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Decarburization of steels during heat treatment is a major problem for wear applications and
for thin structural components as it often results in poorer surface hardness, strength, and
fatigue performance. Additionally, corrosion is a major problem in many engineering
applications. To address these issues, this study introduces a novel low-cost surface treatment
that utilizes raw materials obtained from automotive waste. This technique was applied on a
high-carbon low-alloy martensitic steel that is commonly used in industrial applications for its
hardness, strength, and low production cost. The reduction in decarburization led to improved
abrasion performance, while the steel’s corrosion resistance was significantly improved through
the formation of a thin ceramic layer across the steel’s surface. This treatment, therefore, not
only offers a cost-effective solution to decarburization and corrosion, but it also promotes a
more sustainable future.
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I. INTRODUCTION

MARTENSITIC steels are very commonly used in
structural applications due to their high strength, which
include examples such as the automotive industry where
martensitic advanced high-strength steels are used for
lightweight design without sacrificing strength,[1] the oil
and gas industry where martensitic stainless steels are
favored for both strength and corrosion resistance,[2]

and also in many high-wear applications due to their
superior hardness such as for bearings[3] and tools.[4]

Many of these alloys achieve their remarkable mechan-
ical properties, and in the case of martensitic stainless

steels, corrosion resistance, through high alloying con-
tents, but this, however, drives up the cost of
production.
Another problem often encountered in the manufac-

turing of martensitic steel components is decarburiza-
tion during the austenizing heat treatment process since
carbon from the steel’s surface readily reacts with
ambient oxygen at this temperature range.[5,6] Due to
the adverse effect that this has on a number of
mechanical properties such as hardness, wear resistance,
fatigue performance, and strength,[5,7,8] there are spec-
ifications that dictate the allowable limits of decarbur-
ization. In an industrial context, accurate measurements
of decarburization depth[5,7,8] and methods employed to
control decarburization, such as the use of a protective
gas (though this only reduces but cannot eliminate it
entirely[9]), often increase the cost of production.
A recent technology developed by Pahlevani

et al.[10,11] not only offers a possible cost-effective
approach to the manufacturing of higher-quality steel
by solving the decarburization problem, but it also
attempts to provide a solution to global waste manage-
ment by utilizing resources from waste materials to do
so. Automotive waste, for instance, is a good source of
useful alloying elements such as N, C, Al, Ti, and Si.
Thus, by heat treating steel with automotive waste,
Pahlevani et al. demonstrated that it is possible for a
steel to be fabricated with a thin ceramic surface layer
instead of a decarburized layer.[11] Furthermore, it is
well known that ceramic coatings on a steel substrate

WEN HAO KAN is with the Australian Centre for Microscopy &
Microanalysis, The University of Sydney, Sydney, NSW 2006,
Australia and also with the School of Aerospace, Mechanical and
Mechatronic Engineering, The University of Sydney, Sydney, NSW
2006, Australia. Contact e-mail: wen.kan@sydney.edu.au SIYU
HUANG, ZIYAN MAN and LI CHANG are with the School of
Aerospace, Mechanical and Mechatronic Engineering, The University
of Sydney. WILSON HANDOKO, FARSHID PAHLEVANI and
VEENA SAHAJWALLA are with the Centre for Sustainable
Materials Research and Technology (SMaRT Centre), School of
Materials Science and Engineering, University of New South Wales,
Sydney, NSW 2052, Australia. KIM RASMUSSEN is with the School
of Civil Engineering, The University of Sydney, Sydney, NSW 2006,
Australia.

Wen Hao Kan and Siyu Huang have contributed equally to this
work.

