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Abstract 

Attention on residual stress development, magnitude, and distribution on abrasive wear materials, 
such as high chromium iron alloys, has been minimal, even though these materials are prone to 
tearing or inferior mechanical properties because of distortion during manufacturing processes, such 
as casting and heat treatment, leading to premature failure of cast components. Identification of the 
source and succeeding management of residual stress provides an opportune possibility to enhance 
product quality. In the current study, the as-cast hypoeutectic irons of ASTM A532, Type A, Class III, 
25%Cr, i.e., sample A and sample B, were cast at 1384 and 1390 degrees Celsius and allowed to 
solidify and cool for approximately 1645 and 1295 minutes, respectively. Thus, the shakeout 
temperatures of sample A and sample B products were established to be approximately 60 and 180°C, 
respectively. Resultant residual stress and macrohardness were determined at ambient temperatures 
using the hole-drilling method and Brinell hardness tester machines, respectively. Higher hardness 
values of 600 BHN were established on sample B compared to 526 BHN for sample A. In addition, 
casting shakeout at higher temperatures, i.e., 180°C on sample B, yielded higher magnitudes of 
residual stress distribution compared to 60oC shakeout for sample A. 

Keywords: high chromium alloys; hypoeutectic iron; residual stresses; casting shakeout temperature; 
hole-drilling method 
 

1. Introduction 

1.1. Background 

High chromium (Cr) alloys are known as  high chromium white cast iron(HCWCI) alloys, 
which are extensively used as abrasion wear materials (AWMs) in the comminution processes, such 
as crushing, grinding, and milling industries, as well as in the handling of abrasive materials, such as 
mineral ores in both dry and wet environments. Because of its exceptional resistance to wear, HCWCI 
is a form of white cast iron (WCI) that can be used in a variety of applications where components are 
subjected to abrasive conditions. Grinding balls are commonly used during ore comminution. 
However, comminution itself is a critical process used during mineral processing, power plants, 
cement production, and pharmaceutical industries [1–3]. In addition, HCWCIs are widely used in 
shot-blasting equipment, slurry pumps, brick moulds, coal grinding mills, and hard-rock mining, 
quarrying, and milling parts due to their remarkable abrasion resistance. In certain applications, they 
must also be able to withstand significant impact loads [4]. Thus, high-performance materials are in 
high demand in harsh situations where corrosion and wear are common. Although their performance 
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is frequently still insufficient, HCWCIs exhibit superior performance compared to many materials 
because they are sufficiently hard for wear protection and can be modified in chemical composition 
to enhance fracture toughness, hardness, and corrosion resistance [2].  

Cast irons with a content of ≥ 1.8 wt. % carbon (C) and ≥ 10 wt. %Cr are known as HCWCIs. For 
a variety of reasons, alloying elements may also be added and include carbide formers and/or 
hardening alloying elements [1,2]. HCWCI alloys are due to substantial Cr additions added as one of 
the general carbide formers to cast irons. Thus, creating numerous types of carbides, such as M3C, 
M7C3, and M23C6 [1–7] based on various Cr-levels added into the liquid iron to improve fracture 
toughness, hardness, corrosion, and establishing MnCm-type of carbides and abrasive wear resistance 
(AWR) [2,3,8]. Since elevated Cr-levels improve hardness, corrosion resistance and alter carbide 
morphology. Thus, the impact energy, i.e., fracture toughness of the iron, depends on many various 
aspects, such as resultant retained austenite (γ-Fe) and C content in the γ-Fe or martensite (α-Fe) 
phase and destabilisation heat treatment temperatures, etc. [1–3,5–11]. The mechanical properties of 
the high Cr-irons are governed by both the ferrous matrix structure and eutectic carbides, i.e., M7C3-
type known as Cr-rich carbides [1,2,5,8–11]. Furthermore, during hypoeutectic and hypereutectic iron 
solidification and cooling of high Cr-irons, γ-Fe and M7C3, respectively, are the primary phases to 
nucleate, followed by subsequent simultaneous nucleation of eutectic constituents as shown in 
Equation 1 (Eq. 1) below, consisting of both γ-Fe and Cr-rich carbides. In eutectic irons, both γ-Fe and 
M7C3 nucleate simultaneously during solidification and cooling [1,5–7,9–11]. 𝐿 >  𝛾𝐹𝑒 + (𝐶𝑟,𝐹𝑒)଻𝐶ଷ/𝑀଻𝐶ଷ  (1)

Where γFe = γ-Fe 
Nonetheless, for casting components normally hypereutectic irons are avoided due to the 

nucleation of primary carbides, such as M7C3-type and a higher volume fraction of carbides, i.e., a 
carbide volume fraction (CVF), leading to a higher rejection or scrap rate due to fine cracks usually 
observed after the casting shakeout or knockout process. Hypoeutectic and eutectic irons of HCWCI 
are generally cast for engineering components as AWMs [1,5,8–12]. Due to the lessening of both C 
and Cr contents from the ferrous matrix, i.e., γ-Fe in hypoeutectic irons, liquid iron is enriched in 
both C and Cr, reaching a eutectic reaction as shown in Eq. 1, and the eutectic constituents nucleate 
simultaneously. The martensite start (Ms)-temperature of the iron is increased above ambient 
temperatures, i.e., ≤ 25 degree Celsius (°C). Thus, α-Fe at the periphery of eutectic M7C3 type of 
carbides is established with a minimum volume fraction as compared to the primary phase, i.e., 
primary γ-Fe in hypoeutectic irons [1,5,8,11,12]. While in hypereutectic, liquid iron is getting 
deprived of both C and Cr-content due to the primary nucleation of M7C3-type carbides leading to a 
eutectic reaction taking place, resulting in the formation of eutectic constituents as shown in Eq. 1 
[1,5–13]. Eutectic constituent precipitation stops before reaching minimum eutectic temperatures, i.e., 
the end of the eutectic reaction [12].  

Hutchings and Shipway (2017), cited by Tupaj et al. [14], noted that resistance to abrasive wear 
is normally the main fundamental criterion for material selection for engineering parts and/or 
components. The exceptional resistance to abrasive wear is due to a higher volume fraction, i.e., CVF 
of hard Cr-rich carbides, which is estimated from Eq. 2 below. On the other hand, the metallic matrix 
(M), i.e., retained γ-Fe plus α-Fe of the iron, contributes to the material’s toughness [12–15], which 
can be estimated from Eq. 3 below [13–15]. 𝐶𝑉𝐹 (%)  =  12.33 𝑤𝑡. %𝐶 +  0.55 𝑤𝑡. %𝐶𝑟 −  15.2           𝑠𝑡𝑑.𝑑𝑒𝑣. ± 2.11 (2)

Μ (%) = 100 − 𝐶𝑉𝐹 (3)

High nominal concentrations of Cr-additions lead to higher Cr/C ratios, i.e., ≥ 6.5 [14] in cast 
irons, and aid to avoid and suppress graphite and pearlitic nucleation while stabilising higher 
volumes of γ-Fe and hard Cr-rich carbides. In addition, hardening-alloying elements, such as copper 
(Cu), manganese (Mn), nickel (Ni), and molybdenum (Mo), are typically added to overcome the 
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formation of pearlite during solidification and cooling processes [2–4,6–11,15]. While carbide forming 
elements are added to increase AWR through precipitation of their own carbides and microstructural 
refinement to improve fracture toughness of the iron [9,10]. Islak et al. [5] cited that the impact 
properties of HCWCI alloys are supported upon microstructural balance among the γ-Fe ferrous 
matrix, i.e., the volume fraction that will be altered to the α-Fe ferrous matrix and carbides. It should 
be noted that increasing both C and Cr contents of the high Cr-irons increases CVF while reducing 
interdendritic structure. However, reducing both C and Cr-contents of the alloy increases the ferrous 
matrix volume fraction, thus increasing the interdendritic structure, which promotes carbide 
precipitation [1–3,5–15]. 

Recent studies have examined the incorporation of high entropy alloy (HEA) principles into 
HCWCI to manufacture high-entropy white cast iron (HEWCI). HEWCI alloy links the benefits of 
HCWCI with the high entropy effect to offer finer microstructures and advanced wear characteristics. 
An additional investigation has exhibited that HCWCIs can be modified utilising HEA principles to 
produce hybrid HEWCI [4]. While the goal of numerous studies has been to enhance the HCWCI 
alloy's mechanical characteristics through heat treatment processes and alloying additions. Hardness 
is the primary mechanical property that determines AWR. As a result, the HCWCI is usually heat 
treated to change its microstructure and enhance its wear and tribological characteristics. In addition, 
González et al. [16] invistigated the influence of shot peening treatment in erosion wear behavior of 
HCWCI alloys. The data analysis suggests that shot peening could be a beneficial treatment to 
optimise the erosion wear behaviour of HCWCI components while lowering the production times 
and energy costs associated with drawn-out tempering processes. According to Xia et al. [17], 
numerous studies have been conducted to date on the in-depth examination of casting component 
failure brought on by primary carbides in the casting subsurface. 

Given that HCWCIs are employed in wear applications, it could be worthwhile increasing our 
understanding of how casting shakeout temperatures affect casting components and connect them to 
residual stress (RS) development to lessen hot tearing and distortion. Consequently, during material 
applications, the casting components' lifespan is extended, and production outputs are enhanced. 
The purpose of this study is to submit an American Society for Testing and Materials (ASTM) A532, 
Type A, Class III, 25%Cr alloy—one of the most widely used alloys for wear parts in the mining, 
cement, slurry transportation, and minerals industries—to RS measurements. Measuring RS 
development on casting components at different shakeout temperatures is the goal. In this instance, 
casting components were manufactured in their gross casting weight (GCW) and casting shakeout 
carried out at various temperatures due to various shakeout durations. The GCW of the casting 
component's RS development will be contrasted with the net casting weight (NCW) of the casting. 
Using the hole-drilling method (HDM), the impact of this RS development on GCW at different 
shakeout temperatures is contrasted with the RS change on NCW. 

1.2. Development of Residual Stress Within Cast Irons 

Residual stresses are largely predictable during casting processes due to uneven cooling rates, 
phase transformation,  expansion, and contraction restriction of casting parts, especially complex 
shapes due to cores and sand mould restrictions [18–21]. According to Weisz-Patrault (2015) 
referenced in Wu et al. [22], and Abdelkhalek, 2011 & 2015, the increasing use of high temperature 
applications has raised concerns about flatness problems and the resulting cutting distortion. The 
main reason for these problems is essentially an uneven distribution of RS within the metal 
components. Furthermore, concerns over flatness flaws or later cutting deformation of the metal 
components have been highlighted by the growing use of high temperature applications. Actually, 
the unequal distribution of RS inside the metal component is the primary cause of these flatness 
problems and resulting ditortions, leading to fracture [19,22]. When materials fracture, atomic bonds 
are broken, causing cracks to spread. Cracks in materials can be caused by a variety of causes, leading 
to significant concentrations of RS. The joining of microcracks that started at sub-boundaries can be 
explained by either dislocation activity or the transfer of many vacancies from nearby boundaries, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 June 2025 doi:10.20944/preprints202506.2263.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.2263.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 37 

 

such as a reaction to high stress fields. The local stress, fracture length and depth, and material 
fragmentation all increase with the number of strikes. The local RS field is the main determinant of 
material fracture. Phase mixtures make up most useful materials, some have ductile interfaces 
between phases or between grains of the same phase, while others have brittle interfaces [11]. 

