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ABSTRACT

In the present study, the effect of adding Magnesium (Mg) as a doping element on the morphology and
surface characteristics of the chromized layer was investigated. To achieve this, chromized layers were
coated and doped by a chromizing process in pack-cementation at 1050°C. The thickness of the doped
layer was about 26 pum, whilst chromized was approximately 24 um. The surface morphology and
composition of the coatings were analyzed using scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX). The results showed that a crystalline structure can be successfully
deposited by adding Mg as a doping element to the pack mixture. Therefore, Mg acts as a barrier against
Cr,0; formation, resulting in a more rich-chromium-zone and forming protective oxide. Moreover, less
carbide is formed in the doped layer. The roughness of the layer is enhanced by adding Magnesium (Mg)

Strength Adhesion and it has a lower average roughness (Ra) 3 times than that of chromized, of about 0.315 pm and 1.039
um, respectively. In addition, progressive loading scratch was performed at 1N and 20N. The results
demonstrated that Mg in the chromized layer increases the ability to with-stand varying levels of
mechanical stress with strength adhesion of about 19.21N and can be more protective than Cr chromized.

doi: 10.5829/ije.2023.36.10a.05
NOMENCLATURE
Wi% weight SEM Scanning electron microscope
Ra Average roughness EDX Energy-dispersive X-ray spectroscopy
Rz Mean height roughness Er Elastic recovery ratio
Rd Residuan depth 2D two-dimensional
Pd Penetration depth 3D three-dimensional
Lc Critical load

1. INTRODUCTION

poor quality in front of many aggressive factors. Among
these stainless steels, citing the ferritic steel (AISI 430)

In industrial applications, materials must be resistant to
environmental attacks such as corrosion, stress, wear and
fatigue. Especially when they are applied to applications
that requires high temperature applications. However,
stainless steels have been used for environments such as
petrochemical or electric utility fluidizing particles and
any hydrogen halide as the plants [1, 2]. They are a
popular choice for their low cost and their physical and
mechanical properties [3, 4], despite this they remain of
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which has been found in previous studies to be less
resistant to oxidation at high temperatures [5, 6]. To
overcome these limitations, surface coatings have been
widely employed as an effective means of improving
material performance in such environments. One of the
surface modification methods frequently employed is
diffusion coating through the chromizing process in pack
cementation to enrich alloy surfaces with chromium (Cr)
[7-9]. However, in chromizing process, the chromium
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(Cr) is used as a master alloy where it contributes to
improving in many properties of the coated material due
to its excellent hardness, wear resistance, and corrosion
resistance [10]. On the other hand, during the high
temperature chromizing process the activator usually
ammonium chloride (NH4CI); presents in the mixture is
decomposed into hydrogen chloride (HCI), nitrogen (N2),
and hydrogen gas (Hz). The HCI formed during this
process reacts with the chromium present in the pack
according to the following reaction [11]:

ZHCl(g) + CT(S)—)CT'CZZ 0} + H2 @

This reaction is crucial to the formation of the desired
chromizing coating. At temperatures around 1000°C, the
interaction between chromium and free carbon (C) found
in the stainless steel substrate can lead to the formation
of chromium carbides such as Cr;Cs, (Cr,Fe);C; and
Cr23Cg 0n the surface of the metal coated [12-14]. These
carbides can enhance wear resistance and give high
hardness [15, 16], on the other side they act as a diffusion
barrier, restricting the growth of a metallic Cr-rich layer
which causes the failure adherence of the layer [17].
Consequently, a decarburized zone can develop below
the coating. On the other hand, one of the challenges
encountered in the chromizing process is the occurrence
of voids, which can arise due to the Kirkendall effect
during pack cementation [18, 19]. Additionally, the
presence of carbides and intermetallic phases, which
occur due to the diffusion reactions, may introduce
variations in the topography of the coating and increasing
the surface roughness [20, 21]. This undesirable
consequence may comprise the functional characteristics
of the coated surface [22]. They can also weaken the
adhesion of the chromized layer, leading to delamination
and durability. The formation of the chromium oxide
such as Cr,Oz by introduction some oxygen (O) in the
pack mixture can enhance the hot oxidation behavior
when is exposed to hot damaged environments where
they found that retardation in formation of the Cr,0s
oxide can lead the increase of the formation of non-
protective oxides [23]. Beside this the Cr,O3 is known for
its relatively low adhesion to the substrate, which can
result in poor bonding between the coating and the
substrate. This low adhesion can cause delamination to
the coated surface, reducing the durability and longevity
of the chromizing coating. Additionally, Cr,O3 has a
relatively high coefficient of thermal expansion
compared to the substrate material, which can induce
thermal stress and strain within the coating [24]. To
address this challenge, turning to the process pack
cementation, wherein the addition of dopant elements
and substitutions to the mixture cementation pack can
alter its properties and improve surface characteristics.
The element magnesium (Mg) can be used as a catalyst
in the production of chromium hydroxides and oxides at
high temperatures, including MgxCry, oxides which are

