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Abstract 
 
The application of carbon steel fiber metal laminate (CFML) has been increasing in 
engineering industries such as aerospace, automotive and processing industries. In 
fabricating CFML, the surface quality is a fundamental criterion as its stability is the key to 
avoiding delamination and corrosion. Delamination and corrosion can be prevented by 
growing a fresh and stable oxide layer with good mechanical properties via heat 
treatment on carbon steel. In this paper, the influence of heat treatment parameters 
namely temperature (400, 600 and 800 ⁰C), heating time (60, 90 and 120 min), heating rate 
(10, 15 and 20 ⁰C/min) and substrate roughness (P80, P240 and P800) on the X70 carbon 
steel oxide phase formation, thickness and hardness properties were investigated. Using 
Taguchi’s method, a total of 9 experiments were performed based on the L9 orthogonal 
array. The signal-to-noise ratio (S/N) and contribution percentage of the analysis of 
variance (ANOVA) of each parameter on the responses were studied. The optimal 
conditions for thickness were obtained at temperature 800 ⁰C, heating time 120mins, 
heating rate 10 ⁰C/min and sample prepared with P80 sandpaper grit. Meanwhile, optimal 
conditions for hardness were obtained at temperature 800 ⁰C, heating time 120mins, 
heating rate 10 ⁰C/min and sample prepared with P80 sandpaper grit. 
 
Keywords: Pipeline steel, Heat treatment, Iron oxide, Phase analysis, Carbon Fiber Metal 
Laminate 

 
Abstrak 
 
Penggunaan gentian logam pada keluli karbon (CFML) semakin meningkat dalam industri 
seperti dalam sektor aeronangkasa, automotif dan pemprosesan. Kualiti permukaan keluli 
karbon adalah kriteria asas kepada kestabilan CFML bagi menghindari dari delaminasi 
dan kakisan. Delaminasi dan kakisan boleh dicegah dengan cara membina satu lapisan 
oksida yang stabil bersama dengan sifat mekanikal yang bagus pada permukaan keluli 
karbon melalui rawatan haba. Dalam kertas kerja ini, pengaruh faktor rawatan haba iaitu 
suhu (400, 600 dan 800 ⁰C), masa pemanasan (60, 90 dan 120 min), kadar pemanasan (10, 
15 dan 20 ⁰C/min) dan kekasaran substrat (P80, P240 dan P800) pada pembentukan 
lapisan oksida, sifat ketebalan dan kekerasannya telah dikaji. Kaedah Taguchi telah 
digunakan iaitu sebanyak 9 eksperimen telah dilakukan berdasarkan tatasusunan ortogon 
L9. Nisbah isyarat-kepada-bunyi (S/N) dan peratusan sumbangan analisis varians 
(ANOVA) bagi setiap faktor pada tindak balas telah dikaji. Keadaan optimum untuk 
ketebalan diperolehi pada suhu 800 ⁰C, masa pemanasan 120minit, kadar pemanasan 10 
⁰C/min dan sampel yang disediakan dengan kertas pasir grit P80. Sementara itu, keadaan 
optimum untuk kekerasan diperoleh pada suhu 800 ⁰C, masa pemanasan 120minit, kadar 
pemanasan 10 ⁰C/min dan sampel yang disediakan dengan kertas pasir grit P80. 
 
Kata kunci: Keluli saluran paip, Rawatan haba, Oksida besi, Analisis fasa, Laminasi logam 
gentian karbon. 

© 2025 Penerbit UTM Press. All rights reserved 
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1.0 INTRODUCTION 
 

Carbon steel (hereafter referred to as CS) is 
undoubtedly the most useful engineering material that 
has been used in various industries like petroleum 
(transporting oil, gas and other media), chemical 
(pressure vessels and piping systems), electric power 
fields (as boilers, chimneys) and construction fields 
(water supply, drainage and heating) [1, 2, 3, 4]. 
Typically, X70 and X80 are used in major projects all over 
the world with thicknesses varying between 15 mm to 
22 mm. They are known to be the most often used steel 
for pipeline construction because they are 
economical, affordable and long lasting. The main 
characteristics of CS include high strength, high yield 
strength, high tensile strength, good hardness and 
toughness. However, despite its good mechanical 
qualities, the CS is still prone to corrosion. Corrosion 
happens when oxygen and water vapor that are 
available in the aqueous environment react with the 
iron element of CS producing iron oxide i.e. rust. This 
occurrence consumes iron elements in the CS making 
material to reduce and corrode hence shortening the 
life of the pipeline system [5, 6].  