In addition, RSs can also exist in the absence of any thermal gradients and/or external forces 
[19,23–25]. Thus, RSs can be described as stresses that remain in the interior of a body of a component 
and/or casting that are due to non-uniform temperatures, i.e., temperature gradients, and other 
interior cultivators that result from the manufacturing processes of cast components, especially metal 
components [15,26–29]. As a result, the origins of RSs can be categorised as chemical, thermal, or 
mechanical [30–34]. Since HCWCI alloys, are manufactured through casting processes, this study 
only covers both mechanically and thermally induced RSs on macroscopic and microscopic levels. 
Thus, mechanically induced RSs, which relate to manufacturing processes, result in uneven plastic 
deformation [19,35–37]. Thermally induced RSs relate to non-homogeneous heating and/or 
solidification and cooling on an infinitesimal level as a result of diverse coefficients of thermal 
expansion (CTE) amongst various constituents and microstructural phases [19,38–42]. 

Mohamed et al. [38] reported that several factors are well known for causing RSs, and these 
stresses are due to the establishment of distortion gradients in various casting parts as a result of 
variances in loading and/or solidification rates, phase changes, or modifications in the CTE of the 
phase presence in the iron. During casting processes, casting components are normally exposed to 
internal and external manacles and/or constraints when solidifying and cooling, respectively. Thus, 
leading to irregular distribution of strains and subsequently RSs. Interior restrictions depend on 
variances in cooling rate through various casting components, resulting in irregular contractions. 
Cooling after solidifying and solid-state transformation causes variances in shrinkage [43–45]. 
However, external constraints result from casting profiles and the amount of the material that 
contracts and restructures, whereas solidification and cooling relate to the sand mould properties 
[19,46–49].  

Furthermore, Kainer (2003), cited by Lundberg & Elmquist [50], noted that entire thermal 
contractions are generally related to lessening temperatures and altering conditions of the iron’s 
microstructural constituent through thermal stress experienced during casting processes. While the 
thermal stresses encompass various significances, i.e., distortion, cracking, and RS [19,50–56]. Thus, 
RSs from casting operations significantly impact on the fatigue life of cast components, potentially 
reducing their service life. Residual stress should be researched and reduced to improve the 
performance of cast components in practical applications, such as fatigue life, corrosion resistance, 
and component distortion. Therefore, to improve the quality of cast components, it is crucial to 
anticipate and manage RSs brought on by casting procedures. 

1.3. Hole-Drilling Measurement 

One of the most popular experimental methods for RS analysis in the industrial sector is HDM 
because of its affordability and simplicity of usage [57]. Oettel [58] cited that HDM is well known for 
mechanical technique for measuring RS which is regarded as non-destructive for large structures. 
According to Yang [27], the hole drilling technique is a widely used semi-destructive measurement 
method that saves time and yields results that are dependable for high precision in industries. When 
determining RSs in components composed of coarse-grained alloys, HDM is the recommended 
technique. There is a dearth of information about HDM measurement uncertainty in literature. There 
is no information available, particularly regarding the case's uncertainty [59]. The assessment of RS 
measurement accuracy is limited by the lack of ideal reference standards for RS measurements [60]. 
Schajer and Whitehead (2013), referenced in Olson et al. [60], provides a helpful background of the 
drilling theory, and ASTM E837 standardises the procedure. The HDM's practical application is 
standardised by ASTM E837 for both uniform and non-uniform through thickness stress 
distributions. Thus, the ASTM E837 standardises its use for both uniform and non-uniform RS 
distributions with through-thickness. The examination of uniform stress, which is the subject of this 
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work, generally yields results with a maximum bias of roughly 10% in compliance with ASTM 
restrictions [57]. 

After bonding the strain gauge (SG) to the surface of the component, a hole is bored in the 
middle. Throughout drilling, strains are continuously measured. Due to the narrow distance between 
SGs and the hole, considerable plastic deformation and heating must be avoided throughout the 
drilling process. For air abrasive particles, high-speed drilling machines with a rotational speed of 
approximately 300 000 revolutions per minute (rpm) are thus employed. The technique is limited to 
homogenous and isotropic materials in theory. However, several papers demonstrate that the impact 
of the material's roughness can be disregarded. Therefore, strains from inherent RSs are not entirely 
released by the HDM. The measured strains cannot be used to compute the stresses directly. 
Adjustment coefficients are required, and they are frequently found through experimentation or 
computation [58]. 

The quantitative in-depth RS measuring techniques often accept the incremental hole-drilling 
(IHD) methodology. In essence, the HDM measures the surface strain relaxation brought on by the 
test material's surface having a tiny hole machine into it [61]. The theory of elasticity is used to 
establish a correlation between the strain relaxation and the RSs that were present before hole drilling. 
To measure in-depth, non-uniform RSs, incremental drilling is required. This study used an integral 
method, which was established by ASTM E837 and is currently regarded as the most effective 
technique for assessing complex RS states as indicated by IHD [62]. To reduce the uncertainties 
related to the inverse problem that arises when solving the system of equations of the integral 
technique, the so-called Tikhonov regularisation methodology is used for all calculations in this work 
[63].  

We will not go into detail about all the technique's drawbacks here. However, a significant 
disadvantage might be the thermo-mechanical effects caused by the actual cutting process [64]. 
Flaman [65] proposed using a compressed air turbine system and ultra-high-speed drilling, such as 
400 000 rpm to get around these effects and apply hole-drilling technology to metals and their alloys 
without causing stress. Nowadays, all commercial equipment for the hole-drilling process uses 
Flaman's drilling approach. 

2. Material and Methods 

2.1. Melting and Casting Processes 

AWR foundry returns, such as charge material of HCWCI alloy, i.e., hypoeutectic compositions 
from ASTM A532, Type A, Class III, 25%Cr, were melted and cast using 4 tonnes (t) industrial 
induction furnace and ladle equipment, respectively. Thus, Table 1 below shows casting limits, i.e., 
casting parameters during sample preparation, such as casting, solidification, and cooling processes 
as well as the shakeout periods. Furthermore, Figure 1 below shows the stress lattice casting in GCW 
conditions of the experimental and special casting components. The stress lattice casting component 
was designed for complete and sound stressed casting of the HCWCI alloy for RS measurement 
purposes. 

Table 1. Casting and shakeout process parameters. 

Casting Parameters 
Casting Identity Number (CId) 

S/A S/B 
Melting Temperature (TM) in oC 1480.00 1480.00 
Casting Temperature (TC) in oC 1384.00 1390.00 

Casting Shakeout Temperature (CST) in oC 60.00 180.00 
Knockout Period (CKP) in minutes (mins) 1645.00 1295.00 

Pouring Time (PT) in seconds (secs) 22.00 23.00 
Gross Casting Weight in Kilograms (kg) 114.28 113.48 
Net Casting Weight in Kilograms (kg) 90.16 88.25 
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Figure 1. Experimental stress lattice casting component after casting shakeout process under GCW conditions. 

Special casting design presents asymmetrical shapes, and the cooling of special stress lattice 
castings are irregular. The determination of the design stress lattice shape is that of contraction of the 
interior and external sections of the cast component, which are highly restricted due to various core 
sizes and sand mould through cooling processes. Additionally, irregular cooling of the stressed lattice 
casting leads to various temperature gradients due to various casting section thicknesses. Whereas 
cores and moulds are further imposing a higher degree of restraint towards the casting during 
solidification and cooling, thus casting components are released, i.e., the casting shakeout process 
from the mould with RS distribution. Thus, a better RS prediction and understanding from GCW to 
NCW conditions can lead to more accurate life assessments, better manufacturing process designs, 
and improved component reliability [66]. 

In addition, Figure 2 below illustrates experimental castings, such as S/A and S/B stress lattice 
casting components during solidification and cooling processes. The simulation process was 
performed to calculate the casting process time and the solidification and cooling processes of 
experimental casting as shown in Figure 1. Magma 5.4.2 was used to model the temperature changes 
of stress lattice castings during the casting process over time. The simulation includes the feeding 
and gating system and vents through simulating the solidification process before removing junk 
material. The stress lattice casting temperature profiles presented in Figure 2 are presented in three 
variations, such minimum, mean, and maximum temperatures. S/A stress lattice casting 
temperatures profiles for minimum, mean, and maximum are presented as yellow, turquoise, and 
green in colour, respectively. While S/B stress lattice casting component’s temperature profiles are 
presented as dark blue, purple, and red in colour for minimum, mean, and maximum temperatures, 
respectively. 

 

Figure 2. Simulation analysis of experimental castings, S/A and S/B stress lattice casting’s temperature profile 
during solidification and cooling processes under GCW conditions. 
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It is observed in Figure 2 that S/B temperature profile is at minimum solidification and cooling 
rates as compared to S/A. Thus, Figure 2 reveals that the temperature gradient under GCW on S/B 
are lower than temperature gradients of S/Astress lattice casting. However, during initial stages of 
solidification and cooling, S/B stress lattice temperature gradients are much higher than S/A stress 
lattice casting component. While after initial stages, S/B stress lattice casting component temperature 
gradients become lower than S/A stress lattice casting component in the GCW conditions. It is further 
observed in Figure 2 that after initial stages of solidification and cooling processes, temperature 
gradients of both stress lattice casting components are almost similar with slight variations.     

2.2. Experiential Procedures 

2.2.1. Chemical Evaluation 

The chemical composition of the liquid iron during the melting process before casting was 
accomplished by means of chill-cast moulds, such as permanent mould. During the melting process, 
a sample from the liquid iron from the induction furnace was taken out and cast into a chill-cast 
mould resulting in cast sample ingots, i.e., casting coupons. The sample preparation was performed 
through the general standard procedure for grinding casting coupons flat using 60 grit paper. The 
optical emission spectrometer (OES), such as Specromaxx-type of spectrometer, was used to perform 
the chemical analysis. Before the actual chemical analysis of the casting coupons was analysed, the 
OES was calibrated through running known HCWCIs standard samples. Thus, chemical analysis of 
the liquid iron was validated through performing chemical analysis of the casting components after 
casting shakeout and knockout, respectively. Thus, more than three tests were performed, and an 
average was recorded. 

2.2.2. Microstructural Evaluation  

The removal of the HCWCI coupons from the experimental casting components shown in Figure 
1 for microstructural examination was performed. The as-cast casting components were sectioned 
using an electric discharge machine (EDM), sometimes referred to as a wire cut machine, for 
metallographic examination with an optical light microscope (OLM). To expose different metal 
phases in HCWCI alloys at two magnifications, such as X10 and X20, respectively. Thus, two casting 
coupons were etched using Le Para and Murakami etchants for revealing ferrous matrix and coloring 
of eutectic carbides, such as M7C3-type, and then were rinsed with alcohol. The casting coupons were 
cold mounted with catalysts and resin before etching. The coupons were then polished and ground 
before being etched at room temperature. 

2.2.3. Hardness Evaluation 

Macrohardness, i.e., the bulk hardness measurement of the casting, was performed at ambient 
temperatures through a Brinell hardness tester machine. Random casting areas were selected for 
grinding before the hardness test measurement. A load of 750 kg was used and a Brinell hardness 
tester with a dwell time of 30 seconds (secs), whereas the average of the five indentation 
measurements made on each sample is shown in this study. 