considered stable, resistant and auto-protective [25].

Mg element can refine the grain size of chromized
layers with coarse grain structure, improving the
mechanical properties and potentially reducing
roughness. It is thought that magnesium (Mg) dopant
may act as a reducing agent, therefore reducing Cr,O3
formation and enhancing the Chromium (Cr) diffusion
into the substrate, which would then achieve a more
uniform and adherent layer and reduce roughness in the
chromized layer [26, 27].

Based on our review of the literature, there has been
no research on the chromized chromium by pack
cementation method, doping with magnesium (Mg)
substitution. This study aims to investigate the effect of
Magnesium (Mg) addition on the microstructure,
morphology and enhancement of surface conditions of
the chromized layer on the AISI 430 obtained through
chromization process in pack cementation by reducing
the formation of intermettalic phases and carbides hence,
replaced by protective oxides. Additionally, the study
aims to explore the potential of small amounts of
magnesium (Mg) for substituting chromium (Cr) oxides
and enriching the surface with chromium (Cr).
Furthermore, the findings of this study may contribute to
the development of advanced chromization technique
with enhanced surface properties, contributing a better
resistance against delamination, spallation, adhesive and
failure and benefitting various industrial applications.

2. MATERIALS METHOD

In this study, Cr-Mg alloy was coated on the surface of
AISI 430 Ferritic stainless steel (10x 10x 1) mm? using
the chromizing process in pack-cementation, by adding a
Mg content as a doping element to the Cr pack mixture.
The substrates were ground before proceeding coating
using mechanical polishing (up to #1000 SiC grit),
immersed in acetone solution (for 10 min) and cleaned
by an ultrasonic bath. Each sample was placed inside an
alumina (Al,O3) crucible that could withstand high
temperatures (up 1800°C) in two pack mixture (with and
without Mg doping element). Thus, they were dipped in
a powder mixture containing Cr, NH4ClI, Al,Os, for the
first coating and Cr, NH4Cl, Al,O3, and Mg for the
second coating. The weight ratio of the components of
the Cr chromized and Cr (3wt.% Mg) doped coatings is
summarized in Table 1.

The crucibles (powder pack and samples) were not
passed through a glove box but were placed directly into
the furnace to provide a small amount of oxygen (the fast
irreversible incorporation). As a safety precaution, the
crucible was sealed with lid to not allow the powder
spreads in the furnace when injecting Argon (Ar) gas,
then placed in the CARBOLITE tubular furnace (Carbolite
TZF 12/100/-900, Hope Valley, UK). The crucibles
(samples and pack mixture) kept in the furnace at room



S. Djemmah et al. / IJE TRANSACTIONS A: Basics Vol. 36 No. 10, (October 2023) 1773-1782 1775

temperature (25°C +1) under Argon gas injection,
keeping the outlet of the furnace open to ensure that most
gases were eliminated and escaped from the system then
the tube furnace outlets were closed in order to proceed
with the coating process (see Figure 1). The treatment
was prepared with a heating rate of 6 °C/min and kept
this heating rate value during all the coating process. The
samples were not prepared in a glove box to ensure a
small quantity of oxygen that will interact with the
powder, knowing that the gases and oxygen escaped will
be removed by argon injection.