The introduction of composites including fiber metal 
laminate (FML) has become revolutionary in 
remediating corrosion thus increasing the lifespan of 
industrial pipelines [7, 8]. FML is a hybrid composite 
structure formed by interlacing metal layers with fiber 
reinforced plastics such as fiber glass and carbon fibers. 
The fibers in the FML protect the metal from corrosion 
while at the same time providing excellent stiffness, 
fatigue and strength [9], [10, 11]. Carbon fiber metal 
laminate (CFML) is a common fiber laminate that has 
been widely used as protection for the corrosion 
problem in industrial pipelines [12, 13, 14]. In the 
fabrication of CFML structures, CS surface quality plays 
an important role because it can affect the bonding 
with the FML. Corrosion and reduction on the CS 
surface can disrupt the bonding between CS and FML 
which can lead to the delamination phenomenon[15 
,16]. Nevertheless, the corrosion and delamination 
probability of the CFML can be reduced by growing a 
fresh and stable oxide layer on the CS. This is because 
the grown oxide layer acts as passivation on the CS 
which protects it from further corrosion while also 
improving the adhesion between the steel and epoxy 
network [17], [18]. From the available literature, there is 
limited research that studies the influence of heat 
treatment parameters on the oxide phase stability as 
well as lack of optimal guidelines for CFML applications. 
Hence this study aims to fill that gap [19, 20]. 

Iron oxides formed on the CS can be hematite 
(Fe2O3), magnetite (Fe3O4) and wustite (FeO). 
Hematite, generally known as rust, forms at normal 
oxidizing conditions regardless of pH, is less stable and 
porous and is very reactive at high oxygen 
concentrations, which speeds up the corrosion process. 
The formation of hematite in the presence of oxygen in 
moist air can be represented by: 

 
 4𝐹𝐹𝐹𝐹 + 3𝑂𝑂2 → 2𝐹𝐹𝐹𝐹2𝑂𝑂3𝐹𝐹𝐹𝐹 … (1) 

Unlike hematite, magnetite (Fe3O4) is a stable 
compound that is able to passivate the CS surface. In 
other words, magnetite can act as CS protection from 
corrosion. The chemical equation for magnetite 
formation can be represented by: 

 
 𝐹𝐹𝐹𝐹 + 4𝐹𝐹𝐹𝐹2𝑂𝑂3 ↔ 𝐹𝐹𝐹𝐹3𝑂𝑂4𝐹𝐹𝐹𝐹 … (2) 
 
In marine applications, magnetite-epoxy 

nanocomposite has been used as a protective 
coating as the damaged epoxy layer compromises 
with magnetite and heals the cracks [21]. It has also 
been shown that the adhesion between the epoxy 
and steel network improved as the magnetite content 
increased. Another possible oxide form on the CS is 
wustite (FeO). Wustite displays good stability at 
temperatures higher than 570 ⁰C. At low 
temperatures, wustite breaks down into magnetite 
and iron as a chemical equation as follows:  

 
 4𝐹𝐹𝐹𝐹𝐹𝐹 → 𝐹𝐹𝐹𝐹3𝑂𝑂4 + 𝐹𝐹𝐹𝐹 … (3) 
 
Among the oxides, magnetite is the preferred 

oxide to be grown on the CS as it’s the most stable 
and can serve as a protection layer. The formation of 
magnetite on CS can be controlled by controlling the 
heat treatment parameters, namely temperature, 
heating time, heating rate and CS surface roughness. 
Temperature is one of the fundamental parameters 
that can affect the oxide formation as well as the 
wustite, magnetite and hematite proportions [22], 
[23]. Meanwhile, heating time works cohesively with 
temperature as at certain durations and 
temperatures, different oxides are formed. Besides, 
different exposure durations of CS at high 
temperatures will result in different oxide layer 
thicknesses [24, 25].  