Manuscript submitted July 10, 2019.
Article published online February 28, 2020

2404—VOLUME 51A, MAY 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A

http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-020-05686-4&amp;domain=pdf


can improve corrosion resistance,[12,13] and therefore,
this approach also has the potential to offer adequate
corrosion protection to the steel without the need for
high alloying contents.[14]

Handoko et al. has also shown that by thermally
treating a steel with automotive waste and slag (both
being waste products that typically end up in landfills),
decomposed C in the automotive waste reacts with the O
in the oxide phases in the slag to form CO and CO2, thus
allowing other elements to form various ceramic phases
on the steel’s surface.[14,15] Therefore, this study explores
the possibility of using this novel automotive waste- and
slag waste-treatment process to minimize the decarbur-
ization of carbon steels and also to form a thin ceramic
layer to improve both surface abrasion resistance and
surface corrosion resistance.

II. MATERIALS AND METHODS

A high-carbon low-alloy steel with a nominal com-
position shown in Table I was used as the substrate for
this study to highlight the potential of the proposed
novel treatment process on low-cost steels. Prior to any
treatment process, the steel was first cut into multiple
samples with the geometry and dimensions specifically
designed for the abrasion testing rig as shown in
Figure 1. The waste raw materials used for the treat-
ment process are mixtures of steel-making slag and
automotive shredder residue (ASR). The composition of
the slag measured using X-ray fluorescence spectroscopy
(XRF) is shown in Table II. Two different ratios of slag
to ASR were explored, one with a ratio of 1:1 and
another with a ratio of 1:3. As for the as-received ASR,
ferrous and non-ferrous metals were first removed using
magnetic and eddy current separation which resulted in
the remaining ASR being composed mostly of plastics.
The details of the as-received ASR, alongside its thermal
degradation kinetics, can be found here[16] and the
composition of the ASR is also shown here in Table III.
As shown in the table, in addition to plastics such as
polypropylene and polyethylene, the ASR also contains
some amount of free carbon.

Prior to the thermal treatment process, the waste
mixtures were ground into powder using a cryogenic
mill. The thermal treatment process involved submerg-
ing the steel samples into the waste mixtures, heat
treating at a temperature of 1000 �C for up to 4 hours
with a constant flow of argon to minimize decarburiza-
tion, and finally with a water quench. There is also a
filtration system in place for harmful gases that escape
the ASR from this process. For simplicity, we will herein
refer to the steel that is treated with the 1:1 slag to ASR

ratio as Sample 1 and the steel that is treated with the
1:3 ratio as Sample 2. Finally, some steel samples were
also treated in the same way, but without the waste
mixtures to act as the reference materials and will be
referred to as the ‘‘Benchmark’’.
After the thermal treatment process, samples that

were used for characterization were cut (to reveal the
cross-section), ground, polished down to 1 lm, ultra-
sonically cleaned, and dried. The samples were then
analyzed using a scanning electron microscope (SEM)
coupled with energy-dispersive X-ray spectroscopy
(EDS) detector. For optical microscopy imaging, the
samples were also etched using 2 pct nital solution and
analyzed using a laser scanning confocal optical micro-
scope (Keyence VK-X250).
Micro-hardness tests (25 g load, 15 s dwell time) were

conducted on the cross-section of each steel sample after
cutting the samples and polishing down to 1 lm in order
to determine the degree of decarburization.[5] The
indents were done at approximately 30 lm intervals
from the interface of the steel - ceramic layer of the
waste-treated steels and from the steel surface for the
benchmark. An average of three indents were done at
each interval with the average and standard deviation
reported.
As the geometry of the samples (as was shown in

Figure 1) was specifically designed for the custom
three-body abrasion testing rig used in this study, the
abrasion tests were conducted on the samples without
any additional machining. The diagonal portion of the
specimen geometry is designed to allow abrasive parti-
cles to be fed through to the underside of the sample
when a load is applied while a steel counter-body slides
past the sample (i.e., three-body abrasion), with wear
losses typically starting from this edge. The schematic of
the setup is shown in Figure 1(b) and the actual rig is
shown in Figure 1(c). For each test, the applied load was
set at 50 N and the sample was positioned against the
spinning drum such that it experiences an abrasive feed
speed of approximately 0.4 m/s. In order to simulate a
harsher abrasive environment, silicon carbide particles
bought from an external supplier that were rated with a
particle size of 250 lm and a Mohs hardness of 9.7 were
used as the abrasive. Each wear test was run for a total
of 25 minutes and the mass loss of each sample was
recorded every 5 minutes to an accuracy of 1 mg.
The electrochemical corrosion tests were conducted