During the chromizing process, the temperature was
reached 50°C at the beginning and held at this value for
1h. This was to avoid thermal shock, which damages the
crucible. On the other hand, to provide that the starting
temperature is uniform throughout the surface and allows
for a controlled and consistent heating process.
Afterward, the temperature was increased to 1050 °C (6
°C/min), and then held for 8 hours in a furnace under
Argon (Ar) injection. For cooling down, the samples
were kept in the furnace under Argon gas and then they
removed.

Investigation of the morphology and composition of
the Cr and the Cr-Mg coated alloy was evaluated using a
HIROX SH-3000 Desktop scanning electron micros-
cope (SEM) (HIROX, Tokyo, Japan), integrated with
energy dispersive X-ray spectroscopy (EDX) BRUK-
ER/AXSI. Thus, the coating surfaces were metalized
with conductive layer of gold (Au) before scanning

Argon return

Fumace

\ Argon outlet

=

Alumina curcible Fumace

substrate

Pack mixture

Figure 1. Explantory schematic of the chromizing process
setup

TABLE 1. Composition and content of chromized pack
mixtures

Component Content (wt.%)

Cr coated Cr-Mg Coated
Cr 20 20
Al20; 75 72
NH.CI 5 5

Mg / 3

electron microscopy, which accounted for the appearance
of gold (Au) peaks in the EDX spectrum. The
metallization was performed with Denton Vacuum Desk
V (Denton Vacuum, Philadelphia, USA). A non-contact
optical profilometer type WYKO NT1100 (Sensofar,
Terrassa, Spain) with a magnification objective of 20 x
NA 0.15; was utilized to measure the roughness without
scratching the coated layers (Cr and Cr-Mg). Adhesion
of the coatings was evaluated using a progressive linear
scratch test in range of about 1 to 20N. Therefore, tests
were performed using a CSM scratch instrument (CSM
Instruments SA, Peseux, Switzerland). The parameters
are shown in Table 2. Moreover, the scratch track was
analyzed by optical microscoy type Nikon Eclipse
LV100ND (Nikon instruments, Tokyo, Japan).

3. RESULTS AND DISCUSSION

3. 1. Microstructure and Phases Investigations
Figure 2 represents SEM micrographs of Cr and Cr-Mg
coated surfaces. As can be seen, the chromized surface
without Mg adding represents almost unifrom darker
rough structure, while a small particules were observed
in lighter color with a non-unifrom distribution along the
surface. This particules could be Cr oxides such as Cr,0s
and carbides [28]. Thus, the darker region can present the
chromium-rich region (Figure 2(a)) distributed across the
treated surface. Moreover, no cracks were visible on the
surface of the Cr chromized. However, it is known that
the deposition of Cr.Oz in some parts of the Cr coated
may lead to the apparition of cracks. Moreover, some
pores have been observed and according to the studies
conducted by Fan et al. [29], the kirkendall effect was
found to be responsible for pores and voids formation in
chromizing coatings.

In order to determine the thickness of chromized
coatings, three measurements were taken with optical
microscopy for each coating. The thickness was
confirmed with a contact profilometer with a diamond
stylus that was moved vertically and laterally in contact
with the coating to measure the thickness. However, the
thickness of the coatings was performed by Cr and Cr
doped with 3%.wt Mg coatings had a thickness about of
24.82um and 26.91 um, respectively.

In Figure 2(b), the structure of Cr doped with 3 wt.%
Mg is shown. The SEM image shows crystalline
microstructure with a non-uniform distribution of
particles size. The aspect appears lighter and smoother
than Cr chromized surfaces, where grain can be seen in

TABLE 2. Scratch test parameters under progressive load

Indenter type,  sliding speed Length of the
Load (N) R (um) (mm/min) scratch (mm)
[1-20] Diamond 38 4

Rockwell C, 200
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Figure 2. SEM micrographs of coated layer (top surface)
deposited by chromizing proce in cementation pack under
Argon gas at 1050 °C for 8h: (A) Cr chromized; (B) Cr-Mg
doped coating

grey with boundaries in lighter color. The growth of this
crystalline structure can be explained by the fact that the
coating develop crystal structure and new phases as result
of solid-state transformation occurs during the
chromizing process at high temperature such 1050°C.
Subsequently, the state solid-state diffusion can exhibit
movement, migration and rearrangement of the atoms
through the solid-state diffusion due to the concent-ration
gradient and causes the growth of this crystalline
structure.