2.2.4. Residual Stress Measurements Evaluation 

The HDM, i.e., the SINT Technology RESTAN MTS-3000 RS measuring device, was used to 
measure RS in the hole-drilling strain-gauge (HDSG) technique of the stress reduction technique. The 
HDM uses ASTM standard E837, which depends on stress comparison when a hole is drilled at the 
midpoint of a rosette SG. Additionally, iron’s properties and RS measurement procedure relate to 
strain relaxation measured at two dissimilar surfaces, i.e., P1 and P2, as shown in Figure 3 below. 
While the elastic properties of HCWCIs used for RS calculation were approximately 216 GPa and 
0.291 for Young’s modulus and Poisson’s coefficient, respectively. Thus, the HDM measures the 
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direction and the magnitude of the principal stresses, whereas the measurement was performed at 
ambient temperatures. The HDM procedure is simple and is summarised into seven uncomplicated 
steps. For more information and understanding on the HDM preparation, the following publications 
are recommended [15,67–73]. RS measurement was computed by means of strain data and formulas 
cited in ASTM E837-08. 

HDM is another name for the IHD process. The procedure consists of two primary steps: sample 
preparation, which includes installing an SG rosette, and drilling to release stresses for measurement. 
Furthermore, recovery is very likely after the removal of a modest amount of debris. As a result, the 
harm to the components that are being evaluated is typically well tolerated. The sign, value, and 
direction of RSs at P1 and P2 are provided along the drilling depth in this assessment technology. 
The direction results are only on a 2D plane that is parallel to the glued SG rosette, even though RS 
is a spatial specification. 0°, 45°, and 90° angles were employed in a standard SG rosette. The biaxial, 
or σxx, σyy, and τxy RS status, which denotes radial, hoop, and shear stresses, is guaranteed to be 
displayed due to the precise location and orientation of three linear SGs. The drilling tool's diameter 
largely determines the maximum depth that is practical.  

This project involved drilling a hole with a diameter of approximately 1.8 mm and reaching a 
depth of approximately 1.0 mm, with an incremental of 0.02 mm. Three procedures were needed to 
apply the SG rosette: surface preparation, SG bonding, and circuit connection. To eliminate any 
oxides and oils, surface preparation often entails reducing the surface at and around the 
measurement location, i.e., P1 and P2 as shown in Figure 3 below, using a chlorinated hydrocarbon 
solvent. After that, an ammonia-based solution was used to neutralise the surface. Additionally, to 
provide more precise results, the casting surface skin at P1 and P2 was slightly polished. 

 

Figure 3. Experimental stress lattice casting components in both (A) GCW and (B) NCW conditions, 
respectively. 

A smooth surface guarantees appressed contact to the SG, allowing for precise surface 
deformation detection even while mechanical polishing results in some prerelease of locked-in 
stresses. However, to retain as much stress as possible, it is always preferable to reduce the quantity 
of material polished away. For example, a plate-like sample is considered acceptable if its polished 
thickness is up to one tenth. Furthermore, Figure 3 offered experimental stress lattice castings in GCW 
[Figure 3(A)] and NCW [Figure 3(B)], respectively, in as-cast condition. Four RS measurements were 
performed on experimental irons, two RS measurements at P1 and P2 under GCW conditions and 
another two RS measurements at P1 and P2 under NCW conditions in as-cast conditions as shown in 
Figure 3. GCW denotes comprehensive casting before removal of junk materials, i.e., pouring cup, 
sprue, risers/feeders, ingates, and vents to yield the NCW.  

While the NCW is the saleable or actual casting component after the removal of junk materials 
from GCW conditions. Drill bit cutters coated at the tip and/or end mill with tungsten carbide 
material at a speed of approximately 300 000 rpm through an air turbine were used to avoid 
generating any RS because of the drilling technique introduced to the iron. Thus, awareness of the 
extent and distribution of RSs is principally important to ensure the safety of the operation during 
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material application. While the drawback of IHD is that it necessitates a reasonably level and 
horizontal three-legged standing drilling configuration, good surface smoothness, and a maximum 
one-dimensional curvature for SG installation at the point, i.e., P1 and P2, to be evaluated.  

3. Results and Discussion 

3.1. Chemical Analysis 

Prepared experimental alloys of high Cr-iron coupons of hypoeutectic composition were 
analysed in cross-sectional area(s) for chemical composition using OES, and the chemical 
composition is presented and summarised in Table 2 below. It is observed that the actual chemical 
composition of the experimental alloys agrees with ASTM A532, Type A, Class III, 25%Cr. 
Phosphorus (P) in the S/B casting component is slightly out of specification, i.e., 0.004 wt. %P than 
the recommended concentration in the ASTM A532, Type A, Class III material standard. However, 
0.004 wt. %P is a small amount and can be disregarded, since P is a trace element; thus, there will not 
be any effect due to this excess amount. Trace elements are normally those elements or elementary 
impurities that are detected within alloys but are not having any impact or effect on the iron. Thus, 
the chemical composition of S/A and S/B substantiates that they are those of the hypoeutectic 
composition of the HCWCI alloy. As estimated from Eq. 2, the computed CVF of the experimental 
castings, i.e., S/A and S/B cast products components, are approximately 28.87 and 32.19%CVF, 
respectively, of eutectic carbide type, i.e., M7C3 plus secondary carbides, i.e., M23C6 carbide type 
[8,10,11,15,18]. 

Table 2. Cast chemical analysis of experimental heats of ASTM A532, Type A and Class III. 

Element Composition (wt. %) 
Casting Identity Number (CId) 
S/A S/B 

C 2.0 – 3.3 2.50 2.70 
Si ≤ 1.50 0.60 0.73 

Mn ≤ 2.00 0.66 0.66 
S ≤ 0.100 0.054 0.075 
P ≤ 0.060 0.026 0.070 
Cr 23.0 – 30.0 24.09 25.65 
Mo ≤ 3.00 0.19 0.17 
Ni ≤ 2.50 0.36 0.44 
Cu ≤ 1.20 0.20 0.12 
Fe bal. 71.00 69.00 

CVF (%) 28.87 32.19 
Cr/C Ratio 9.6 9.50 

Furthermore, the volume fraction of the ferrous matrix, i.e., γ-Fe plus α-Fe, is computed using 
Eq. 3 and is approximately 71.13 and 67.81% in S/A and S/B cast products, respectively. It should be 
noted that Cr/C ratios of S/A and S/B cast products are computed as 9.6 and 9.5, respectively. 
According to Tupaj et al. [14], pearlite transformation is not possible since Cr/C ratios of experimental 
alloys are greater than 6.5. Thus, the resultant metallic matrix constitutes the maximum and 
minimum volume fractions of γ-Fe and α-Fe, respectively [74,75]. 

3.2. Microstructural Analysis 

Etched samples of high Cr-irons of S/A and S/B are presented in Figures 4 and 5, respectively, 
below. The casting coupons were etched with a Le Para and Murakami etchants. Both Figures 4 and 
5 illustrate fully austenitic matrix at X10 magnification as shown in Figures 4(a) and 5(a), while 
eutectic carbide, such as M7C3-type, are outlined [8,12,15,25]. In addition, the martensitic matrix is 
revealed as dark and brownish areas within the austenitic matrix. The martensitic matrix is situated 
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within the eutectic carbide periphery. Hence, the martensitic matrix is revealed as an austenitic-
martensitic matrix [8,10,13,15]. While eutectic carbides are revealed in Figures 4(b and c) and 5(b and 
c) at X10 and X20 magnifications, respectively. According to Li et al. [66], phase transition kinetics 
models, such as Jung's critical transformation, have been improved in recent years by researchers, 
increasing the precision of microstructure field estimates. Thus, gradient RS fields are usually 
produced within the components by the combination of heat gradients and high volumetric 
expansion brought on by martensitic transformation. 

 

Figure 4. S/A microstructural analysis of HCWCI microstructural evaluation in as-cast condition at low and 
higher magnification, such as X10 and X20, respectively. 

 

Figure 5. S/B microstructural analysis of HCWCI microstructural evaluation in as-cast condition at low and 
higher magnification, such as X10 and X20, respectively. 

Martensitic matrix is established due to the eutectic precipitation of eutectic constituent and 
precipitation of eutectic carbides that are lessening the C-content of the ferrous matrix. The lessening 
of C-content within ferrous matrix leads to Ms-temperature moving above room temperature 
resulting in transformation of γ-Fe to α-Fe during solidification and cooling conditions [9,10,13,15]. 
Thus, the resultant microstructural evaluation results in established proeutectic γ-Fe, and eutectic 
constituents, such as γ-Fe + M7C3, including transformed α-Fe in as-cast conditions as illustrated in 
Figures and 5.  

3.3. Hardness Analysis 

Hardness measurements of S/A and S/B cast products were established to be approximately 526 
and 600 BHN, respectively, compared to 450 BHN for ASTM A532, Type A, Class III material 
standard, i.e., 25%Cr [15]. The hardness values obtained are higher than the hardness values 
presented in ASTM A532, i.e., hardness requirements. Thus, established higher hardness estimates 
are due to 60 and 180°C casting shakeout temperatures on S/A and S/B cast product components, 
respectively, coupled with higher values of %CVF. Furthermore, an increase in hardness values from 
S/A to S/B castings is noticed from an increase in C content from 2.5 to 2.7 wt. %, 24.09 to 25.65 wt. 
%Cr, and 28.87 to 32.19%CVF. Seidu et al. [76] in their studies established that prolonging casting 
shakeout times, i.e., knock-off times, lessens hardness, thus raising the carbide grain size. Ferrous 
matrix is reduced from 71.13 to 67.81%, as C and Cr-content are increased from 2.5 to 2.7 wt. % and 
24.09 to 25.65 wt. %Cr on S/A and S/B cast products, respectively.  
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This has led to the enhancement of hardness, which is influenced by higher CVF, i.e., 28.87 to 
32.19% of the total Cr-rich carbides, i.e., M7C3/ (Cr, Fe)7C3 type of carbides within the iron structural 
composition [11,77,78]. Additionally, higher casting shakeout temperatures (CST), i.e., 60 and 180°C 
(as summarised in Table 1), with reduced metallic matrix content have contributed to higher hardness 
values. During the casting process, i.e., pouring, solidification, and cooling processes, various casting 
parameters, such as fracture toughness, hardness, RSs, etc., are influencing the final casting quality. 
An improved understanding of the casting process is normally beneficial to analyse for process 
improvement. Thus, the mechanical aspects of the RS in the casting components are driven by 
thermal gradients, which are due to heat transfer from the part to the sand mould, chills, i.e., 
supporting steel bars, and surroundings. 

3.4. Residual Stress Analysis 

The entire manufacturing process and removal of external loads, i.e., removal of junk material 
from the NCW conditions, introduces and alters RSs in cast components. Thus, RS evaluation and 
determination have been studied through laboratory work. Whereas in-depth research performed to 
calculate their extent and distribution in cast components is limited, especially in the as-cast 
conditions of HCWCI alloys, which involved solidification and cooling as part of the casting process. 
After casting processes, such as pouring, solidification and cooling, shakeout, and knockout 
processes, respectively, have been performed, RS measurements were performed in as-cast state in 
two different manufacturing paths, viz., GCW and NCW states. It is well known that RSs are 
introduced because of the geometrical complexity of the cast part/component. However, a limited 
number of works by scholars and researchers have dealt with the RS’s establishment on HCWCI 
alloys through casting processes, such as casting shakeout at different casting temperatures. 
Although these RSs are minimum in size, they can still initiate crack establishment. Thus, subsequent 
failure in later stages of the component during material application and/or service. 