using the Tafel polarization method using a Versatile
Multi potentiostat VSP-300 and the EC-Lab� v.11.10
software. The instrument was connected to three chan-
nels in a flat cell kit system—a saturated calomel
electrode that acts as the reference electrode, a platinum
wire that acts as the auxiliary electrode, and the steel
samples being investigated acting as the working elec-
trode. A 3.5 wt pct NaCl solution was chosen as the
electrolyte to simulate marine conditions. Each electro-
chemical test was conducted on the surface of each
sample with an exposed contact region of 1 cm2 and at
room temperature. The open circuit potential (OCP)
was used for three-hour experiments, with sweeping
potential between � 0.25 V and + 0.25 V and a
scanning rate of 0.5 mV/s. After each test, the value of

Table I. Nominal Composition of the Steel Used for This

Study (Wt Pct)

C Si Mn Cr Mo

0.99 0.25 0.97 0.65 0.02

Fe is balance.
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efficiency of protection (in pct), gPE, which is an
indicator of how effective coatings are in protecting a
metallic substrate from corrosion, was calculated and
reported.[17]

III. RESULTS AND DISCUSSION

The optical microscope images of the samples are
shown in Figure 2. When heat treated without the waste
mixtures, the edge of the benchmark displays a much
coarsermicrostructure that is different frombulkmaterial
(Figure 2(a)), which indicates a higher proportion of
ferrite (the morphology is consistent with acicular fer-
rite[18]). A higher presence of ferrite is a known phe-
nomenon on the decarburized surfaces of martensitic

steels.[19] For the waste-treated samples (Figures 2(c) and
(e)), a distinct ceramic layer is visible along with a thin
diffusion layer at the interfacewhere atoms from thewaste
mixtures have diffused into the surface of the steel. For
Sample 1, the formed ceramic layer is approximately
13 lmthick, while that of Sample 2 is approximately 8 lm
thick. The diffusion layers for Sample 1 and Sample 2 are
approximately 15 and 10 lm thick, respectively.
In both the waste-treated samples, the regions of the

steels following the diffusion layers have microstructures
that are more refined and ‘‘needle-like’’ as compared to
the edge of the benchmark, indicating a predominately
martensitic microstructure as opposed to a predomi-
nately ferritic one. This is not surprising since C
diffusion from the C-rich ASR into the surface of the
steel is expected, which is in addition to the breaking

Fig. 1—(a) Schematic showing the geometry and dimensions (in mm) of each steel sample, (b) schematic of the wear testing rig and how
abrasive is fed to the underside of the sample and (c) image of the actual three-body abrasion wear testing rig.

Table II. Composition of Steel-Making Slag as Measured Using XRF

Fe2O3 SiO2 MnO CaO Al2O3 MgO Na2O P2O5 Cr2O3

38.6 12.0 7.2 30.0 4.3 7.0 0.3 0.4 0.2

Table III. Composition of the As-received ASR[16]

Proximate Analysis (Wt Pct) Ultimate Analysis (in Wt Pct or ppm)

Polypropylene 30-39 pct C (pct) 7.3-13.8 Br (pct) 1.5-2.4 I (ppm) 52.9

Polyethylene 21-28 pct Ti (pct) 1.8-3.2 Cl (pct) 0.19-0.23 K (ppm) 826
Polyurethane 9-14 pct Ca (pct) 0.8-1.1 N (pct) 0.3-0.38 Mn (ppm) 18.4
Polycarbonate 9-14 pct Si (pct) 0.5-0.9 Ba (ppm) 102.7 Na (ppm) 325.1
Textiles 1-2 pct Mg (pct) 0.2-0.3 Cr (ppm) 35.0 Ni (ppm) 12.6
Moisture 0.8-1.1 pct S (pct) 0.3-0.4 Cu (ppm) 27.2 P (ppm) 583
Ash 2-3.9 pct Al (pct) 0.1-0.12 Fe (ppm) 88.7 Pb (ppm) 45.5
Others 4-8 pct Sb (pct) 1.5-2.3 Hg (ppm) 14.7 Sn (ppm) 361
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down of organic materials in the ASR that results in the
formation of C-saturated gas consisting of CO, CO2,
and CH4.

