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INTRODUCTION

The performance of abrasion-resistant steels 
is crucial in the South African mining industry, 
where equipment is subjected to severe wear and 
tear due to the harsh operating conditions where 
ground-engaging tools (GET) and earth-moving 
machines sustain both heavy-duty wear and im-
pact. The operating conditions, in combination 
with the typical geological environment, are ag-
gravated by the general byproducts, such as high-
ly abrasive silica dust commonly encountered in 
South African mining operations [1], and contrib-
ute to the accelerated degradation of equipment, 
leading to higher maintenance costs and reduced 
operational efficiency. Implementing effective 

wear-resistant materials and regular maintenance 
practices is essential to mitigate these challenges 
and ensure the longevity of mining machinery, 
to mitigate the effects of wear on earth-moving 
machines, the mining industry lines the ground-
engaging tools and components with wear pack-
ages comprised of abrasion-resistant low-carbon 
alloy plates, covering the surfaces exposed to 
wear and impact [2]. The selection of appropri-
ate materials for GET and wear packages, such 
as abrasion-resistant steels, impacts the efficacy 
and longevity of machinery used in mineral min-
ing; research indicates that the use of high-perfor-
mance abrasion-resistant steels can significantly 
reduce maintenance costs and downtime, thereby 
enhancing overall productivity [3].
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However, the poor performance of these 
steels can have detrimental effects on sustain-
ability and efficacy within the industry. Inefficient 
abrasion resistance leads to frequent equipment 
failures, increased maintenance requirements, 
and higher operational costs [4], while the added 
weight caused by the addition of a wear package 
can significantly reduce the component produc-
tion efficiency and payload [2]. This not only af-
fects the economic viability of mining operations 
but also poses environmental challenges due to 
the increased need for material replacements and 
the associated waste generation [5]; this, in com-
bination with the drive to transition earthmoving 
machines in South Africa to Hydrogen-Powered 
implements [6] as such, improving the perfor-
mance of abrasion-resistant steel is essential for 
promoting sustainable and efficient mining prac-
tices in South Africa [5].

AR400 is quenched and tempered high-carbon 
alloy steel with a Brinell hardness number (BHN) 
of 360–444, the high material hardness attributed 
to the primarily bainitic and martensitic phase dis-
persion, has improved wear resistivity, which en-
hances the steel’s wear resistance and toughness 
[7]. The material is widely used as liners to extend 
the production and service life of chutes, hoppers, 
dump truck beds, and face shovels and reduce 
wear and maintenance costs [8] and typically has 
a material thickness of up to 20 mm [2].

However, although ideal for applications 
where prolonged exposure to abrasive materials 
is common, AR400 is not exceptionally effective 
at absorbing sudden or high-impact forces typi-
cally associated with mining operations, as the 
high material hardness, responsible for the wear 
resistivity, is also inversely proportional to the 
material’s impact energy absorption properties, 
leaving the material susceptible to cracking, frac-
turing or ultimately critically failing under sud-
den or heavy impact before the maximum wear 
life of the material or wear package has necessar-
ily been reached [9]. 

This limitation is particularly evident in ap-
plications where components and wear packages 
are exposed to a combination of high wear and 
impact loading commonly associated with min-
ing operations, as such, where an AR400 wear 
package can easily mitigate the effects of the 
constant abrasion from rock and ore, it may not 
perform as well when subjected to the impact 
of large, falling rocks or heavy machinery colli-
sions typically found in loading and off-loading 

operation in open cast platinum mining [9]. In 
an attempt to counteract the above-mentioned, 
wear packages are often combined with more ap-
plication-specific materials such as chrome car-
bide overlay (CCO) for the focused wear areas 
or SQL690 steel for impact absorption; however, 
this can ultimately become expensive and are still 
materials-focused on mitigating the effects of ei-
ther wear or impact [2]. As it is a well-established 
principle that material toughness and hardness are 
inversely proportional, the aim of this study is to 
investigate whether the impact resistivity of an 
already hardened steel with superior wear resis-
tivity can be improved using partial annealing to 
improve the impact energy absorption of AR400 
while retaining, to an extent, the wear resistivity 
of the material. 