Additionally, different stress regions, i.e., P1 and P2 on experimental castings as shown in Figure 
3 illustrating GCW (Figure 3(A)) and NCW (Figure 3(B)) conditions, respectively, in as-cast 
conditions were measured for RS extent and distribution. Thus, Figures 6 to 17 demonstrate RS 
measurements computed from the HDM-RS measurements. Thus, Figure (A) illustrates principal 
stresses, i.e., minimum (σmin.) and maximum (σmax.), which are shown as green and red in colour, 
respectively. While Figure (B) illustrates Tresca and Von Mises RSs, which are shown as solid and 
dashed lines, respectively. Responses of surface strains, thus RS in longitudinal and lateral directions 
corresponding to σmin. and σmax. principal stresses, were first evaluated to substantiate the viability of 
the in-situ establishment. Definite relations of principal stresses as a function of casting surface depth 
(CSD), i.e., z (mm), are illustrated in Figures (A) and (B). 

3.4.1. Sample-A (S/A Alloy) 

3.4.1.1. Residual Stresses at P1 Under GCW and NCW Conditions in S/A 

Figure 6 below presents the RS extent and distribution measured on S/A casting at P1 under 
GCW and NCW conditions, respectively. RS measurements were performed up to a CSD of 
approximately 0.8 mm. It is noticed in Figure 6 that compressive and tensile RS states are experienced 
under GCW and NCW conditions. It is noted in Figure 6(A) that RS measurements under NCW and 
GCW conditions only managed to reach a CSD of approximately 0.275 and 0.875 mm, respectively. 
The σmin. and σmax. principal stresses under GCW and NCW states near the surface, were measured 
and found to be approximately -313 and -147 MPa, -30 and 150MPa, respectively, at a CSD of 
approximately 0.04 mm. In addition, RSs on NCW state increase linearly in tensile state, reaching 
maximum magnitudes of approximately 241 and 203 MPa for σmin. and σmax. principal stresses, 
respectively, at CSD of approximately 0.125 mm. The GCW states compressive stress decreases under 
a compression state, reaching maximum magnitudes of σmin. and σmax. principal stresses of 
approximately 0.4 and 51 MPa, respectively, at a CSD of approximately 0.24 mm. While both GCW 
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and NCW RS distributions after reaching maximum magnitudes at 0.24 and 0.15 mm CSD, 
respectively, show a sharp and slight drop in magnitudes reaching a completely compressive state at 
approximately 0.875 and 0.275 mm, respectively. NCW and GCW RS states at maximum CSD, i.e., 
0.275 and 0.800 mm were calculated at approximately -474 and -113 MPa, -150 and -100 MPa, 
respectively, for σmin. and σmax. principal stresses. The existing RS state and distribution as shown in 
Figure 6(A) are revealing that there is RS relaxation through casting springing back to its original 
stress state under NCW conditions after removal of junk material. Thus, it alters the stress state and 
distribution to a different stress state and distribution under NCW conditions. 

Removal of junk material from GCW reveals a completely different RS state and distribution 
under NCW conditions as shown in Figure 6(A). Residual stresses were established under GCW 
conditions due to casting processes, such as solidification and cooling, and casting shakeout at 
approximately 60°C. Therefore, the RS state and distribution are completely relieved and changed to 
a different stress state and distribution under NCW conditions compared to the RS stress state and 
distribution under GCW conditions, as presented in Figure 6(A). Figure 6(A) shows that S/A casting 
component shakeout at 60°C reveals a noticeable consequence under GCW and NCW conditions on 
the mode the casting component distorts while cooling to ambient temperatures and after removal 
of junk material from the NCW conditions. This is due to the large temperature gradient that exists 
at the beginning of the cooling process. However, large temperature gradients gradually lessen as 
the thermal equilibrium is recognised [26], encouraging tensile stresses on the surface and 
compressive stresses in the core. Thus, tensile RS increases linearly with increasing CSD as observed 
in Figure 6(A). 

 
Figure 6. Equivalent RS on NCW conditions versus (vs) GCW conditions is evaluated in (A) and the related Von 
Mises vs Tresca stresses at P1 are evaluated in (B). 
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Furthermore, it is observed in Figure 6(B) that RS magnitudes are higher near casting surfaces, 
such as at approximately 0.025 mm under GCW conditions with Von Mises and Tresca RS 
magnitudes of approximately 271 and 313 MPa, respectively. While NCW Von Mises and Tresca RSs 
were measured at approximately 167 and 180 MPa, respectively. It is noted that as the CSD increases 
linearly, there is a linear increase of equivalent stress on both NCW and GCW conditions. Equivalent 
Von Mises and Tresca RSs under GCW conditions shown in Figure 6(B) are reducing linearly, 
reaching minimum levels of approximately 29 and 33 MPa at CSD of 0.175mm. While 224 and 241 
MPa at CSD of approximately 0.125 mm under NCW casting components, of equivalent Von Mises 
and Tresca RSs, respectively, were measured. Equivalent Von Mises and Tresca RSs are to an extent 
levelling and rising, reaching maximum magnitudes of approximately 125 and 141 MPa, respectively, 
at CSD of approximately 0.875 mm. Finally, 195 and 226 MPa at CSD of approximately 0.175 mm, 
there is an insignificant rise to maximum magnitudes of approximately 429 and 474 MPa at CSD of 
0.275 mm of equivalent Von Mises and Tresca RSs, respectively. 

It is noticed in Figure 6(B) that equivalent Von Mises and Tresca RSs obtained have higher 
magnitudes near casting surfaces under GCW conditions and at casting interiors under NCW 
conditions. While Ammar & Shirinzadeh [31] cited that at maximum temperatures, casting 
components yield effortlessly, such that thermal strains lead to plastic deformation. Nevertheless, 
during the cooling casting component, the casting no longer yields; thus, thermal strains result in 
appearing as elastic RSs. It can be concluded that in as-cast conditions, the casting RSs are kept or 
deposited on the casting component due to solidification and cooling processes, coupled with a 
temperature gradient, plus a casting shakeout process performed at approximately 60°C. A 
substantial large amount of RS magnitude within the casting component in as-cast conditions is 
stored once the casting component has cooled sufficiently. Any minimum applied stress in 
magnitude as compared to attained flow stresses establishes an elastic strain, and the plastic strains 
are not calmed by plastic deformation when the junk materials are removed, leading to the casting 
component springing back to its original stress state [28,79]. Thus, it is noticed that RSs are 
inhomogeneous, as noticed in Figure 6 [8,10,28,80]. Additionally, the distribution of RSs with cross-
sectional area is inhomogeneous, as illustrated in Figure 6 [8,10,79,81],]. It should be noted that a 
sharp decrease in RS as the CSD increases is due to change in microstructural sizes, where fine grain 
structures are established within the casting surface as compared to coarse grain structure established 
away from the casting surfaces. Thus, higher stresses are established near the casting surfaces as 
compared to inner parts of the casting surfaces. 

3.4.1.2. Residual Stresses at P2 Under GCW and NCW Conditions in S/A 

A comparison of NCW and GCW conditions stress states is shown in Figure 7 below at P2 in as-
cast conditions. Figure 7(A) shows that under GCW and NCW conditions, σmin. and σmax. principal 
stresses near the surface are approximately 133 and 407 MPa, 427 and 538 MPa at CSD of 
approximately 0.025 and 0.012 mm, respectively. Thus, the magnitudes of RSs under NCW conditions 
near the surface are higher than those under GCW conditions at P2. It is observed in Figure 7(A) that 
as the surface depth increases under NCW conditions, the RS σmin. and σmax. principal stresses, rises 
to maximum magnitudes of approximately 624 and 958 MPa at the CSD of 0.062 and 0.087 mm, 
respectively.  
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Figure 7. Equivalent RS on NCW conditions vs GCW conditions is evaluated in (A) and the related Von Mises 
vs Tresca stresses at P2 are evaluated in (B). 

The GCW condition increases in compression stresses, attaining completely compressive 
stresses of approximately -180 and -158 MPa at the CSD of approximately 0.125 mm. It is noted that 
the drilling process only managed to drill up to a surface depth of approximately 0.125 mm under 
NCW conditions as compared to GCW conditions with a surface depth of 0.875 mm. The GCW RS 
after attaining completely compressive stresses, it increases slightly in tensile stresses and stays stable 
with RS magnitudes of approximately 100 MPa until it reaches a maximum CSD of approximately 
0.875 mm. Thus, NCW RS are higher than GCW RS. Figure 7(B) evaluates NCW and GCW RSs on 
equivalent and computed Von Mises and Tresca RSs. Figure 7(B) reveals that Von Mises and Tresca 
RSs under NCW conditions are at maximum magnitude as compared to GCW conditions. Equivalent 
and computed Von Mises and Tresca RSs are at maximum near the casting surface and in inner layers, 
with computed Von Mises and Tresca RSs reaching 492 and 538 MPa at CSD of approximately 0.012 
mm under NCW conditions. Whereas computed RSs of equivalent Von Mises and Tresca are 
approximately 359 and 407 MPa at CSD of approximately 0.025 mm, respectively. 

Besides, NCW and GCW RSs are lessening linearly with the rise of CSD reaching fully 
compressive and tensile stresses, respectively, as noticed in Figure 7(B). It is noticed that there is an 
increase in equivalent computed stresses, i.e., Von Mises and Tresca, as the CSD increases, reaching 
approximately 1563 and 1790 MPa at 0.138 mm under NCW conditions. While under GCW 
conditions, measured and computed equivalent stresses of Von Mises and Tresca RSs, respectively, 
are approximately 170 and 180 MPa at CSD of approximately 0.125 mm. Finally, equivalent RSs on 
GCW remain and endure to an extent of levelling up to a maximum CSD reaching equivalent RSs of 
≤ 200 MPa. Thus, loading and unloading of junk material effects are observed and found near the 
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casting surface within the casting’s various section thicknesses and/or areas, such as at P1 and P2, 
where RSs are established due to the solidification and cooling process coupled with shakeout at 
lower casting temperatures, i.e., 60°C in an as-cast condition under GCW conditions. 

3.4.1.3. Residual Stresses Under GCW Conditions at P1 and P2 in S/A 

It is critical to note the differences in the stress strain versus temperature relationship, which is 
fundamentally important to the establishment of casting RSs [8,26]. During casting processes, 
solidification, and cooling rate variations, i.e., temperature gradients, are the principal foundation of 
RSs within casting components, which are due to variations in casting section thickness as 
highlighted and presented in Figure 3. Thus, Figure 8 below presents the relationship at P1 and P2 
under GCW RS measurements. As shown in Figure 8(A), higher RS magnitudes, i.e., principal 
stresses, such as σmin. and σmax., are observed at P2 as compared to P1. Near the surface, i.e., 0.025 mm 
CSD at P2, σmin. and σmax. principal stresses are observed to be approximately 133 and 407 MPa, 
whereas at P1, RSs were measured to be approximately -313 and -147 MPa. Thus, near the surface, 
RSs are in a tension state at P2 as compared to P1, which is in a compression state under GCW 
conditions. 

Figure 8(A) reveals that as the CSD increases, P1 and P2 RSs under GCW conditions are 
completely different near the casting surface, whereas in the surface they are still completely different 
since they are showing fluctuations between tensile and compressive states as observed in Figure 
8(A). Since P1 RSs are in a compression state near the casting surface, tensile stresses are increasing 
as the CSD increases, attaining σmin. and σmax. principal stresses of approximately 74 and 121 MPa at a 
CSD of approximately 0.575 mm. Whereas at P2 RSs, increases in compressive stresses as the CSD, 
i.e., 0.125 mm, increase, attaining a completely compressed state of approximately -180 and -158 MPa 
of σmin. and σmax. principal stresses, respectively. It is noticed in Figure 8(A) that at P1 and P2, RSs 
change as the surface depth increases, reaching fully compressive and tension states, respectively. 
Principal stresses at P1 were measured to be approximately -141 and -98MPa for σmin. and σmax. 
principal stresses, respectively at CSD of approximately 0.875mm, which are fully compressive, 
whereas at P2 the measured RSs were approximately 61 and 130MPa for σmin. and σmax. principal 
stresses, respectively. Since P1 is in tensile stresses near the casting surface, P2 is completely in a 
compression state.  