A EDX analysis along the surface of the Cr and Cr-
Mg coatings is shown in Figure 3. The EDX spectrums
in the two coatings show an intense peak of Cr, indicating
that Cr is deposited on the surface, resulting in Cr-rich
regions that form more easily at higher Cr content [30].
Furthermore, the presence of Mg and O in the Cr-Mg
doped was also confirmed by the EDX scanline (Figure
3(b)), where the O peak appears in the Cr chromized is
more intense than that of Cr doped due to the formation
of Cr,03 in its surface (Figure 3(a)). It suggests that the
magnesium (Mg) could potentially react at high
temperature with the chromium (Cr) of the masteralloy
to form a layer containing oxides such as magnesium
chromium (MgCr20.) and forming this phase with samll
amount in the chromized structure. Thus, it acts as a

" gsfeV.
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Figure 3. EDX spectrum of the coated layers: (A) Cr
chromi-zed surface; (B) Cr doped with 3wt. % Mg

barrier against Cr,Osz formation hence enrich surface of
the metallic Cr. Our EDX results are in agreement with
the findings of Jafarnejad et al. [31]and Abbasi et al. [32],
where they studied the composition of the MgCr,04
oxide by the XRD and EDX analysis. Whereas, minor
amount of iron (Fe) and carbon (C) were observed, it is
related to the diffusion of the 430 SS substrate, which
reacted dur-ing chromizing process to form probabely
intermetallic compounds such as (Cr,Fe);Cs, CrsCsz and
Cry3Cs. They had FCC crystalline structures [33] and
they precipitate at the grain boundaries with different
amount in the chromized and doped layer according to
the previous studies [34]. Theses carbides enhance
hardness and increase roughness because they are
considered as britle phases [35].

On the other hand, the Cr and Cr-Mg coatings do not
contain any chlorine impurities left over from the che-
mical reactions occcuring during the chromizing process
at 1050°C. However, the chromized surface is composed
only of rich chromium (Cr), chromium carb-ides and
Cr,05 oxide, while Cr-Mg revealed more Chro-mium-
rich-zone and small amount of Mg oxide.

In previous studies by Zheng and Rapp [36], they
have been reported that during chromizing process and at
temperature about of 880°C, the substrate is subjected to
lose weight due to the evaporation of the volatile FeCl,
which reacts with the the substrate by diffusion , resulting
in porous coating. The formation of volatile FeCl, could
be produced by the following chemical reaction [37]:

CrCl,(g) + Fe (Substrate) —» Cr (s) + FeCl,(g) 1)
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The results shown in Table 3, represent the weight
measure of the substrate before and after the chromizing
process. The results demonstrate an increase of the
weight gain after chromizing, which may confirm the
absence of volatile FeCl; in the coated surfaces and that
they have not undergone mass consumption [37]. In
addition, Cr-Mg chromized showed an increase of 0.0436
g over that of Cr chromized (0.0247 g). This affirms the
role of Mg addition in the formation of rich-chromium
(Cr) and decrease the formation of crabide in the
chromium layer by diffusion process into the substrate.

7.83pm

3. 2. Surface Topography The surface roughness
parameters, a direct extension of the line roughness
parameters, are commonly used in optical profilometry
to describe the topography of chro-mizied coatings. The
roughness can be expressed as:

f
Ro =3 [f] 12(x,y) — z|dxdy @

where z (x,y) represents the height, and z is the average
of height over the surface area (A). The measurement of
average roughness (Ra) and mean roughness height (Rz)
were recorded using a non-contacter profilometer. Res-
ults are shown in Table 4.

Figure 4 represents 2D images of Cr and Cr-Mg
chromized coatings. It can be seen from Figure 4-A and
B, that the texture of Cr-Mg (3 wt.%) is different to that
of Cr chromized (Figure 4(b)). It can be justified by the
presence of particules and its non-uniform distribution ,
they have been observed previously by the SEM analysis
(Figure 2(a) and Figure 4(a)). These particules are
considered as an intermetallic phase which has a different
structure from the Cr. This leads to the increase of the
roughness on the surface and causing the clustered
morphology within a microscopic regime observation
(3D image: Figure 4(c)). Clusetred morp-hology is due to
solid-state diffusion and chemical reactions occuring that