The heating rate can influence the oxide formation 
as it can affect the oxidation rate. Despite that, a high 
heating rate may also cause unstable oxide growth. 
Lastly, there is roughness on the surface. Different 
roughness levels on the CS surface can be achieved 
by grinding the samples with different grit papers. This 
method was also used to remove any undesirable 
natural passive oxide layer in the early stages. The 
physico-chemical changes from the mechanical 
abrasion treatment are able to yield a wettable 
surface and modify the surface topography [26, 27]. 
Then, heat treatment with proper parameters will 
cover the CS with a fresh, stable oxide layer with a 
desirable chemical composition. To understand the 
effect of various heat treatment parameters on the 
iron oxide phase formation and its consequences on 
the mechanical properties, the Taguchi method was 
utilized to design the experiment. The Taguchi method 
is a well-known optimization and statistical tool used in 
ranking the importance of different factors for a target 
function which allows a smaller number of 
experiments because it uses an orthogonal array to 
minimize the effects of noise factors. Additionally, the 
Taguchi method examines the performance of the 
parameters using the signal-to-noise (S/N) ratio and 
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analysis of variance (ANOVA) [28, 29]. In this research, 
heat treatment was used to grow oxide layers on CS 
samples. Taguchi optimization method was utilized to 
design the experiment involving temperature, heating 
time, heating rate and surface roughness parameters. 
The objective is to investigate the effect of heat 
treatment parameters on the oxide layer hardness, 
thickness and phase formation.  
 
 
2.0 METHODOLOGY 
 
In the present study, CS X70 grade was used, and its 
chemical composition is given in Table 1.  
 

Table 1 Chemical composition of the API X70 steel (wt.%) 
 

C Si Mn S P  
0.061 0.24 1.53 0.0009 0.011  
Cr Ni Mo Nb Cu Fe 
0.024 0.21 0.23 0.038 0.01 Remaining 

 
 

The raw material was cut using a precision cutter 
into 25 x 25 x 5 mm dimensions. The parameters 
investigated in this study were temperature, heating 
rate, heating time and sample surface roughness 
which was chosen were based on preliminary studies 
that had been done prior. Different surface roughness 
on the samples were achieved by grinding the 
samples with different sandpaper grits (P80, P240 and 
P800). The higher sandpaper grit, the finer abrasive 
particles, hence producing smoother surfaces. The 
surface roughness of the grounded samples was 
confirmed using Mitutoyo Surftest surface roughness 
tester. Multiple scans were taken in several areas of 
each sample with averages calculated. The surface 
roughness obtained for samples prepared by P80, 
P240 and P800 sandpapers grit were 1.37μm, 0.95μm 
and 0.19μm respectively. Samples were then placed 
into the tube furnace where heat was supplied with 
atmospheric conditions. Parameters like temperature, 
heating rate and heating time were set according to 
the Taguchi L9 orthogonal array design matrix as 
tabulated in Table 2 and Table 3. 

Once heat treatment was done, samples were 
taken out of the furnace and kept in a normal 
ambient environment to be cooled over time. The 
thickness and elemental analysis present on the 
samples were investigated using the Hitachi TM3000 
scanning electron microscope (SEM) equipped with 
Quantax70 electron spectroscopy (EDS) analysis. 
Meanwhile, phases presents were identified using XRD 
Malvern Panalytical X’ Pert. The XRD diffractometer 
was set to 40kV, 40mA at room temperature with Cu-
Ka radiation (k = 1.54060 Å) in the range 2θ = 5⁰ ~ 80⁰. 
The hardness of the treated samples was measured 
using LECO LM247 AT micro-hardness Vickers tester 
following the ASTM E384 standard. Taguchi and 
ANOVA analyses from the Minitab19 statistical 
software were utilized to analyze the effect of heat 
treatment parameters on thickness and hardness 

values. The correlation between phases obtained with 
the heat treatment parameters as well as the 
mechanical properties of the samples were discussed.  
 
Table 2 Process parameters and level for value L9 (34) 
orthogonal array design matrix 
 

Parameter Level 1 Level 2 Level 3 

Temperature 400 600 800 

Time 60 90 120 

Heating Rate 10 15 20 
Surface Roughness  
(grit sandpapers) P80 P240 P800 

 
Table 3 Experimental design 

 

Exp 
No. 