It can be concluded that P1 has thicker section thickness as shown Figure 3, and it is closer to the 
feeder/riser, thus experiencing higher magnitudes of tensile stresses as shown in Figure 8(A) near the 
casting surface. Thus, Torres et al. [28] established that thick casting section members normally 
encourage high tensile stress, hence bending leading to distortions to develop. Corresponding Von 
Mises and Tresca RSs are illustrated in Figure 8(B) and are noticed to be optimum near casting 
surfaces at P2 and are computed at approximately 359 and 407 MPa, whereas at P1 they are computed 
at approximately 271 and 313 MPa at CSD of approximately 0.025 mm, respectively. Additionally, at 
a CSD of approximately 0.075mm, corresponding Von Mises and Tresca RSs are lessening as the CSD 
rises, reaching 201 and 232 MPa, 103 and 117 MPa at P1 and P2, respectively. While computed Von 
Mises and Tresca RSs at P1 remain to decline linearly, reaching approximately 29 and 33 MPa at CSD 
of approximately 0.175 mm, respectively. 
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Figure 8. (A) Evaluation of RS at P1 and P2, and (B) Tresca and Von Mises stresses under GCW conditions. 

Furthermore, at P2, Von Mises and Tresca RSs are reduced significantly and show levels of 
variation, thus reaching computed Von Mises and Tresca RSs of approximately 39 MPa at 
approximately CSD of 0.325mm for both RSs and 112 and 130 MPa at CSD of approximately 0.875 
mm. Computed RSs of Von Mises and Tresca at P1 rise linearly with increasing CSD, reaching 50 and 
51 MPa at approximately 0.275 mm CSD. Moreover, Von Mises and Tresca RSs are lessening to some 
extent, reaching approximately 28 and 30 MPa, respectively, at approximately 0.525 mm CSD. 
Whereas corresponding RSs rise with an increasing CSD, reaching approximately 0.875 mm, and Von 
Mises and Tresca RSs of approximately 125 and 141 MPa, respectively. Thus, RSs attained agreement 
with earlier studies achieved by other scholars and/or researchers. Throughout the casting processes 
of special casting design, i.e., complex shapes, the cooling rates of some casting sections are normally 
constrained by some regions that may have cooled initially and are much stronger, thus leading to 
weaker casting sections to plastic deformation. During the casting of exceptional designs and/or 
stress lattice casting, such as complex shapes, the cooling of some regions are often constrained by 
some casting regions that have cooled earlier and thus are stronger, causing the weaker casting 
regions to plastic deform [8,28,82]. The phenomena lead to casting components experiencing various 
stress conditions and/or states as presented in Figure 8(A). Thus, the phenomena result in a casting 
component experiencing different stress states at different casting regions, as shown in Figure 8(A). 

Akhtar [26] and Zhang et al. [78] established that stressed castings are under-cooled from a 
solidification state; the variations due to cooling rates lead to the establishment of a tensile RS state 
within inner regions and a compressive RS state in the external areas. In addition, casting components 
of complex geometry, the external surface, i.e., the casting surface, will show variations and not only 
have an impact on thermal RSs but also on the microstructural features developed within the final 
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casting component [8,83]. Thus, it can be concluded from the evaluation of RSs obtained in Figure 8 
that RS magnitudes of a given casting component can experience RS magnitudes relying on the 
degree of limitation executed by some casting regions and/or sections through fast cooling of earlier 
casting sections than others and the degree of constraints experienced through sand mould walls 
[8,82]. 

3.4.1.4. Residual Stresses Under NCW Conditions at P1 and P2 in S/A 

Since it was noticed that there is deflection and the material is springing back when junk 
materials are removed from NCW conditions, RSs were compared under NCW conditions at P1 and 
P2. It is observed in Figure 9(A) below that at P1 and P2 σmax. principal stresses are presented in the 
tensile region. Whereas both compressive and tensile regions on σmin. principal stresses were noticed 
on both P1 and P2 as the surface depth increases. These findings are not in agreement with some 
scholars’ findings. Thus, there is an increase in RS as the CSD increases, as observed in Figure 9(A). 
Near the casting surface, it is noticed that RSs are in slightly compressive and tensile states at P1 with 
a measured RS of approximately -30 and 150 MPa at the CSD of approximately 0.025 mm on σmin. and 
σmax. principal stresses, respectively. Whereas at P2, σmin. and σmax. principal stresses were measured 
at a magnitude of approximately 427 and 538 MPa at the CSD of approximately 0.120 mm, 
respectively. Additionally, P1 and P2 RS increases linearly as the CSD increases, reaching 
approximately 203 and 241 MPa maximum tensile stress states at the surface depth of approximately 
0.125 mm, respectively, at P1. At a surface depth of approximately 0.037 mm, σmin. and σmax. principal 
stresses were measured as 665 and 958 MPa, respectively, at P2. It is noticed in Figure 9(A) that RSs 
at P1 are lessening linearly as the CSD increases, reaching a completely compressive stress state of 
approximately -474 and -113 MPa at the CSD of approximately 0.275 mm, whereas at P2 RSs are both 
in compressive and tension stress states of approximately -1085 and 705 MPa on σmin. and σmax. 
principal stresses, respectively.  

Corresponding computed Von Mises and Tresca RSs at P1 and P2 are revealed in Figure 9(B). It 
is revealed that computed Von Mises and Tresca RSs magnitude at P2 are optimum as compared to 
P1. Thus, it is observed that computed Von Mises and Tresca RSs near the casting surface reach 
approximately 167 and 180 MPa at CSD of approximately 0.025 mm at P1, whereas at P2 they are 
computed at approximately 492 and 538 MPa at CSD of approximately 0.012 mm. It is noticed that as 
the CSD rises, computed RSs, such as Von Mises and Tresca at P2, are rising linearly, reaching 1562 
and 1790 MPa at a CSD of approximately 0.138 mm. Whereas RSs at P1, computed Von Mises and 
Tresca RSs are to some extent rises reaching 204 and 234 MPa at CSD of approximately 0.225 mm, 
thus attaining optimum RSs of approximately 429 and 474 MPa at CSD of approximately 0.275 mm, 
respectively. As shown in Figure 8, established RSs reveal optimum magnitudes within GCW 
conditions at P2 as compared to P1. Whereas Figure 9 corresponds and/or matches RSs established 
in Figure 8 and P2 RSs under NCW conditions are revealing optimum magnitudes as compared to 
P1. Uneven cooling leads to distortions of cast components/parts due to casting variation section 
thickness cooling differently, i.e., variation in cooling rates. Thus, relying on the volume-to-surface 
ratio, i.e., casting modulus and thermal conductivity of the sand mould in contact with the casting 
component. The design of the cooling lines within the sand mould, which affects the path heat is 
extracted from the cast component, i.e., iron, and the presence of the core/s [82]. Therefore, all these 
parameters and/or factors establish and can be used to determine the RSs magnitudes and/or RSs are 
more difficult to project, as can be observed in Figure 9. 
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Figure 9. (A) Evaluation of RS at P1 and P2, and (B) Tresca and Von Mises stresses under NCW conditions. 

3.4.2. Sample-B (S/B Alloy) 

3.4.2.1. Residual Stresses at P1 Under GCW and NCW Conditions in S/B 

RSs under GCW and NCW conditions at P1 are compared as presented in Figure 10 below. 
Extremely higher tensile stress states are noticed under GCW conditions, especially within the inner 
layers, i.e., at approximately between CSD of approximately 0.2 and 0.6 mm as observed in Figure 
10(A). Whereas  near casting surfaces under GCW conditions, RS to some extent are highly in a 
compressive stress state. In addition, a compressive steady RS state under NCW conditions is noticed 
as compared to GCW conditions. It is noticed that the compressive steady stress state is through the 
casting surface, i.e., from casting surfaces through the inner layers of the casting component.  

It is concluded that RSs under NCW conditions are completely relieved after removal of junk 
material from the NCW conditions. This is due to the extremely high tensile RS state observed under 
GCW conditions as compared to the RS on the NCW casting component observed in Figure 10(A). 
RS states within NCW conditions are altered, i.e., tensile stress to compressive stress state due to the 
removal of junk material from the NCW conditions, leading to a completely different RS state and 
distribution. Since RSs has been induced due to a large temperature gradient, which is from the 
casting surface, such as external layer to the inner layers , such as centre depending on the casting 
dimensions, i.e., the sections thickness of the casting, RSs could be related to the comprehensive rate 
of cooling. Thus, attainment of substantial proportions under rapid cooling will lead to RSs, which is 
due to casting shakeout at approximately 180oC. 

Furthermore, structural and compositional heterogeneity will add to the cause of RSs 
development. Mould hindrance and phase transformations contribute appreciable quantities of RSs 
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when higher magnitudes of temperature gradient exist among casting sections of the casting during 
cooling [8,26,84]. The action of contraction of the casting causes a build-up of RSs at the latter stages 
of cooling. Thus, considering that the material will not develop RSs while in the liquid state, i.e., in te 
interior of the casting, but RSs will arise as the solidification progresses beyond the eutectic reaction, 
i.e., for an alloy. Figure 10(A) shows that near the casting surface under GCW conditions, σmin. and 
σmax. principal stresses, respectively, are in a completely compressive stress state, whereas under 
NCW conditions they are between a slightly tensile and a completely compressive steady stress state. 
It is noticed in Figure 10(A) that σmin. and σmax. principal stresses are measured near the casting surface 
at approximately -103 and0 -48 MPa at approximately 0.04 mm, respectively, under GCW conditions. 
Whereas σmin. and σmax. principal stress under NCW conditions are approximately -215 and 163 MPa 
at approximately 0.025 mm, respectively. 

Furthermore, steady compressive RSs are noticed under NCW conditions to have been 
established with measured RSs within maximum magnitudes of approximately -250 MPa till CSD is 
at maximum, with an extent of approximately -20 and 53 MPa at approximately 0.875 mm measured 
for tensile and compressive stresses, respectively. It is noticed that GCW RSs are lessening linearly as 
the CSD rises and reaches RSs of approximately -490 and -241 MPa at CSD of approximately 0.68 
mm, while to some extent it lessens slightly within compressive RSs reaching approximately -214 and 
-86 MPa at CSD of approximately 0.875 mm, respectively.  

 
Figure 10. Equivalent RS on NCW conditions vs GCW conditions is evaluated in (A) and the related Von Mises 
vs Tresca stresses at P1 are evaluated in (B). 

However, Figure 10(B) reveals that near CSD of up to a maximum of approximately 0.2mm 
under NCW conditions, Von Mises and Tresca RSs are at optimum as compared to GCW conditions. 
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Whereas at CSDs of approximately 0.025 and 0.04 mm, Von Mises and Tresca RSs within NCW and 
GCW conditions are measured at approximately 328 and 378 MPa, 89 and 103 MPa, respectively. The 
corresponding RSs shown in Figure 10(B) illustrate that within NCW conditions, computed RSs of 
Von Mises and Tresca are lessening and are approximately measured below 200 MPa until they reach 
a CSD of approximately 0.875 mm. Whereas under GCW conditions, computed RSs of Von Mises and 
Tresca are computed at approximately 1101 and 1122 MPa at CSD of approximately 0.44 mm, 
respectively. Computed RSs as shown in Figure 10(B), GCW conditions are lessening with rising CSD 
reaching 199 and 212 MPa at approximately 0.60 mm, and rises reaching 426 and 490 MPa at 
approximately 0.68 mm CSD within computed Von Mises and Tresca RSs, respectively. Finally, 
computed RSs within GCW conditions, Von Mises, and Tresca RSs are lessening and measured at 
approximately 61 and 64 MPa at CSD of approximately 0.92 mm, respectively. Shakeout processes at 
higher casting temperatures are noticed to establish optimum magnitudes of tensile stresses within 
the cores of the casting at P1 under GCW conditions. While tensile stresses under GCW conditions 
are relieved and are within fully steady-state and are compressive RSs of lower magnitude, and are 
established within NCW conditions, as shown in Figure 10(B). 

