components. The
enhanced reliability and reduced maintenance requirements associated with treated
components contribute to improved operational efficiency and safety in critical applications.

The establishment of clear process-property relationships provides a scientific foundation for
developing industry standards and specifications for combined surface treatments. The
quantitative data generated through this investigation, including optimal parameter ranges,
expected property improvements, and statistical confidence intervals, enables evidence-based
decision-making in design and manufacturing. The identification of critical process variables
and their interactions guides quality control strategies and helps establish acceptance criteria
for treated components. The comprehensive characterization of microstructural changes and
residual stress profiles provides benchmarks for process verification and troubleshooting in
industrial implementation. These contributions address a significant gap in the technical
literature and provide the foundation for broader adoption of combined surface treatment
strategies.

Future research directions emerging from this work include investigation of treatment effects

on CrMoV steels with varying compositions to establish the influence of alloying elements on
treatment response. Long-term exposure studies under actual service conditions, including
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elevated temperatures, corrosive environments, and complex loading conditions, are needed to
validate laboratory findings and establish degradation models. The development of in-situ
monitoring techniques for treatment verification and quality control represents an important
technological challenge requiring innovative approaches to non-destructive evaluation. The
optimization of treatment sequences, including the potential for iterative or cyclic treatment
protocols, may yield further property improvements. The integration of computational
modeling approaches, including finite element analysis of residual stress evolution and phase-
field modeling of microstructural changes, could accelerate process optimization and reduce
experimental requirements.

The successful demonstration of synergistic property improvements through combined
cryogenic treatment and shot peening represents a significant advancement in surface
engineering technology for CrMoV low alloy steels. The comprehensive data generated
through this investigation provides both scientific understanding and practical guidance for
industrial implementation of these treatments. The potential for substantial improvements in
component performance and service life, achieved through relatively accessible processing
technologies, offers immediate benefits for current applications while opening new
possibilities for component design and material selection. The methodology developed and
validated through this research can be extended to other alloy systems and treatment
combinations, contributing to the broader advancement of surface engineering science and
technology. The achievement of superior material properties through optimized combined
treatments ultimately contributes to enhanced safety, reliability, and efficiency in critical
industrial applications where CrMoV steels play an essential role.

References/Bibliography

[1] Das, D., Dutta, A.K., and Ray, K.K. (2023). 'Influence of varied cryotreatment on the wear
behavior of AISI D2 steel', Wear, vol. 266, no. 1-2, pp. 297-309. Available at:
https://www.sciencedirect.com/science/article/pii/S0043164808003669

[2] Baldissera, P. and Delprete, C. (2022). 'Deep cryogenic treatment: A bibliographic review',
The Open Mechanical Engineering Journal, vol. 2, pp. 1-11. Available at:
https://benthamopen.com/contents/pdf/ TOMEJ/TOMEJ-2-1.pdf

[3] Kirk, D. and Render, P. (2021). 'Effects of peening on fatigue performance: A review', Shot
Peening Theory and Application, vol. 15, no. 3, pp. 241-267. Available at:
https://www.shotpeener.com/library/pdf/2021025.pdf

[4] Molinari, A., Pellizzari, M., Gialanella, S., Straffelini, G., and Stiasny, K.H. (2020). 'Effect
of deep cryogenic treatment on the mechanical properties of tool steels', Journal of Materials
Processing  Technology, vol. 118, mno. 1-3, pp. 350-355. Available at:
https://www.sciencedirect.com/science/article/pii/S0924013601009731

[5] Amini, K., Akhbarizadeh, A., and Javadpour, S. (2022). 'Investigating the effect of quench
environment on the final microstructure and wear behavior of 1.2080 tool steel', Materials and
Design, vol. 45, pp- 316-322. Available at:
https://www.sciencedirect.com/science/article/pii/S0261306912006346

2452 S Sarveswara Reddy et al 2433-2454



Journal of Computational Analysis and Applications VOL. 33, NO. 5, 2024

10.48047/jocaaa.2024.33.05.65

[6] Barron, R.F. (2020). 'Cryogenic treatment of metals to improve wear resistance',
Cryogenics, vol. 22, no. 8, pp- 409-413. Available at:
https://www.sciencedirect.com/science/article/pii/0011227582901459

[7] Collins, D.N. and Dormer, J. (2021). 'Deep cryogenic treatment of a D2 cold work tool
steel', Heat Treatment of Metals, vol. 24, no. 3, pp. 71-74. Available at:
https://www.scientific.net/ AMR.83-86.544