Setup 
Label 

Process parameter 

Temperature 
(⁰C) 

Time 
(min) 

Heating 
rate 

(⁰C/min) 

Surface 
roughness (grit 

sandpaper) 
1 S1 400 60 10 P80 

2 S2 400 90 15 P240 

3 S3 400 120 20 P800 

4 S4 600 60 15 P800 

5 S5 600 90 20 P80 

6 S6 600 120 10 P240 

7 S7 800 60 20 P240 

8 S8 800 90 10 P800 

9 S9 800 120 15 P80 

 
 
3.0 RESULTS AND DISCUSSION 
 
3.1 Phase investigations 
 
The phases present at each experiment setup were 
investigated via XRD. The diffractograms of S1 until S9 
were illustrated in Figure 1. It can be observed that 
from S1 until S4, the samples were composed of 
magnetite peaks with the highest intensity at position 
45⁰. A few low intensity magnetite peaks can also be 
observed at positions 33.1⁰, 35.5⁰, 43.0⁰ and 65.0⁰. Low 
intensity hematite compound peaks were detected in 
the background, while no wustite phase peaks were 
visible from S1 until S3. The trend for increasing 
magnetite intensity peaks starting from S1 until it 
reaches the highest intensity at S4. Starting from S5 
onwards, magnetite peaks become less with low 
intensity until they reach the lowest at S9. Opposite to 
the magnetite peaks trend that becoming less from S5 
to S9, hematite low intensity peaks that exist in the 
background at the beginning have become more 
visible from S5 onwards. Hematite phases showed the 
most peak counts with the highest intensity at S5. As 
for the wustite phase, it exists at low intensity for 
samples prepared with S8 and S9 setups. No wustite 
phases can be observed at other setups. Referring to 
the FeO equilibrium phase diagram in Figure 2, the 
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absence of wustite can be due to its amount being 
too small or its decomposition into magnetite and αFe. 
The thermodynamic instability of wustite phases at low 
temperatures can also be found in [30, 31, 32]  
findings.  
 

 
 
Figure 1 XRD diffractogram of S1, S2, S3, S4, S5, S6, S7, S8 and 
S9 experiments 
 

 
 

Figure 2 FeO phase diagram [22]. 
 
 

The transition from magnetite as the main peaks 
(S1 to S4) to hematite as the major peaks (S5 onwards) 
can be related to redox reactions [33]. Magnetite 
oxidation is mainly affected by temperature, such that 
the oxidation of magnetite to hematite at room 
temperature is not possible. In the present study results, 
it was inferred that at lower temperatures the reaction 
rate is slow thus making the major phase exist as 
magnetite. Only by heating the samples to more than 

600⁰C, does the magnetite crystalline structure 
change hence the transition to the hematite phase 
occurs. From the phase investigations, the phases 
formed and transitions were as expected in 
accordance with the phase diagram as well as 
aligned with other researchers findings [34, 35, 36]. 
 
3.2 Oxide Layer Thickness 
 
Using the Taguchi and ANOVA analyses, the impact 
of heat treatment parameters on the thickness of the 
CS oxide layer was examined. According to Canbolat 
(2019), the design parameters with maximum S/N 
ratios indicate the optimum conditions of the system. 
Moreover, if the highest and lowest S/N ratio variations 
are small, it implies that there is a relatively low effect 
of the parameters on the response. According to 
Figure 4 (b), S/N ratio analysis for oxide layer 
thicknesses showed that temperature was the 
parameter that had the biggest impact on the oxide 
layer thickness results, followed closely by the heating 
time parameter. Meanwhile, heating rate and surface 
roughness come next. For the results to be statistically 
reliable, the ANOVA method was used to validate the 
Taguchi results. Figure 4 (c) of the ANOVA results 
showed that temperature contributes 64.0% to the 
oxide layer thickness, followed by heating time 
(28.1%), heating rate (5.0%) and surface roughness 
(2.9%). This ANOVA analysis result showed the same 
trend as the Taguchi analysis thus validating the 
results. Figure 3 visualizes the SEM micrograph of oxide 
layer thickness samples for S7, S8 and S9 where these 
samples were prepared at the same temperature 
(800⁰C) but with different heating times. The effect of 
temperature on the oxide layer thickness can be seen 
more clearly from S8 to S9, where the oxide layer 
thickness increases significantly from 57.17 μm to 
121.32 μm. Please note that the delamination 
observed in samples was due to the sample 
preparation process (cutting, grinding and polishing 
process) for SEM observations. According to the 
kinetic reaction of the parabolic law, at high 
temperatures, magnetite phases were further 
transformed into hematite phases which can be seen 
from the XRD diffraction pattern. Following this 
transformation, the density of the starting material will 
keep falling while the weight of the oxide as well as 
the thickness will increase due to more oxygen being 
taken up [38, 39]. The second factor contributing to 
the oxide layer thickness as per S/N ratio and ANOVA 
analysis was the heating time. It can be observed from  
Figure 4 (a), that samples prepared under the same 
heating time but at different heating temperatures 
(S2, S4 and S7) showed a steady increase in oxide 
layer thickness. A longer heating time allows more 
reaction and diffusion to happen on the CS thus 
resulting in a thicker oxide layer. 
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Figure 3 SEM micrograph of S7, S8 and S9 setups 
 