3.4.2.2. Residual Stresses at P2 Under GCW and NCW Conditions in S/B 

Since junk material has been removed from NWC conditions, Figure 11 below illustrates RSs 
under GCW and NCW conditions at P2 in as-cast conditions. Highly compressive stress can be 
observed under GCW conditions as compared to NCW conditions. Whereas NCW conditions show 
that RSs in a compressive state are lessening due to the removal of junk material from the NCW 
conditions, as observed in Figure 11(A). It is noticed that the RSs observed under NCW conditions 
are steady with slight fluctuations. Thus, elastic relaxation is due to junk material removed from the 
GCW conditions, which proves that after removal of the gating system, i.e., runners from GCW 
conditions, the material springs back to its original state. Figure 11(A) shows that GCW σmin. and σmax. 
principal stresses are to some extent in a compression and tension state of approximately -20 and 130 
MPa, respectively, at a CSD of approximately 0.01 mm. Whereas NCW σmin. and σmax. principal 
stresses are 2 and 30 MPa, respectively, at a CSD of approximately 0.013mm and increase in 
compression state linearly as the casting depth increases, achieving a determined compressive stress 
state of approximately -611 and -241 MPa of CSD a of approximately 0.33 mm under GCW conditions, 
as observed in Figure 11(A). 

Points of fluctuations start to show under GCW conditions as the CSD increases, reaching 
principal stresses flanked at CSD between 0.59 and 0.87 mm, observing RSs magnitudes of 
approximately 6 and 23 MPa, 6 and 23 MPa, respectively, on σmax. principal stresses. Whereas -22 and 
-95 MPa at CSD of approximately 0.87 mm on σmin. principal stresses. Thus, the increase in RSs is 
linear in a compressive state and continued to be steady at compressive regions below measured RS 
values of approximately -180MPa. Corresponding Von Mises and Tresca RSs shown in Figure 11(B) 
are noticed to be optimum near the casting surface under GCW conditions with computed RSs 
measured at approximately 140 and 149 MPa, respectively, at a CSD of approximately 0.01 mm. 
Whereas under NCW conditions, corresponding RSs of Von Mises and Tresca are approximately 29 
and 30 MPa, respectively, at a CSD of approximately 0.013 mm. Furthermore, the corresponding RSs 
of Von Mises and Tresca are rising linearly as the CSD increases and computed at approximately 536 
and 611 MPa, respectively, at a CSD of approximately 0.31 mm under GCW conditions. Whereas at 
NCW conditions, the corresponding Von Mises and Tresca RSs are to some extent established to rise 
slightly and are computed at approximately 159 and 180 MPa, respectively, at a CSD of 
approximately 0.167 mm. 
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Figure 11. Equivalent RS on NCW conditions versus (vs) GCW conditions is evaluated in (A) and the related 
Von Mises vs Tresca stresses at P2 are evaluated in (B). 

It is further noticed that corresponding RSs under GCW conditions are lessening linearly with 
increasing casting surface, and Von Mises and Tresca are measured at approximately 170 and 190 
MPa at approximately 0.4 mm CSD. Whereas under NCW conditions, the corresponding Von Mises 
and Tresca RSs show variations and start to be stable beneath 69 MPa. Finally, GCW conditions both 
corresponding Von Mises and Tresca RSs rise and lessen as the casting surface increases, reaching 61 
MPa at approximately 0.45 mm CSD. Corresponding Von Mises and Tresca RSs rise and lessen to 
some extent as the casting surface increases, reaching 25 and 30 MPa, 132 and 151 MPa at CSD of 
approximately 0.87 mm, respectively. Therefore, corresponding Von Mises and Tresca RSs are fully 
relieved during the removal of junk material from the NCW conditions, as revealed in Figure 11(B) 
within P1 and P2, respectively. While it is established that RS magnitudes established within the S/B 
casting component present a series of experiments that are greater and stable, respectively. 

3.4.2.3. Residual Stresses Under GCW Conditions at P1 and P2 in S/B 

It is observed that Figure 12 below illustrates RS measurements at P1 and P2 under GCW 
conditions in as-cast conditions. While it is noted that during solidification and cooling processes, 
temperature gradients are established due to various casting section thicknesses, thus leading to 
variances in the rate of contraction on various casting sections within casting components while 
consequential RSs are generated within casting components, especially under GCW conditions. 
Usually, temperature variances are due to dissimilarities in casting size within cross-sectional areas 
and due to the distance of the liquid metal from the heads and gates [8,15]. During solidification and 
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cooling processes, there exist temperature differences and are the chief source of RS formation on 
casting components. 

 
Figure 12. (A) Evaluation of RS at P1 and P2, and (B) Tresca and Von Mises stresses under GCW conditions. 

Thus, an attempt to lessen the temperature differences within casting during solidification and 
cooling will lead to lessening of RS [8,15,28]. When casting components are separated and removed 
from sand moulds, such as casting shakeout processes, casting strains rise due to high Cr-iron having 
imperfect and/or limited yield points and limited ductility. However, minor plastic strains at all stress 
levels are experienced on casting components. Thus, the strains signify plastic and elastic 
deformation [8,15]. The RSs shown in Figure 12(A) are illustrations of RSs and distributions that are 
noticed to be optimum near casting surfaces at P2 compared to P1. In addition, tensile stresses are 
noticed to be within P1, while P2 illustrates minimal compressive RSs. Therefore, at a CSD of 
approximately 0.6mm until optimum CSD, RSs are noticed to be in a tensile state at P2, while at P1 
they are in a compressive stress state. 

Furthermore, Figure 12(B) reveals computed RSs of Von Mises and Tresca, which reveal 
optimum magnitudes near casting surfaces, i.e., 0.29 mm within P2, while P1 reveals optimum RSs 
after 0.29 mm till it reaches optimum CSD. Computed RSs of Von Mises and Tresca as presented in 
Figure 12(B) are approximately 140 and 149 MPa at CSD of 0.01 mm, while both computed RSs rise 
linearly, reaching 1102 and 1122 MPa at P1 and at CSD of approximately 0.44 mm, respectively. It is 
noticed that P2 computed Von Mises and Tresca RSs reaches 511 and 577 MPa, respectively, at a CSD 
of 0.29 mm. In addition, computed Von Mises and Tresca stresses are lessening linearly with rising 
CSD, reaching 199 and 212 MPa at CSD of approximately 0.60 mm within P1, while within P2 reaches 
similar RS distribution of approximately 61 MPa at CSD of approximately 0.45 mm. 
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Computed Von Mises and Tresca RSs rise as the CSD increases, reaching 426 and 490 MPa at a 
CSD of approximately 0.68 mm, and lessening, reaching minimal magnitudes at a CSD of 
approximately 0.92 mm with computed magnitudes of approximately 61 and 64 MPa within P1. 
While P2 rises to some extent and lessens reaching minimal magnitudes of approximately 25 and 28 
MPa of computed RSs of Von Mises and Tresca, respectively, at CSD of approximately 087mm. Since 
it is noticed that near-casting surface RSs are optimum within P1, while within inner casting surfaces 
at P2 are optimum. Therefore, it is concluded that the obtained results during casting shakeout 
processes of high Cr-irons at optimum temperatures establish optimum magnitudes of tensile 
stresses within P1 as compared to P2 with compressive stress states. Akhtar [26] cited that air cooling 
introduces extensive added RS, while [85] cited that casting modules show a significant part in RS 
matter and that RS rises as ductility lessens. 

3.4.2.4. Residual Stresses Under NCW Conditions at P1 and P2 in S/B 

Alipooramirabad et al. [29] in their studies cited that the transformation among casting section 
thicknesses, i.e., P1 and P2 RS state and distribution curves, is established from variations in size and 
weight of various casting sections, which have an impact on the solidification and cooling rates, thus 
variations in thermal gradients. Thus, Figure 13 below reveals equivalent principal stresses 
computed, leading to Von Mises and Tresca RSs magnitudes between P1 and P2 under NCW 
conditions in as-cast conditions. Whereas Figure 13(A) illustrates σmin. and σmax. principal stresses at 
P1 measured at approximately 215 and 163 MPa at CSD of approximately 0.025 mm and at P2 RSs 
measured at approximately 2 and 3 MPa at CSD approximately 0.013 mm, respectively. Additionally, 
σmin. and σmax. principal stresses lessen linearly with rising CSD, reaching an optimum of 
approximately -152 and -134 MPa at CSD of approximately 0.225mm at P1. Additionally, σmin. and 
σmax. principal stresses at P2 RSs attain an optimum RS of approximately -180 MPa (0.116 mm) and -
114 MPa (0.167 mm). While P1 and P2 principal stresses start to reveal elevated levels of instability 
with an increasing CSD. At CSD of 0.2 to 0.887 mm at P1, σmin. and σmax. principal stresses start to 
show variations of RSs of approximately -175 and -7 MPa, respectively. 

Principal stresses, such as σmin. and σmax. at P2, show levels of variation between -169 and 42 MPa. 
Thus, it can be concluded that NCW RSs are relieved, since computed stresses reveal stability in the 
compressive region as shown in Figure 13(A). It is noticed near the casting surface, i.e., at CSD of 
approximately 0.025 and 0.013 mm as shown in Figure 13(B), that computed RSs of Von Mises and 
Tresca are approximately 328 and 378 MPa at P1, while at P2 they are computed at 29 and 30 MPa, 
respectively. In addition, at P1, computed Von Mises and Tresca RSs are lessening linearly with 
increasing CSD, reaching RSs of approximately 199 and 229 MPa at approximately 0.175 mm, 
respectively. While at P2, computed Von Mises and Tresca RSs rise as the CSD rises, reaching 159 
and 180 MPa at approximately 0.167 mm, respectively. Figure 13(B) reveals that corresponding Von 
Mises and Tresca RSs are lessening linearly and start to show variations with increasing CSD at P1, 
whereas at P2 to some extent reveals slight variations and become stable and lessening and rise 
slightly. 
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Figure 13. (A) Evaluation of RS at P1 and P2, and (B) Tresca and Von Mises stresses under NCW conditions. 

Thus, it can be concluded that at P1, computed RSs attain optimum magnitudes up to CSD of 
approximately 0.32 mm as compared to P2. In addition, at P1, corresponding Von Mises and Tresca 
RSs are computed to some extent greater and computed between 80 and 172 MPa, whereas at P2 they 
are computed at 111 and 123 MPa, respectively. Thus, the degree of RS relaxation and/or relief is 
neither tough to envisage, and the remaining course of action is to adopt that easing takes place after 
removal of junk material from NCW conditions. While greater magnitudes of RSs are established at 
P1 as compared to P2 within NCW conditions in as-cast conditions. 