583 ym

7.8um

0,0 pm

TABLE 3. Measurements of weight changes before and after
chromizing process

Weight (g)
Coating
Before chromizing After chromizing
Cr 0.9245 0.9164
Cr-Mg (3wt.%) 0.9492 0.960

" ~
046/%

Figure 4. 2D and 3D optical profilometer images: (a), (c) Cr
chromized surface; (b), (d) Cr doped with Mg surface

TABLE 4. Surface roughness parameters for the Cr chrom-ized
and Cr doped coatings reported for 20x magnification

Roughhness parametrs (20x NA 0,15)

Sample . o .
Ra [pm] Rz [um] occur during the chromizing process, which can affect
430-SS 1918 9348 the surface characteristics hence its mechanical
properties. Deposition of Cr,O3 can also increase the
Cr coated 1.039 7.834

roughness of the coated substrate [38].
Cr-Mg coated 0.315 5.803 The distribution of the Cr-Mg surface is more uniform
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and it did not show topological defects (Figure 4(d)), such
as particles inclusions, asperities, pores and voids which
may explain the smoothness of the surface (Ra=0.315 um)
[39], it can be related to the to the characteristics of the
mixture pack used in this chromizing process [20], where
the dopant element (Mg) may act as a particulates refiner.

In the absence of Mg dopant, the roughness of the Cr
chromized surface increased three times about of 1.039
pm, compared to the doped Cr-Mg , which showed an
average roughness about of 0.315 um. The Mg improves
the roughness of 430 SS six times compared to its initial
state (Ra= 1.918 um). Acoording to Hou and Kang [40],
coatings containing Mg oxides could have a rough
surface. Whereas, it has been found that doping with Mg
decrease the surface roughness [26].

3. 3. Adhesion Testing The adhesion of the layers
was investigated by a progressi-ve scratch test, gradually
increasing the loading force from 1N to 20N applied load.
This scratched the coating surface with a loading rate of 38
N/min. Hence, it caused a scratch length of 4mm (Table 2).
However, different behavior can be exhibited in the
recorded diagram of penetration depths (Rd and Pd) of
the Cr (Figure 5(a)) and Cr-Mg (Figure 5(b)) chromized
layers. The first critical load (Lc;) of the Cr chromized
was observed at Lci = 3.91N, at which point cracks
occurred during scratch loading. The initial observed
critical load of the Cr doped with Mg was about Lc; =
7.32N, revealing minor cracks at this stage. It is
considered a lower critical load ac-cording to the studies
of Leeetal [7].

Considering that the recorded critical load
(determined by Lc) may be considered as an indicator of
strength adhesion and adhesion failure [41].
Accordingly, the Cr chromized at the second and third
recoded critical load; Lc, = 7,75N and L = 15.85 N,
respectively. showed a significant and visible damage
corresponding to the occurrence delamination failure and
the beginning of the pull-off of the layer from the coated
surface. Though the Cr doped resisted until Lc, = 19.21
N and did not show any delamination, it experienced
plastic deformation despite that. The adhesion strength is
classified as HF1 an excellent quality for the Cr-Mg
doped, indicating that Cr doped exhibits no detachment
or delamination when subjected to scratch test, while the
Cr chromized is classified as HF2 .

The trends of the penetration depth (Pd) and residual
depth (Rd) were similair until averaged to 20 um, then
increased and averaged approximetly 140 pum after the
critical load Lcs = 15.85 N (Figure 5(a)). This behavior
can be explained by the fact that the Cr chromized
experienced a failure mode at this critical load (Lcs),
which caused the increase in Pd and Rd values. The
increase of the penetration depth is caused by the rough
surface conditions and by the crack formation after
subjecting to the scratch test.

On the other hand, the trends of Pd and Rd profiles

for the Cr-Mg doped remain stable and unifrom where its
penetration depth (Pd) increased at a maximum depth
value of 32 um and Rd practically increased with a very
low trend (Figure 5(b)), but still lower than those of the
Cr chromized (Figure 5(a)). This result, can be attrib-uted
to the uniform and smooth fine matrix and surface of the
Cr-Mg doped (Table 4), which could limit the amount of
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Figure 5. Plot of penetration depths after scratch progressive
test under load range of 1 to 20N: A- Cr chromized; B- Cr-
Mg doped
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penetration and residual deformation that occurs before
failure and remain the surface to be more resistant to
deformation .