If successful improvement of the impact energy 
absorption in pre-hardened abrasion-resistant steels 
could potentially lead to the use of thinner steels and 
material thicknesses with comparable wear proper-
ties, allowing for weight reduction and/or an exten-
sion of the component’s service life, subsequently, 
the reduction in weight facilitates increased produc-
tion outputs and efficient [10].

Partial annealing

Partial annealing is a heat treatment process 
used to relieve internal stresses and improve the 
mechanical properties of metals. It has been suc-
cessfully applied to improve materials’ impact 
energy absorption and enhance their mechanical 
properties, making them more resilient to impact 
forces [11], and can be achieved without signifi-
cantly altering the microstructure or dispersions 
of the materials [12]. Research indicates that 
partial annealing can reduce the internal stresses 
that accumulate during cold working or other me-
chanical processes by heating the material to a 
temperature below the material’s critical tempera-
ture, promoting the rearrangement of dislocations 
without significant grain growth [13].

Alfirano indicates that both the annealing tem-
perature and holding time influence the change in 
the mechanical properties of the materials and 
recommends that the specimens be heated at an 
intercritical annealing temperature of 750 °C for 
holding periods of 6–18 minutes, followed by 
quenching (Figure 1) [14]. The controlled heating 
in partial annealing operations improves the ma-
terial ductility and can often recover the tough-
ness while retaining a degree of strength [13].
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Lake found that successful partial annealing 
operations lead to the reduction of internal stress-
es, improving the resistance to crack propagation 
and failure under loading conditions while simul-
taneously enhancing ductility [15]. 

AR400 material properties

Any specific standard does not govern the 
mechanical properties of abrasion-resistant 
steels; rather, the material is generally known for 
its association with high ultimate tensile and yield 
strength and is designated to a specific abrasion-
resistant category determined by the hardness of 
the material and where it falls in the nominal range 
typically associated by that hardness category 
[16]. Tables 1 and 2 summarise the mechanical 
properties and the maximum chemical composi-
tion typically associated with AR400 materials. 

As there is no specific standard governing 
the material properties, the specifications listed 
above can vary depending on the manufacturer 

or supplier; as such, the consumers are largely 
reliant on the implementation of International 
Organisation for Standardisation (ISO) qual-
ity guidelines and standards for the metallurgical 
testing outcomes of abrasion-resistant steel and 
the properties and specifications detailed on the 
accompanying material certificates [16]. AR400 
abrasion-resistant steel has a primarily martensitic 
microstructure with some retained austenite and 
bainitic dispersions, which, according to Pow-
ers, is typically characterised by the high density 
of dislocations and fine distribution of carbides; 
these contribute to its high hardness and wear re-
sistance and proportional impact resistivity [18]. 

The retained austenite can often transform 
into martensite under stress; however, although 
this transformation does provide additional hard-
ness and subsequent wear resistivity, it can also 
make the material more brittle [19]. Heat treat-
ment processing and quenching media are also 
responsible for the change in material proper-
ties and morphology, creating a fine martensitic 
structure with uniformly distributed carbides; the 
variation in the heat treatment parameters will al-
ter the grain morphology, dispersion, and micro-
structure and will impact the material hardness, 
toughness, and mechanical properties [18].

Heat treatment and oil quenching 

AR400 abrasion-resistant steel is typically 
manufactured by undergoing a two-step heat 
treatment process, namely, quenching (Q) and 
tempering (T); traditionally, this process involves 
heat treating the stills above the material’s critical 
temperature before rapidly water quenching the 
materials; the material is then reheated to below 
the material’s critical temperature, depending on 
the manufacturer, and allowed to air cool, alter-
ing the material’s grain morphology and structure 
with the aim of improving the material hardness 

Figure 1. The inter-critical annealing process [14]

Table 1. AR400 mechanical properties [10]
Material Yield point (MPa) Tensile strength (MPa) Elongation (%)

AR400 1000 1250 10

Hardness (HB) Impact value temp (°C) Impact value (KV/J) CEV

360–450 -40 20 0.52

Table 2. AR400 chemical composition [17]

Max (%)
C Mn P S Si Ni Cr Mo B

0.18 1.70 0.025 0.010 0.80 0.50 1.00 0.50 0.005
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and toughness [20]. Martensitic dispersions and 
microstructures are formed during the quenching 
phase, and this increases the material hardness 
but subsequently also makes it more brittle; ad-
ditional tempering can reduce the brittleness and 
improve the material toughness by transforming 
some of the martensite into tempered martensite 
of bainite [20].