3.4.3. Residual Stresses on S/A and S/B 

The distribution of RS in hypoeutectic alloys of HCWCI disturbs mechanical and fatigue 
properties, respectively. Whereas solidification and cooling conditions, such as time and 
manufacturing parameters, such as casting shake-out temperature and knockout time, affect the state 
of RS and can be of great understanding, particularly in a manufacturing environment, i.e., the 
foundry industry, and for product quality. In addition, during casting processes, sand moulds plus 
cores are additionally a restriction to the deformation and thermal contraction overall. Thus, leading 
to stress and/or relaxation of the casting component [8,29,86]. During the casting process in the 
current study, RS are established due to solidification and cooling processes, whereas the knockout 
of junk material from NCW conditions on GCW conditions adjust the stress state and RS distribution. 
Furthermore, casting shakeout at dissimilar temperatures leads to higher RS quantities on 
hypoeutectic alloys of HCWCI alloys. 
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3.4.3.1. Residual Stresses at P1 of GCW Conditions on S/A and S/B 

S/A and S/B cast component’s RS state and distributions attained during RS measurement using 
incremental HDM on casting components shakeout at lower and higher temperatures, i.e., 60 and 
180°C, respectively, are shown in Figure 14 below. Figure 14(A) shows that S/A and S/B cast 
component’s RS states are to some extent in tensile and compressive stress states of approximately -
313 and 30 MPa, -103 and -48 MPa at CSD of approximately 0.025 and 0.04 mm, respectively, on σmin. 
and σmax. principal stresses. Thus, the S/A and S/B cast component’s RS state deviates linearly as the 
CSD increases towards the casting inner layers. In addition, S/A and S/B cast components σmin. and 
σmax. principal stresses are showing higher magnitudes of approximately -141 and -65 MPa, 43 and 63 
MPa, respectively, at approximately casting depths between 0.36 and 0.44 mm at inner layers. 
Whereas from a CSD of approximately 0.6 mm to maximum surface depth on S/A and S/B cast 
components, RS states are completely in a compressive state. Thus, the S/A casting component RS 
shows lower magnitudes as compared to the S/B casting component RS state. The higher magnitude 
of RS is established on the S/B casting component as compared to the S/A casting component due to 
higher casting shakeout temperatures, i.e., 180oC which are accompanied by fast cooling rates from 
casting temperatures of approximately 180°C as compared to 60°C. Higher casting shakeout 
temperatures, such as 180°C can be compared to the quenching process, which normally leads to 
higher RSs, especially tensile stress on the casting surfaces. Hence, higher casting shakeout 
temperatures are leading to higher temperature gradients from the surface to the core of the casting, 
coupled with solid contraction. These higher temperature gradients experienced by the casting 
component lead to higher tensile RSs within the surface and increase as the CSD increases and are 
lessening as the surface approaches the core of the casting component, thus transforming to a 
different stress state, i.e., compressive stresses when approaching the centre of the casting 
component, as can be observed in Figure 14(A). 

The magnitude of tensile stresses, which were established at earlier stages of fast cooling, 
remains within the casting component even at room temperature, thus leading to higher magnitudes 
of tensile stresses within the surface and steady RS within the core of the casting. Whereas casting 
shakeout temperatures at lower temperatures, such as 60oC and/or at ambient temperatures, are 
developing a steady state of RSs, which is due to controlled cooling, i.e., reduced cooling rates. 

While, reducing the temperature gradient in the final stages of cooling, since the casting cools 
within a sand mould as compared to normal air cooling, i.e., slower cooling rates, which is similar to 
full annealing thermal processes. Thus, relieving or reducing the higher RS magnitude of the casting 
component. S/A and S/B cast products component plastic flow behaviour is observed within 
computed RSs of Von Mises and Tresca distributions as shown in Figure 14(B). Figure 14(B) illustrates 
that computed RSs near casting surfaces within S/A cast products are optimum compared to S/B 
casting components, which are only showing optimum magnitudes within inner surfaces and at 
optimum CSD. The S/A casting component is noticed to reveal optimum RSs compared to the S/B 
casting component due to relieved RSs magnitudes, which is a result of the slow cooling process in 
the sand mould compared to fast cooling. In addition, optimum plastic flow has inadequate elastic 
performance, while minimal plastic performance is accompanied by optimum elastic performance 
due to the casting component being restrained as a result of the removal of junk material under GCW 
being relieved. It is noticed that the corresponding Von Mises and Tresca at the S/A casting 
component are computed at approximately 271 and 313 MPa at approximately 0.025 mm near casting 
surfaces, whereas within the S/B casting component, it is computed at approximately 89 and 103 MPa 
at a CSD of approximately 0.04 mm, respectively. 
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Figure 14. Comparison of S/A and S/B casting components in stress lattice cast products under GCW conditions 
at P1. 

Moreover, it is noticed that as the CSD rises, computed RSs of Von Mises and Tresca deviate 
linearly within S/A and S/B cast products, i.e., cast components with computed stresses of Von Mises 
and Tresca lessening, thus reaching 29 and 33 MPa at CSD of approximately 0.175 mm, respectively. 
Whereas Von Mises and Tresca RSS within the S/B casting component rise and lessen to some extent, 
reaching 109 and 125 MPa at a CSD of approximately 0.2 mm, respectively. However, S/A casting 
component computed Von Mises and Tresca RSs continue to be in a stable state at CSD of 
approximately 0.875 mm between 30 and 33 MPa, 125 and 141 MPa, respectively. Whereas computed 
Von Mises and Tresca RSs within the S/B casting component rise linearly with rising CSD, reaching 
optimum RSs of approximately 1101 and 1058 MPa at approximately 0.36 to 0.44 mm, respectively. 
Furthermore, computed Von Mises and Tresca RSs within the S/B casting component lessened 
linearly with rising CSD, reaching minimal RSs of approximately 199 and 212 MPa at CSDs of 
approximately 0.60 mm, respectively. Finally, S/B casting component Von Mises and Tresca RSs are 
lessening with rising CSD, reaching minimal RSs of approximately 61 and 64 MPa at CSD of 
approximately 0.90 mm, respectively. 

From the casting and casting shakeout processes, respectively, it is concluded that casting 
shakeout at optimum temperatures, creep is noticed. Since cooling periods are shortened owing to 
normal cooling, such as air cooling. Additionally, casting shakeout at approximately 180°C 
temperatures; time effects lessens owing to rapid cooling rates, thus establishing tensile stress at 
optimal levels within inner parts within the S/B casting component. Whereas casting shakeout at 
minimum temperatures, undeviating cooling rates are noticed owing to sand mould cooling leading 
to RSs relaxation and/or relief within the S/A casting component as shown in Figure 14. Akhtar [27] 
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and Torres et al. [28] cited in their studies that owing to established temperature gradients prevailing 
from casting surfaces to inner surfaces of the casting component due to casting, solidification, and 
cooling processes, respectively. Ngqase et al. [8] cited that RSs occurring owing to casting, 
solidification, and cooling processes, respectively, led to reaching appreciable magnitudes. Therefore, 
it is concluded that maximum casting shakeout temperature established optimum magnitudes of RS 
within S/A and S/B cast products components with compressive and tensile RSs within GCW 
conditions. 

3.4.3.2. Residual Stresses at P1 of NCW Conditions on S/A and S/B 

Comparison of RSs amongst S/A and S/B cast product components at P1 are illustrated in Figure 
15 below. It is noticed in Figure 15(A) that RSs in the S/A casting component are completely in a 
tensile stress state, whereas S/B casting components are completely in a compression stress state, and 
the evaluation is up to a CSD of approximately 0.275 mm. Figure 15(A) shows that near the casting 
surface, σmax. principal stresses amongst S/A and S/B cast product components are totally in a tensile 
state, while σmin. principal stresses are totally in a compressive state. Near the casting surface,  σmin. 
and σmax. principal stresses magnitude, are restrained on S/A at approximately -30 and 150 MPa at 
CSD of approximately 0.025 mm, whereas S/B principal stresses on the casting component are 
evaluated at approximately -215 and 163MPa, respectively, as noticed in Figure 15(A). 

Furthermore, it is noticed that as the casting depth rises, S/A and S/B cast product component 
RSs are rising linearly, whereas S/A principal stresses are evaluated at approximately 203 and 241 
MPa at CSD of approximately 0.125 mm, and S/B casting component RSs are evaluated reaching 
maximum magnitudes of approximately -218 and -134 MPa on the casting surface of approximately 
0.125 mm. Thus, σmin. and σmax. principal stresses are totally in tension and compressive stress states 
on both S/A and S/B cast product components, respectively. As well as the CSD rises, S/A and S/B 
RSs are lessening linearly in tensile and in compressive states, respectively. Whereas it is observed 
and noticed in S/A RSs lessening linearly in tensile stress state, reaching compressive stress state of 
approximately -474 and -113 MPa at CSD of approximately 0.275 mm and S/B RSs reaching to some 
extent compressive stress state of -135 and -21 MPa on σmin. and σmax., principal stresses, respectively. 
Finally, S/B RS on the casting component remains in a compressive stress state until it attains 
maximum CSD. 

Additionally, Figure 15(B) reveals corresponding Von Mises and Tresca RSs on S/A and S/B cast 
product components within NCW conditions at P1. It is illustrated that S/B casting component 
computed Von Mises and Tresca RSs are optimum near casting surfaces with measured magnitudes 
of approximately 328 and 378 MPa and S/A casting component RSs measured at 164 and 180 MPa at 
CSD of approximately 0.025 mm, respectively. S/A and S/B cast product components computed RSs 
of Von Mises and Tresca rises and lessen, respectively, reaching RSs that are comparable in RS 
magnitudes at CSD of 0.075 and 0.175 mm. Finally, computed RSs of Von Mises and Tresca rise to 
some extent linearly, reaching 429 and 474 MPa at CSD of 0.275mm. Whereas S/B casting component 
computed Von Mises and Tresca RSs are lessening and revealing levels of variations of approximately 
125 and 135 MPa at CSD of approximately 0.275 mm, respectively. Thus, it is noticed in Figure 15(B) 
that at a CSD of approximately 0.275 mm, computed RSs of Von Mises and Tresca within the S/B 
casting component are retained to some extent, lessening linearly as the CSD rises. Whereas S/A 
casting component Von Mises and Tresca RSs are retained and rise as the CSD rises till it reaches 
optimum depth. It can be concluded that from Figure 15(B), that RSs are relieved within the S/B 
casting component as compared to the S/A casting component at P1 under NCW conditions. 
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Figure 15. Comparison of S/A and S/B casting components in stress lattice cast products under NCW conditions 
at P1. 

3.4.3.3. Residual Stresses at P2 of GCW Conditions on S/A and S/B 

Measured RSs at P2 under GCW conditions are compared between S/A and S/B casting 
components as presented in Figure 16 below in as-cast state. It is noticed in Figure 16(A) that RS state 
and distribution on both alloys, i.e., S/A and S/B alloys, respectively, are parallel. However, a 
noticeable variation is noticed in the RS magnitudes, especially near the casting surface and within 
the inner casting surface, as observed in Figure 16(A). Whereas near the casting surface, tensile stress 
states are noticed on both S/A and S/B casting components, with S/A cast products showing higher 
magnitudes. Furthermore, it is noticed in Figure 16(A) that the RS state is completely in a compressive 
stress state within the casting surfaces, whereas it is completely in a tension stress state near the 
casting surfaces and completely between a tension and compressive stress state at the maximum 
surface depth on both S/A and S/B cast components, respectively. Thus, RS on S/A and S/B cast 
products are increasing compressive stress state as the casting surface increases and reaching a 
completely compressive stress state within the inner layers. 