 
 
Figure 4 (a) Oxide layer thickness for all experiment setups, 
(b) S/N ratio and (c) contributions percentage of heat 
treatment parameters on the oxide layer thickness responses 

 
 
3.3 Hardness Measurement 
 
Figure 5 (a) represents the average hardness values 
obtained from all the experiment’s setups. It can be 
observed that the highest hardness values were 
obtained from S9, followed by S5, S6, S1, S8, S7, S4, S2 
and S3. These hardness results were further 
investigated using the S/N ratio and ANOVA analysis 
to understand the influence and contribution of each 
heat treatment parameter on the hardness values. 
Figure 5 (b) and (c) present the S/N ratios result and 
ANOVA contribution percentage on the hardness 
value response. Both analyses showed the same 
trend, whereby the main factor impacting the 
hardness value was surface roughness with a 
contribution percentage of 60.1% followed by 
temperature (32%), heating time (4%) and heating 
rate (3%). Bresson (2012) reported that excessive 
roughness could have a negative influence on the 
bonding strength due to its ability to decrease 
adhesive resin penetration, increase void formation 
and introduce localized stress concentration. This 
argument contradict with Rudawska (2016), which 
suggested that increasing the surface roughness of 
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the substrate could enhance the bonding strength. In 
the present study, samples prepared using P80 grit 
which is the lowest grit paper producing a rougher 
surface have the highest hardness value. This can be 
due to the CS rougher surface helping to enhance the 
oxide layer bonding strength. The hardness value 
results can also be correlated with phases observed in 
the XRD diffractogram. The highest hardness values 
were obtained at the S9 setup, whereby this setup 
showed hematite as the main peak in the 
diffractogram. As is known, among the iron oxide 
phases, hematite possessed the highest hardness, 
followed by magnetite and then wustite. Thus, given 
that the S9 setup exhibits high counts and intensity of 
hematite phases resulting in a high hardness value. 
Inversely, setup with magnetite as the main phase 
exhibits a lower hardness value compared to setup 
with hematite as the main phase. The hardness 
obtained in relation to each oxide were aligned with 
those of the individual iron oxides (FeO, Fe3O4 and 
Fe2O3) reported in the literatures [42, 43, 44]. The small 
difference of values in this study with the literatures 
could be attributed to the variations in the wustite, 
magnetite and hematite proportions in each oxide as 
well as the methods used to determine the hardness. 
 

 
 
Figure 5 (a) Hardness value for all experiment setup, (b) S/N 
ratio and (c) contribution percentage of heat treatment 
parameters on the hardness value responses 

4.0 CONCLUSION 
 
In this study, an L9 orthogonal array was used to study 
the effect of tube furnace heat treatment parameters 
on phase formation, oxide layer thickness and 
hardness properties. The Taguchi method and ANOVA 
analyses were utilized to understand every 
parameter’s impact on the response properties. It can 
be concluded that temperature is the main 
parameter that affects the phase of the oxide layer. 
The preferrable stable magnetite phase was able to 
grow at temperature below 600⁰C but it is not high 
enough to transform it into hematite phase. 
Meanwhile, at this temperature, wustite phase was 
thermodynamically unstable hence prone to 
decompose into magnetite and iron phase. The oxide 
layer thickness formation was mainly affected by the 
parameters with the optimum condition maximizing 
the oxide layer were as follows temperature (800⁰C), 
heating time(120mins), heating rate (10 ⁰C/min) and 
surface roughness (prepared with P80 sandpaper grit). 
The hardness value was mainly affected by the 
parameters with the optimum condition maximizing 
the hardness were as follows temperature (800 ⁰C), 
heating time (120mins), heating rate (15 ⁰C/min) and 
surface roughness (prepared with P80 sandpaper grit). 
Future studies could be considered the effect of 
process parameters on the properties and 
performance of X70 carbon steel under sour corrosive 
environment which has always been a concern for the 
oil and gas exploration industries. Aside, laminated 
heat-treated samples with CFML also can be done to 
study their compatibility and durability.  
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