The rate of cooling following heat treatment 
processing greatly influences the material’s mi-
crostructure, phase dispersions, and grain mor-
phology. As this study aims to improve the impact 
resistivity, it is necessary to select an appropriate 
quenching media to control the rate of cooling 
following heat treatment and the formation and 
concentration of phase dispersions. Table 3 de-
tails the austenitic transformation depending on 
the rate of cooling.

Oil is largely considered a moderate cooling 
medium and, according to Paulo, can be used in 
applications where a balance between toughness 
and hardness is required; this is in comparison to 
the effects of rapid quenching mediums like wa-
ter, which typically result in martensitic disper-
sions that, in turn, often result in crack propaga-
tion and brittleness [21]. 

Moderate oil cooling results in the formation 
of upper and lower bainitic dispersions and some 
martensite, which subsequently improve steel’s 
impact resistance [21].

MATERIALS AND METHODS

This study employed a two-phased approach 
to heat treat and partially anneal the AR400 speci-
mens, with the objective of enhancing the mate-
rial’s impact energy absorption capabilities while 
maintaining its wear resistance. 

The initial phase involved establishing the 
mechanical properties and chemical composition 
of the control specimens through metallurgical 
testing, which served as a baseline for compari-
son with the partially annealed specimens. 

This preliminary step was essential due to 
the absence of a governing standard for the me-
chanical properties of abrasion-resistant steels. 
By first determining the baseline properties, the 
study ensured a robust framework for evaluating 
the effects of the partial annealing process on the 
material’s performance. 

The results of the control specimen’s metallur-
gical evaluation were quantitatively compared to 
the metallurgical properties of the specimens that 
underwent the two-phase partial annealing pro-
cess, as illustrated in Figure 2 below, to evaluate 
the processing’s efficacy in improving the altered 
specimens’ impact energy absorption properties. 
All metallurgical testing and examinations were 
done in compliance with the relevant ISO specifi-
cations and standards, as detailed in Table 4.

Zhang established that the partial annealing 
processing does not significantly alter the micro-
structure or dispersions of the materials [12]. As 
such, the purpose of the phase one heat treatment 
process is to marginally alter the structure of the 
control specimens by decreasing the martensitic 
phase dispersion and increasing the concentration 
of bainite. This aims to enhance the material’s 
structural toughness while reducing the brittle-
ness caused by the presence of martensite. It is 
achieved by heat treating the specimens at 1000 
°C for 20 minutes, followed by moderate cool-
ing through oil quenching. Upon completion of 
this phase, the sample phase dispersion is reestab-
lished through optical microscopy (OPM). 

The study investigates the proposed two-
phase partial annealing process across three 
material thicknesses commonly utilised as wear 
packages in the mining industry. The objective is 
to evaluate the efficacy of this processing method 
for different material thicknesses.

Subsequently, in phase two, the specimens 
are partially annealed at 750 °C for 20 minutes 
and rapidly cooled by quenching in cool wa-
ter. The material’s hardness, impact resistance, 

Table 3. Transformation of austenite through cooling 
rate [20]

Rate of cooling Resulting phase dispersion

Slow cooling Pearlite and proeutectoid phase

Moderate cooling Bainitic phase (upper and lower)

Rapid cooling Martensitic phase

Table 4. AR400 mechanical properties [16]
Metallurgical test ISO standard Metallurgical test ISO standard

Brinell hardness ISO 6506-1 Tensile test ISO 6892-1

Spectrometric analysis ISO 6507-1 Notching and Impact ISO 148-1
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tensile strength, and yield stress are then exam-
ined through metallurgical analyses and quanti-
tatively compared to the same properties estab-
lished for the control specimens, while the general 
morphology, dispersion, and grain structure of the 
heat-treated specimens were established through 
OPM and scanning electron microscopy (SEM). 
This comparison evaluates the effects of the two-
phase partial annealing approach and subsequent 
material properties changes.