S/A and S/B casting components near the casting surface, RS were measured at approximately 
0.0255 and 0.01 mm CSD with RS magnitudes of approximately 133 and 407 MPa, -20 and 130 MPa 
on σmin. and σmax. principal stresses, respectively. It is noticed on S/A and S/B cast products that there 
is an increase in compressive stress as the casting depth increases, attaining -180 and -158 MPa (0.125 
mm), -611 and -241 MPa (0.31 mm) on σmin. and σmax. principal stresses, respectively. In addition, S/A 
cast product RS state and distribution are noticed to some extent flattening and in steady tensile stress 
state up to CSD of approximately 0.875 mm, thus attaining RSs of approximately 61 and 130 MPa on 
σmin. and σmax. principal stresses, respectively. 
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Figure 16. Comparison of S/A and S/B casting components in stress lattice cast products under GCW conditions 
at P2. 

Whereas the S/B casting component RS state is displaying levels to some extent of fluctuations 
amongst CSD of approximately 0.59 and 0.69 mm with RS measurements with magnitudes of 
approximately 70 and 23 MPa, 51, and – 86 MPa on σmin. and σmax. principal stresses, respectively. 
Lastly, S/B cast product RS stress states to some extents are flattening till the CSD of approximately 
0.870 mm with measured RS of approximately -22 and 6 MPa on σmin. and σmax. principal stresses, 
respectively. Von Mises and Tresca RSs shown in Figure 16(B) reveal that S/A casting component RSs 
are maximum as compared to S/B casting component near casting surfaces, thus reaching 140 and 
149 MPa, 359 and 407 MPa, respectively, at approximately 0.025 mm CSD. Whereas as the CSD rises, 
corresponding RSs reach 103 and 118 MPa at approximately 0.075 mm on Von Mises and Tresca RSs 
within the S/A casting component as compared to the S/B casting component reaching 82 and 90 MPa 
at approximately 0.05 mm CSD. 

It is noticed in Figure 16(B) that RSs escalate to some extent as the CSD rises within the S/A 
casting component, reaching 170 and 180 MPa at a CSD of approximately 0.125 mm, afterwards 
lessening as the CSD rises, and revealing to some extent instabilities till the optimum CSD of 
approximately 0.875 mm is reached with RS measurement measuring at approximately 112 and 130 
MPa on Von Mises and Tresca RSs, respectively. In addition, computed RSs within the S/B casting 
component, Von Mises and Tresca RSs, rise linearly with rising CSD, reaching extremely optimum 
RSs of approximately 536 and 611 MPa at a CSD of approximately 0.31 mm, afterwards lessening 
with rising CSD reaching at least RSs of approximately 61 MPa with Von Mises and Tresca RSs. 
Whereas computed Von Mises and Tresca RSs within the S/B casting components rise to some extent, 
reaching 132 and 151 MPa at CSD of approximately 0.49 mm, afterwards to some extent start to level 
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till it reaches an optimum CSD of approximately 0.870 mm with Von Mises and Tresca RSs reaching 
23 and 28 MPa, respectively. Thus, the established RSs at P2 on NCW conditions reveal that RSs on 
hypoeutectic irons are comparable and only reveal variations in magnitudes. Whereas it can be 
concluded that the S/A casting component RS produces significantly minimum magnitudes of RSs as 
compared to the S/B casting component, which produces greater magnitudes of RSs distribution of 
compression state after casting shakeout at approximately 60 and 180°C, respectively. 

3.4.3.4. Residual Stresses at P2 of NCW Conditions on S/A and S/B 

Figure 17 below presents variations at P2 between S/A and S/B experimental casting, i.e., alloys 
under NCW conditions. The S/A casting component presents higher magnitudes of RS as compared 
to the S/B casting component. However, S/A and S/B cast components were measured up to a surface 
depth of approximately 0.138 and 0.870 mm, respectively. Near the surface, the RS measured were 
tensile stresses with approximately 427 and 534 MPa at a surface depth of approximately 0.012 mm 
of σmin. and σmax. principal stresses, respectively. S/A cast product RS increases in tensile stresses, thus 
reaching maximum magnitudes of approximately 665 and 958 MPa at the surface depth of 
approximately 0.037 mm. In addition, Figure 17(A) displays that as the surface depth increases on 
the S/A cast product, tensile stresses continue to increase in magnitude, thus reaching maximum 
magnitudes of approximately 705 MPa of σmax. principal stresses at the surface of approximately 0.138 
mm, whereas compressive stresses were noticed to be approximately -105 MPa of σmin. principal 
stresses. Different degrees of plastic deformation on the metal surface can result in variations in RS 
and microstructure properties [87]. 

Furthermore, RS on S/B cast products as compared to S/A cast products was noticed in Figure 
17(A) to be in a compressive steady state from the surface up to approximately 0.870 mm. Whereas 
the minimum and maximum magnitude of fluctuation are measured at approximately -180 and 2 
MPa of σmin. and σmax. principal stresses, respectively, on the S/B cast product as shown in Figure 
17(A). Thus, RS is higher in magnitudes on the S/A cast product as compared to the S/B cast product. 
Figure 17(B) reveals that Von Mises and Tresca RSs are maximum on S/A casting components as 
compared to S/B casting components. Whereas S/A Von Mises and Tresca RSs are rising linearly as 
the CSD increases, reaching optimum RSs between 492 – 1970 MPa. 

Furthermore, S/B casting component RSs, Von Mises, and Tresca are noticed to be stable and 
minimum, i.e., 150 MPa within the inner CSD. Thus, it is concluded that in-cast state, RSs under NCW 
and GCW conditions are established to relay on cooling rate during solidification and cooling stages 
and shakeout casting temperatures. While casting temperature during the shakeout process, rely on 
the cooling rate established during solidification and cooling periods, which are established to be 
significantly reliant on the casting shakeout period and/or time, respectively. Additionally, 
throughout the casting process of casting components, liquid iron starts to be solid over a 
temperature range due to hypoeutectic high-Cr irons. In addition, the liquid iron is freezing and 
transforming to solid iron, RSs starting to be established due to denser and crystalline regularity 
existing as atomic prearrangement that is held by strong interatomic binding forces as compared to 
the liquid iron state [84]. 
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Figure 17. Comparison of S/A and S/B casting components in stress lattice cast products under NCW conditions 
at P2. 

4. Conclusions 

It was observed on the experimental castings shown above in Figures 1 and 3, respectively, such 
as S/A and S/B stress lattice cast products, that tensile stresses were detected near the casting surface 
in as-cast conditions whereas in the internal layers, compressive stresses were detected as presented 
from Figures 6 to 17. This is due to outer layers solidifying at faster cooling rates, thus establishing a 
casting skin within the interface between the sand mould and the mushy metal at the core, thus 
leading to a fully tension state in the external layers and a compression state in the core. Cores are 
normally solidifying last during solidification and cooling. Whereas the casting is still solidifying and 
cooling for a determined period. The feeder is feeding the casting component during solidification, 
the mushy metal when solidifying, pulls away from the sand mould. In addition, during solidification 
of the casting core, inner and outer layers experience contraction and pulling, respectively. For many 
years, experimental and numerical models for analysing mechanical components, i.e., casting/s on 
performance and design, have been widely used in industry. Thus, the results will lead to an 
improved design through the offering of beneficial understandings into critical areas of the casting 
during use  and an enhancement of product quality. Removal of junk material from the NCW 
conditions led to the introduction and alteration of RSs on the casting component, whereas GCW RSs 
were introduced through solidification and cooling processes, leading to variations in thermal 
gradients. Thus, RSs were detected under GCW conditions after shakeout at different temperatures, 
i.e., 60 and 180°C, respectively.  

There is no direct correlation between time and direct influence within the mechanical model, 
only indirect loading via thermal gradient. On the mechanical model, time has no direct impact, only 
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indirect impact on the loading through thermal gradients. Time only starts to have impact and plays 
a significant part directly when cooling is slow or fast. Cooling fast led to conditions equivalent to 
the quenching process, whereas the cast product response is delicate to the strain degree, i.e., the 
response becomes viscoplastic as an alternative to plastic. Whereas cooling sluggishness led to 
circumstances observed in general heavy casting components, where thermal gradients are minimum 
and cooling period is more than enough for lessening of RSs to take place. Thus, time dependency is 
defined through creeps, whereas inelastic strain degree is correlated to RS stages [86]. Elevated 
varieties of material properties are observed after casting processes. In addition, stress lattice 
temperature profiles as shown in Figure 2 provides evidence that temperature gradients are more 
critical in the initial stages of solidification and cooling, while during latter stages, casting shakeout 
temperatures are more critical in the manufacturing of casting components. Hence, higher RS is 
obtained in the S/B stress lattice as compared to S/A stress lattice casting component.  

Dimensional stability of the metallic component is influenced by major factors during casting 
processes. These are the steadiness of the micrographs and the regulators of the RS during cast 
products heat treatment processes [78]. Furthermore, hardness measurements established are higher 
than estimated hardness values from the ASTM A532 standard. This increase, such as 526 and 600 
BHN in hardness values as per ASTM A532, i.e., 450 BHN [15], can be encouraged by casting shakeout 
temperatures, i.e., 60 and 180°C compared to normal as-cast ambient temperatures. Through shakeout 
processes, RS have a noticeable significance on the methods; the cast product distorts through 
solidification and cooling, respectively, to room temperatures. The contact fatigue life is significantly 
impacted by the manufacturing process path, which includes casting and heat treatment procedures, 
among other things. According to Xia et al. [17], the initiation of microcracks is caused by the 
microstress strength at the carbide contact. Additionally, Xia et al. [17] found that the macroscopic 
stress shift prior to and following martensitic transition is dominated by thermal strain and phase 
transformation strain. Significant thermal stress and microstructural alterations are brought on by 
cycles of differential heating and cooling. These modifications could affect the casting component's 
overall strength, hardness, and ductility [88]. Thus, the following are conclusions that are based on 
the study findings, viz.: 

(1) Higher casting shakeout temperatures encourage optimum hardness values. 
(2) Non-uniform RS distribution is normally detected. 
(3) Thinner casting section thickness led to minimum magnitudes of RSs as compared to thicker 

section thickness, which introduced optimum RS magnitudes. 
(4) Separating and/or removing junk material from NCW led to a modification of RS state. 
(5) RSs within NCW are forever in the opposite direction of the GCW RS distribution. 
(6) Castings shakeout at elevated temperatures led to advanced tensile RSs. 
(7) Shakeout at elevated temperatures led to steady compressive RSs on NCW. 

5. Future Work 

To progress the consideration of RSs on casting components of HCWCI alloys, i.e., hypoeutectic 
and eutectic irons before and after removal of junk material after casting knock-off processes, the 
investigation studies can be sustained to validate through measuring more than ten casting 
components for validation purposes. While modelling of RSs before and after removal of junk 
material can be investigated further. Lastly, various RS measurements on HCWCI alloys can be 
investigated further to improve manufacturing process design and reduce scrap rate, which is related 
to RS and distortion casting defects. Since the present research study only focused on both gross and 
net casting components as compared to heat-treated and machined casting processes. While focusing 
on before and after heat treatment and machining processing RS measurement during casting design. 
Based on the initial results, the ultra-high-speed drilling method—which makes use of a compressed 
air turbine system and is commonly used in regular applications of the IHD techniques seem to be a 
good drilling method for HCWCI casting alloys. The depth distribution of the RSs in the HCWI 
casting sample was successfully determined. Additional experiments should be conducted to 
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statistically corroborate the repeatability of the experimental results and the expected measurement 
errors. 
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