[10,11] Figures 2(b) and (d), and e show that the
bulk material across all samples has a very similar
martensitic microstructure.

The EDS results at the edge of Sample 2 are shown in
Figure 3, with some X-rays also detected down the edge
of the ceramic layer. As can be observed, the ceramic
layer is a complex mixture of elements which is rich in O,
Si, C, Ca, and Mg, but also containing some amounts of
Ti, Cr, Na, and Cu. While Al can be typically detected
on the ceramic layer, the specific location in Figure 3
where the EDS maps were taken was Al poor which
resulted in low contrast (and thus omitted from the
figure). Elements such as I, Br, Cl, Hg, Sb, and K that
were present in the ASR do not get bonded into the
ceramic layer as they escape the ASR as a result of
pyrolysis,[20] while the presence of Ni was difficult to

ascertain due to its concentration being below the
detection limit of EDS.
The micro-hardness results at 30 lm intervals from

the sample surface (benchmark) or the steel-ceramic
layer interface (Samples 1 and 2) are shown in
Figure 4(a). As expected, the benchmark showed con-
siderable amounts of decarburization, while decarbur-
ization in Sample 1 and 2 was, at least comparatively,
negligible. This means that C diffusion from the ASR
into the surfaces of the steels partially compensated for
the loss in C as a result of decarburization during the
heat treatment. When considering the scatter of data,
the decarburized layer can be said to be approximately
150 lm for Sample 1 and the benchmark, beyond which,
the hardness curves of all three samples begin to overlap
and finally converge by about 300 lm from the surface/
interface. It should be noted that all samples were
thermally treated with a constant flow of Ar gas; thus,

(c) Sample 1 - Edge

(e) Sample 2 - Edge

(a) Benchmark - Edge Center(b) Benchmark - Bulk

(d) Sample 1 - Bulk

(f) Sample 2 - Bulk

Fig. 2—Optical microscope images revealing the microstructure of the (a) benchmark along the edge, (b) benchmark within the bulk material, (c)
Sample 1 along the edge, (d) Sample 1 within the bulk material, (e) Sample 2 along the edge, and (f) Sample 2 within the bulk material.
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the results of the benchmark reveal that even with a
protective atmosphere, decarburization cannot be
avoided. Sample 2, on the other hand, shows the
potential of the waste-treatment process to almost
entirely eliminate decarburization. As expected, the
hardness values of all samples converge when further
away from the surface / steel-ceramic interface.

The three-body abrasion results are shown in
Figure 4(b). As expected, the benchmark sample per-
formed considerably worse in the first 5 minutes (with
almost twice the mass loss of both waste-treated
samples). This can be attributed to the fact that the
Fe-oxide scale on the surface after heat treatment is not
very adherent and thus offers little protection to the steel

as opposed to the ceramic layer that formed on the
surfaces of Samples 1 and 2. As soon as the scale has
been removed from the benchmark, the decarburized
layer, due to its low hardness, is readily abraded away.
The initial accelerated abrasive wear rate due to
decarburization, followed by a more linear wear rate
as the decarburized layer is abraded away, is a known
phenomenon.[21]

With regard to the waste-treated samples, Figure 5
shows an SEM backscatter electron image of the worn
surface of Sample 2 after the abrasion test. The brighter
gray regions, which show the underlying steel substrate
after the ceramic layer has been abraded away, have
micro-scratches which are typical of abrasive wear. As