Elastic recovery ratio Er (%) is one of the physical
properties describing viscoelastic surfaces. (Er) can be
calculated by the following equation;

Pd—-Rd
Er % = ———x 100 (3)
where, Pd is the penetration depth and Rd is the residual
depth measured against the applied load.

The results of the elastic recovery ratio (Er) measured
for the chromized coating tested are shown in Table 5.
The results reveal that the highest elastic recovery ratio
(Er) is recorded for the Cr-Mg chromized surface, and it
indicates an excellent viscoelastic behavior of the coated
surface compared with that of Cr chromized.

Figure 6 show optical microscopic observations of
scratch tracks. The surface of the Cr chromized was dark
so it was hard to create the proper reflection to the
recorded image at high resolutions (high magnifications)
hence the image of scratch track showed a lighter area

TABLE 5. Depth penetration measurments after scratch test
Scratch parametrs

Coating

Pd [pm] Rd [um] Er [%0]
Cr chromized 141 60 57.85
Cr-Mg chromized 32 75 76.56

Figure 6.Optical rﬁicrographsof scratch tracks aft r 1-20N
applied progressive load: (A) Cr chromized; (B) Cr-Mg
chro-mized

(Figure 6(a) and (b)).The scratch test trace of the Cr-Mg
chromized showed tiny minor cracks at the first critical
load Lci= 7.32 N (Figure 6(d)), while a plasticity at the
edge area and very slightly shedding were observed. It
indicates that the Cr-Mg layer in response to the applied
progressive load varying from 1IN to 20N, deforms
plastically without fracture, delamination or material
removal (Figure 6(c)). However, the Cr-Mg (3wt.%)
doped layer tends to have a high resistance to plastic
deformation. This means that the surface can recover its
shape easily and its less subject to permanently deformed
or damaged by the scratch test. As shown in Table 5, the
doped layer exhibited an excellent elastic recovery ratio
of about Er=76%. Despite this, very small areas of
shedding caused by the minor cracks, which is con-
sidered acceptable and normal for the coatings as
described by Vidakis et al. [42]. Moreover, the prop-erty
indicates that coatings are tough and they are not
damaged by deformation. On the other hand, the Cr
chromized under the major critical load Lcs = 15.85 N
experienced a plastic deformation followed by arc tensile
cracks and beginning of a delimitation failure. Along the
track, removal of material was detected (Figure 6(a)).

4. CONSLUSIONS

The results of this present study showed the effect of the
addition of Magnesium as a doping element in the pack
mixture of the chromized layer conducted at 1050°C. The
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addition of Mg caused substantial changes in the
microstructure, resulting in a crystalline structure without
pores, cracks or rough particles. As a result of the EDX
analysis, there is an increased rich-chromium deposition
on the surface of the doped layer, which confirms that
Mg enhances the diffusion of chromium (Cr) in the
surface of the AISI 430. During the chromizing process,
Mg reacts as a barrier to the formation of chromium
oxides such as Cr,Oa. It is replaced by a small region of
magnesium oxide reacted with Cr, which is believed to
be more protective than Cr,Oz oxide. Moreover,
intermatallic phase formation, including CrC, Cr;Cs and
Cr23Cs, was less in the doped layer than in the chromized
layer. Surface characteristics studies showed a desirable
improvement of the Cr-Mg layer. Furthermore, Mg
addition resulted in a significant improvement in surface
roughness, three times lower than the chromized surface.
However, this enhancement in roughness improved
resistance against scratch-induced damage, as the doped
layer successfully withstood a progressive load ranging
from 1IN to 20N. Therefore, strength adhesion was
19.21N before failure, which is classified as HF1 quality.
However, failure was observed in the form of plastic
deformation without fractures, due to its high elastic
recovery ratio Er = 76%. In contrast, the chromized layer
revealed cracks, plastic deformation, pores, and material
removal. It had a strength adhesion of 15.85 N and an
elastic recovery ratio of about Er = 57%. In conclusion,
adding Mg to the pack mixture of the chromized coating
can enhance microstructure, roughness and adhesion
characteristics.
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