Sample preparation for metallurgical 
examination and heat treatment processing

The as-received specimens were wire-cut to 
the dimensions specified in Figure 2, a method 
chosen to minimise the impact of traditional hot 
working processes on the materials’ mechanical 
properties. Subsequently, specimens designated 
for metallurgical testing were prepared in accord-
ance with the relevant ISO specifications for met-
allurgical tests.

Specimens intended for Optical Microsco-
py (OPM) and Scanning Electron Microscopy 
(SEM) analysis were also wire-cut to the appro-
priate size. The surfaces of these specimens were 
then meticulously ground and polished to prepare 
them for mounting. This preparation was crucial 
for determining the phase dispersion and general 
grain morphology of the specimens subjected to 
the proposed two-phase partial annealing process. 
The specimens were etched with 2% Nital to re-
veal the microstructure and phase dispersion.

RESULTS AND DISCUSSIONS

This section discusses the outcomes of the 
metallurgical analysis conducted on the control 
and heat-treated specimens. This analysis aims to 
observe changes in mechanical properties, phase 
dispersion, and microstructure across different 
material thicknesses.

The results for the control specimens were 
compared to those of the heat-treated specimens 
to evaluate the efficacy of the proposed process-
ing method, with a particular focus on properties 
related to impact energy absorption and tribology.

Control specimen properties

The properties in this section are used as a 
baseline to compare and evaluate the changes re-
sulting from the proposed heat treatment process-
ing. The specimens in the section were not altered 
and evaluated in the as-received condition. 

Spectrometric analysis

The spectrometric analysis detailed in Table 
5 establishes the concentration of the primary 
chemical components typically associated with 
AR400 steel. The results reveal that the individu-
al alloying elements comply with the typical stan-
dard and with the specifications outlined in the 
ISO 6507-1 testing standard.

The table above shows that the 12 mm speci-
mens have approximately 15% less carbon than 

Figure 2. The partial annealing process [16]
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the 16mm and 20 mm specimens. This reduced 
carbon content is typically associated with abra-
sion-resistant materials that have a higher hard-
ness than typically specified for this specific ma-
terial grade, increasing material brittleness. 

Mechanical testing

Table 6 presents the findings of the metal-
lurgical analysis, which assessed the mechanical 
properties of the 12 mm, 16 mm, and 20 mm 
control specimens. All testing and evaluations 
were conducted in accordance with the relevant 
ISO recommendations and standards for AR400 
materials. The tensile testing results indicate 
that the elongation, yield, and ultimate tensile 
strength for specimens of each material thick-
ness meet the recommended specifications, with 
only negligible differences observed between 
the various thicknesses.	

The results show that, similarly to what was 
found in the spectrometric analysis of the carbon 
concentration, the Brinell hardness of both the 16 
mm and 20 mm specimens is the same, while the 

Brinell hardness of the 12 mm specimens is 7% 
higher, which can be attributed to the reduced car-
bon concentration found for the 12 mm specimen. 

Despite the relatively consistent hardness 
measurements observed for the control speci-
mens, all three material thicknesses failed to meet 
the hardness range specified in the ISO 6506-
1 standard for Brinell Hardness evaluation of 
AR400 steels. Specifically, the 16 mm and 20 mm 
specimens exhibited hardness values 12% above 
the maximum allowable limit, while the 12 mm 
specimen exceeded the hardness limit by 3%.

According to the ISO 148-1 specification for 
V-Notch and Impact Testing, the minimum re-
quired impact energy absorption for AR400 at -40 
°C is an average of 45 KV/J across three material 
specimens per sample.

The metallurgical analysis revealed that the 
12 mm and 16 mm specimens did not meet this 
minimum specification, likely due to the mate-
rial’s increased hardness and consequent brittle-
ness. Conversely, the 20 mm specimen was the 
only one to satisfy the minimum impact energy 
absorption requirements for AR400 steel.