Fig. 3—EDS analysis along the edge of the Sample 2 steel.
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for the ceramic layer, the absence of micro-scratches or
distinct fracture planes within the regions that still
contain parts of the ceramic layer (the dark gray
regions) suggests that the ceramic layer simply failed
by delamination. While Sample 1 has a slightly thicker
ceramic layer than Sample 2 (Figures 2(c) and (e)), the
former also experienced slightly more decarburization
which is evident from the slightly lower hardness of the
steel substrate just beneath the ceramic layer
(Figure 4(a)). Thus, in the first 5 minutes of the abrasion
test, both waste-treated samples performed similarly
because the thicker ceramic layer in Sample 1 compen-
sates for the slight loss in hardness. Finally, after the
initial 5 minutes, as abrasion approaches the bulk of the
material, all samples essentially experienced the same
wear rate. This is consistent with the fact that the
microstructure and hardness of each sample’s bulk
material are identical.

Nonetheless, the ceramic layer did not lead to a
surface that is more wear resistant than the underlying
steel substrate (as evident by the linear wear rates across
both waste-treated samples, including the initial 5 min-
utes) unlike ceramic coatings applied via conventional
techniques such as thermal spraying.[22] For better
abrasion performance, the waste-treatment process will
need to be further optimized to promote a thicker
ceramic layer and a better steel-ceramic bond strength.

Figure 4(c) shows the Tafel polarization plots of the
electrochemical corrosion tests, with a summary of the
results shown in Table IV. As can be observed, Samples
1 and 2 both show significantly higher corrosion
potentials (Ecorr) than the benchmark which indicate
increased corrosion resistance. Sample 2, however, has a
slightly higher current density than Sample 1 and
therefore experiences a slightly faster corrosion rate.

When converted to the corresponding protection effi-
ciency, gPE, the corrosion protection conferred by the
thin ceramic layer in Sample 1 is approximately 14 pct
more effective than that of Sample 2.
The corrosion results show that the thin ceramic layer

that is formed through the novel waste-treatment
process is chemically stable and thus act as a very
effective barrier that protects the steel from direct
contact with the corrosive media and ultimately
improves its overall corrosion resistance.[23] As Sample
1 has a thicker ceramic layer, the increased thickness
increases diffusion resistance to the electrolyte by virtue
of a longer transport path,[24] thus resulting in better
corrosion resistance. Therefore, the waste-treatment
process is not only useful for abrasive wear applications,
but it is also useful for structural applications as it is a
cost-effective way to improve corrosion without the need
for expensive alloying elements while the reduction of
decarburization improves strength.

IV. CONCLUSIONS

The findings of this study can be summarized as
follows:

� Automotive waste was successfully utilized to min-
imize, or even prevent, the decarburization of steels
during heat treatment.

� As automotive waste inherently contains ceramic
phases, or elements that can form advanced ceramic
phases, the heat treatment process also resulted in
the formation of thin ceramic layers on the surfaces
of the steel samples.

� The minimization of decarburization led to a signif-
icant improvement in the surface abrasion resistance
of the steels.

� The formed ceramic layer was found to also be
useful in improving corrosion resistance at low cost,
a quality useful for structural applications that
require corrosion resistance.

� This innovative technology is also a step forward in
creating a more environmentally sustainable future
by showing the possibility of extracting valuable
resources from waste materials for the production of
new alloys that can be used for industrial
applications.

Fig. 5—Backscatter electron image of the worn surface of Sample 2.
The brighter regions show the underlying steel substrate, while the
darker regions show parts of the ceramic layer that are still intact.

Table IV. Summary of the Electrochemical Polarization

Tests for the Benchmark, Sample 1, and Sample 2

Sample ID Ecorr (mV vs SCE) icorr (mA/cm2) gPE (Pct)

Benchmark � 781 0.0155 —
Sample 1 � 416 0.0079 48.8
Sample 2 � 438 0.0089 42.5
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