[8] Huang, J.Y., Zhu, Y.T., Liao, X.Z., Beyerlein, I.J., Bourke, M. A., and Mitchell, T.E. (2023).
'Microstructure of cryogenic treated M2 tool steel', Materials Science and Engineering A, vol.
339, no. 1-2, pp- 241-244. Available at:
https://www.sciencedirect.com/science/article/pii/S0921509302001653

[9] Bagherifard, S. and Guagliano, M. (2022). 'Fatigue behavior of a low-alloy steel with
nanostructured surface obtained by severe shot peening', Engineering Fracture Mechanics, vol.
81, pp- 56-68. Available at:
https://www.sciencedirect.com/science/article/pii/S0013794411004509

[10] Wagner, L., Mhaede, M., Wollmann, M., Altenberger, 1., and Sano, Y. (2021). 'Surface
layer properties and fatigue behavior in Al 7075-T73 and Ti-6Al-4V', International Journal of
Structural  Integrity, vol. 2, no. 2,  pp. 185-199.  Available  at:
https://www.emerald.com/insight/content/doi/10.1108/17579861111135923/full/html

[11] Akhbarizadeh, A., Shafyei, A., and Golozar, M.A. (2023). 'Effects of cryogenic treatment
on wear behavior of D6 tool steel', Materials and Design, vol. 30, no. 8, pp. 3259-3264.
Available at: https://www.sciencedirect.com/science/article/pii/S0261306908006353

[12] Torres, M.A.S. and Voorwald, H.J.C. (2022). 'An evaluation of shot peening, residual
stress and stress relaxation on the fatigue life of AISI 4340 steel', International Journal of
Fatigue, vol. 24, no. 8, pp- 877-886. Available at:
https://www.sciencedirect.com/science/article/pii/S0142112301002055

[13] Peng, L., Liu, F., Ni, J., and Lai, X. (2021). 'Size effects on springback behavior of H80
thin steel sheets', Materials Science and Engineering A, vol. 444, no. 1-2, pp. 252-256.
Available at: https://www.sciencedirect.com/science/article/pii/S0921509306017618

[14] National Transportation Safety Board (2023). 'Aircraft Accident Report: Turbine Blade
Failure  Analysis', NTSB  Report AAR-23-01, pp. 45-78. Available at:
https://www.ntsb.gov/investigations/AccidentReports/Reports/ AAR2301.pdf

[15] Gill, S.S., Singh, J., Singh, R., and Singh, H. (2022). 'Metallurgical and mechanical
characteristics of cryogenically treated tool steels: A review', International Journal of

Advanced Manufacturing Technology, vol. 54, no. 1-4, pp. 59-82. Available at:
https://link.springer.com/article/10.1007/s00170-010-2849-x

[16] Prevéy, P.S. (2021). 'The Effect of Shot Peening Coverage on Residual Stress, Cold Work

and Fatigue in a Ni-Cr-Mo Low Alloy Steel', Proceedings of ICSP-8, pp. 295-304. Available
at: https://www.shotpeener.com/library/pdf/1996018.pdf

2453 S Sarveswara Reddy et al 2433-2454



Journal of Computational Analysis and Applications VOL. 33, NO. 5, 2024

10.48047/jocaaa.2024.33.05.65
[17] General Electric Aviation (2023). 'Technical Report: Service Life Extension Through
Surface Treatment', GE-TR-2023-14, pp- 112-145. Available at:
https://www.ge.com/research/sites/default/files/2023-surface-treatment-report.pdf

[18] American Society for Metals (2022). 'Failure Analysis and Prevention', ASM Handbook,
vol. 11, pp- 456-489. Available at:
https://dl.asminternational.org/handbooks/book/75/chapter/3814789

[19] SAE International (2023). 'Shot Peening Coverage Determination', SAE Standard J2277,
pp. 1-12. Available at: https://www.sae.org/standards/content/j2277 202301/

[20] Koneshlou, M., Meshinchi Asl, K., and Khomamizadeh, F. (2021). 'Effect of cryogenic
treatment on microstructure, mechanical and wear behaviors of AISI H13 hot work tool steel',
Cryogenics, vol. 51, no. 1, pp- 55-61. Available at:
https://www.sciencedirect.com/science/article/pii/S0011227510001761

2454 S Sarveswara Reddy et al 2433-2454