Table 5. AR400 chemical composition [16]

12 mm
C Mn P S Si Ni Cr Mo B

0.13 0.87 0.017 0.007 0.35 0.01 0.33 0.17 0.0008

16 mm
C Mn P S Si Ni Cr Mo B

0.15 0.96 0.014 0.005 0.34 0.01 0.38 0.16 0.0012

20 mm
C Mn P S Si Ni Cr Mo B

0.15 1.21 0.013 0.004 0.36 0.01 0.35 0.01 0.0007

Table 6. AR400 mechanical properties [16]
12 mm control specimen

Yield load (kN) Yield point (MPa) Tensile strength (MPa) Elongation (%)

89.9 1172.7 1336.1 11

Hardness (HB) Impact value temp (°C) Impact value (KV/J) Max load (kN)

477 -40 39 102.4

16 mm control specimen

Yield load (kN) Yield point (MPa) Tensile strength (MPa) Elongation (%)

143.2 1187.9 1360.0 12

Hardness (HB) Impact value temp (°C) Impact value (KV/J) Max load (kN)

444 -40 29 164.0

20 mm control specimen

Yield Load (kN) Yield point (MPa) Tensile strength (MPa) Elongation (%)

152.4 1229.9 1391.70 12

Hardness (HB) Impact value temp (°C) Impact value (KV/J) Max load (kN)

444 -40 56 152.4
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OPM analyses of control specimen phase 
dispersions

The initial OPM analysis of the control speci-
mens revealed that regardless of their material 
thickness, all three specimens have a primarily 
martensitic phase dispersion with some bainite, 
as illustrated in Figure 3. This is consistent with 
the material dispersions in the literature review 
for AR400 abrasion-resistant steels, which are 
rapidly cooled through cool-water quenching.

Partially annealed specimen properties

The properties discussed in this section are 
evaluated in accordance with the relevant ISO test-
ing specifications for AR400 steels. These proper-
ties are then compared to the results of the control 
specimens to assess the effectiveness of the pro-
posed heat treatment process and to determine if 

the impact energy of the specimens has improved 
compared to the as-received specimens.

OPM analyses – phase 1 heat treatment 
processing

The proposed Phase 1 heat treatment process 
decreased the martensitic content in the speci-
mens and promoted the formation of a primarily 
bainitic structure, enhancing the materials’ impact 
resistance and toughness (Figure 4–6). The OPM 
analyses of the specimen structure show a primar-
ily bainitic structure with a combined upper and 
lower bainitic concentration, detailed in Table 7.

Mechanical testing – phase 2 partial annealing

The properties detailed in Table 8 summarise 
the metallurgical analyses and testing conducted 
on the partially annealed specimens following the 
completion of phase 2. Similarly to the control 

Figure 3. Control specimens phase dispersion: (a) 12 mm, (b) 16 mm, and (c) 20 mm, etched with 2% Nital [16]

Figure 4. 20 mm OPM micros (a) 50 µm and (b) 100 µm, etched in Nital-2 [16]

Figure 5. 16 mm OPM micros (a) 50 µm and (b) 100 µm, etched in Nital-2 [16]
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Figure 6. 12 mm OPM micros (a) 50 µm and (b) 100 µm, etched in Nital-2 [16]

Table 7. Phase 1 OPM analyses – phase dispersions [16]

Specimen Ferrite % Pearlite %
Bainite %

Upper Lower

20 mm - - 65 35

16 mm - - 60 40

12 mm - - 60 40

Table 8. Phase 2 mechanical properties [16]
12 mm control specimen

Yield load (kN) Yield point (MPa) Tensile strength (MPa) Elongation (%)

15.69 595.9 691.2 22.9

Hardness (HB) Impact value temp (°C) Impact value (KV/J) Max load (kN)

249 -40 117 18.20

16 mm control specimen

Yield load (kN) Yield point (MPa) Tensile strength (MPa) Elongation (%)

19.64 696.9 789.6 18.7

Hardness (HB) Impact value temp (°C) Impact value (KV/J) Max load (kN)

284 -40 202 22.25

20 mm control specimen

Yield load (kN) Yield point (MPa) Tensile strength (MPa) Elongation (%)

19.41 666.3 750.8 21.9

Hardness (HB) Impact value temp (°C) Impact value (KV/J) Max load (kN)

270 -40 218 21.87

specimens, the mechanical properties of the 12 
mm, 16 mm, and 20 mm control specimens were 
examined according to the relevant ISO recom-
mendations and standards for AR400 materials.

The 16 mm partially annealed specimen 
exhibits the highest yield load, 19.64 kN, and 
yield point, 696.9 MPa, indicating superior yield 
strength compared to the 12 mm and 20 mm spec-
imens. The 12 mm specimen has the lowest yield 
point, 595.9 MPa.

Similarly to the results observed in the yields 
strength, the 16 mm specimen exhibits the high-
est tensile strength, 789.6 MPa, similar to the 

ultimate tensile strength of traditional impact 
plates like SQL690; this is followed by the 20 
mm specimen, 750.8 MPa, and the 12 mm speci-
men, 691.2 MPa. Although the yield and ultimate 
tensile strength of the materials are relatively 
uniform across the material thicknesses, it shows 
an approximately 40% reduction in the same me-
chanical properties when compared to the same 
properties of control specimens

In contrast, the elongation of the mate-
rial, regardless of the material thickness, nearly 
doubled, with the 12 mm specimen demonstrat-
ing the highest elongation, 22.9%, suggesting 
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better ductility compared to the average elonga-
tion across all three material thicknesses of the 
control specimens. 

However, similarly to the significant reduc-
tion observed in the tensile properties, the mate-
rial hardness of the partially annealed specimens 
also appears to be largely diminished, while the 
16 mm specimen has the highest hardness value, 
284 HB, followed by the 20 mm, 270 HB and 12 
mm, specimens with 249 HB.

The results show that the 20 mm specimen’s 
impact value at -40 °C is highest with 218 kV/J, 
having increased by approximately 390% when 
compared to the same thickness in the control 
specimens, indicating a significant increase in 
impact resistance and energy absorption. It is fol-
lowed by the 16 mm specimen with 202 kV/J and 
the 12 mm specimen with 117 kV/J, resulting in 
an approximately 700% and 300% increase in im-
pact energy absorption, respectively.

SEM and OPM analyses – phase 2 partial 
annealing

The initial observations of changes in phase 
dispersion and grain morphology were made us-
ing optical microscopy (OPM) analyses. These 
analyses provided a broad overview of the mi-
crostructural transformations occurring within 
the specimens. However, a closer inspection was 

necessary to gain a more detailed and precise un-
derstanding of these changes. 

This was achieved through SEM analysis, 
allowing for a higher-resolution microstructure 
examination. SEM analysis revealed finer details 
of the phase dispersions and grain morphology, 
confirming the initial findings from OPM and 
providing deeper insights into the material’s mi-
crostructural characteristics (Figure 7).

The SEM and OPM micros analysis indicates 
that all three oil-cooled specimens examined in 
this section exhibit a predominantly bainitic mi-
crostructure, with a clear differentiation between 
upper and lower bainite. 

Notably, the concentration of lower bainite 
appears to be inversely related to the material 
thickness. As illustrated in Figure 8, the 12 mm 
specimen demonstrates a 100% lower bainite 
dispersion, characterised by irregular polygonal 
grain sizes.

This aligns with the Phase 1 OPM analysis 
conducted after the initial heat treatment, con-
firming that the Phase 2 partial annealing heat 
treatment did not significantly alter the materials’ 
phase dispersions.

The concentration of lower bainite decreases 
as material thickness increases. This trend is evi-
dent in the 16 mm specimen depicted in Figure 9, 
which exhibits a microstructure comprising 20% 

Figure 7. Partially annealed OPM micros (a) 20 mm – 100 µm, (b) 16 mm – 100 µm, (c) 12 mm – 100 µm, 
etched in Nital-2 [16]

Figure 8. 20 mm SEM (a) x1500, (b) x2000, etched in Nital-2 [16]
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Figure 9. 16 mm SEM (a) x1500, (b) x2000, etched in Nital-2 [16]

Figure 10. 12 mm SEM (a) x1500, (b) x2000, etched in Nital-2 [16]

upper bainite and 80% lower bainite. In contrast, 
the 20 mm specimen shown in Figure 10 displays 
an even distribution of upper and lower bainite, 
characterised by uniform polygonal grain size 
and geometry.

CONCLUSIONS

The objective of this study was to evaluate 
whether the impact resistance of pre-hardened 
steel, AR400 abrasion-resistant steel, known for 
its superior tribological properties and wear capa-
bilities, could be enhanced through a two-phased 
partial annealing heat treatment process while 
maintaining a degree of the material hardness and 
wear resistance. 

The hypothesis posited that successful heat 
treatment would improve the wear plate’s com-
bined impact and wear resistance, potentially en-
abling the use of thinner steel materials with com-
parable wear properties. This could reduce weight 
and/or extend the component’s service life, thereby 
increasing production efficiency and output.

The Phase 1 heat treatment process effective-
ly reduced the specimens’ martensitic content, 
fostering a predominantly bainitic phase disper-
sion. SEM analysis provided a closer inspection, 
confirming the bainitic dispersion and revealing 

that the Phase 2 partial annealing only marginally 
influenced the phase dispersions. This resulted 
in a combined upper and lower bainitic structure 
across all three material thicknesses. This trans-
formation significantly enhanced the materials’ 
impact resistance and toughness; however, in turn, 
it reduced the material hardness and brittleness. 

The study’s outcome shows a significant dif-
ference in the material hardness, yield, and ulti-
mate tensile strength following the two-phase 
partial annealing heat treatment processes when 
compared to the same values established through 
metallurgical examination for the control speci-
mens. Conversely, the material’s elongation 
nearly doubled across all thicknesses, with the 
12 mm specimen exhibiting the highest elonga-
tion (22.9%), approximately 200% greater than 
the elongation established for the control speci-
mens, indicating improved ductility. However, 
the hardness of the partially annealed specimens 
was significantly reduced, with the 16 mm speci-
men showing the highest hardness value (284 
HB), followed by the 20 mm (270 HB) and 12 
mm (249 HB) specimens.

The impact testing at -40 °C, following the com-
pletion of the proposed to-phase partial heat treat-
ment processing, demonstrated the 20 mm speci-
men’s superior impact value of 218 kV/J, which in-
creased by approximately 390% compared to the 
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control specimens. This was followed by the 16 
mm and 12 mm specimens, respectively, showing 
approximately 700% and 300% increases in im-
pact energy absorption. These results confirmed 
that the proposed two-phase partial annealing 
processing successfully improved the material 
impact resistivity.

In conclusion, the Phase 1 heat treatment pro-
cess, followed by Phase 2 partial annealing, sig-
nificantly enhanced the materials’ impact resis-
tance and ductility. This improvement is particu-
larly noteworthy as it suggests the potential for 
these materials to better absorb energy and with-
stand impacts, which is crucial for applications 
requiring high toughness. However, this process 
also led to a reduction in tensile properties and 
hardness, which are critical for maintaining wear 
resistance and overall structural integrity.

The observed decrease in tensile strength 
and hardness indicates that while the materials 
became more ductile and impact-resistant, their 
ability to resist deformation under stress and their 
wear resistance were compromised. This trade-
off highlights the complexity of optimising heat 
treatment processes to achieve a balanced set of 
mechanical properties.

The findings suggest that the two-phased 
partial annealing heat treatment process holds 
promise but requires further refinement. Future 
investigations should focus on fine-tuning the 
heat treatment parameters to enhance the desired 
properties without significantly compromising 
others. This could involve exploring different an-
nealing temperatures, durations, and cooling rates 
to achieve an optimal balance between impact re-
sistance, ductility, tensile strength, and hardness.

Ultimately, the goal is to develop a heat treat-
ment process that maximises the performance 
of the material across all relevant properties, 
potentially enabling the use of thinner, lighter 
steel components with extended service life and 
improved efficiency. Continued research and ex-
perimentation will be essential to achieving this 
balance and unlocking the full potential of these 
advanced materials.
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