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Abstract—13Cr-4Ni and 16Cr-5Ni martensite stainless
steels were pack boronized at 950 and 1000 °C. These samples
were further tempered at 600 °C for 2 h. Pack boronizing lead to
the development of boride layer on the MSS Substrate.
Immersion tests were conducted in 0.1 M H,SO, and 0.06 M
HCI media. SEM micrographs reveal the surface morphology of
all the samples post immersion tests. Potentiodynamic
polarization tests were also conducted in 0.6 M NaCl solution.
Boronized samples show a reduction in weight loss as compared
to their bare counterparts in the given immersion media.
However, the polarization curves demonstrate inferior corrosion
performance of the boronized samples.
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l. INTRODUCTION

Martensite stainless-steel grades (MSS) such as 13Cr-4Ni
and 16Cr-5Ni are used in the fabrication of hydro-turbine
components such as blades and engine components [1]. MSS
grades are preferred owing to their high strength, low
temperature ductility, toughness and corrosion resistance
properties [2][3]. The metastable phase of martensite is achieved
by quenching from the austenite phase which imparts high
hardness to these grades of steels. Martensitic stainless steel
(MSS) is prone to pitting corrosion in environments containing
aggressive anions like chloride ions (CI-). These ions can
penetrate the passive protective film on the material's surface,
leading to localized dissolution [2]. In hydro turbine blades, this
issue is further exacerbated by the continuous impact of silt
particles in freshwater, which repeatedly disrupts the passive
film [3]. Although chromium in MSS promotes passivation, the
silt-induced damage impairs the material's ability to repassivate
effectively. Additionally, microstructural defects and pores
further accelerate material degradation, increasing the risk of
component failure. While many studies focus on enhancing
surface hardness to mitigate erosion and cavitation, it is crucial
to also investigate the electrochemical interactions, as the
corrosive environment can significantly intensify material
deterioration, both independently and in combination with
cavitation-erosion phenomena [4][5]. Studies have shown that
surface treatments can enhance both hardness and corrosion

resistance [6-9]. Carburizing, nitriding and boronizing are some
of the common techniques employed [10-12]. Among these
techniques, boronizing is the simplest and cost-effective method
which increases the hardness as well as the corrosion resistance
of the substrate material [13]. Boronizing is a diffusion coating
method where the B atoms occupy the interstitial spaces and
form borides with the substrate alloy. Generally, boronizing steel
yields a layer comprising of iron borides (FeB, Fe;B) and in
some high alloy content steels additional borides are also
reported [14]. Pack boronizing method is most often used for the
boronizing of stainless steels. For boronizing steels, the process
parameters of; boronizing temperature and duration are usually
selected in the range of 850-1050 °C and duration of 4 - 8 h
respectively. Process optimization specific to the substrate alloy
is crucial in obtaining the requisite layer thickness and
composition [15]. Several studies have shown the effect of
boronizing on the corrosion resistance of various steel grades.
Kayali et al boronized AISI 316L stainless steel for 2 and 6 h at
800 and 900 °C respectively and reported that boronizing
enhances the corrosion resistance in HCI acidic medium [1].
Yusuf et al boronized AISI 316L stainless steel 2 and 6 h at 800
and 900 °C respectively and reported that boronizing caused a
decline in the corrosion current density values in simulated body
fluid medium [2]. Cetin et al boronized AISI 904L at 900, 1000
and 1100 °C for 2, 4, and 6 h and reported that boronizing did
not effectively enhance corrosion resistance in NaCl medium but
the values of corrosion parameters obtained were comparable
with AISI 316 stainless steel [3]. Naemchanthara et al boronized
AISI 304 stainless steel 800 °C, 850 °C, and 900 °C for 2 hours
under an argon atmosphere and reported an enhancement in the
corrosion behavior of the boronized SS in NaCl medium [4].
From the available literature it can deduced that most studies
focus on boronizing of austenite grades of stainless steels and
the corrosion performance is influenced by various parameters.
Also, limited studies are available about the corrosion
performance of boronized MSS. Therefore, the present work
focuses on assessing the corrosion behavior of 13Cr-4Ni and
16Cr-5Ni MSS for the processing parameters chosen in both
acidic and chloride medium. The SEM and XRD analysis will
help in comprehending the degradation behavior and surface
chemistry of the corroded samples.



Il. MATERIALS AND METHODS

A. Material processing

As cast 13Cr-4Ni and 16Cr-5Ni MSS were procured from
BHEL, Haridwar, India. Their composition was assessed using
wavelength dispersive X-ray fluorescence spectroscopy and is
given in Table 1. Powder pack boronizing (pack composition;
Silicon carbide 90 wt%, Potassium tetra fluoroborate 5 wt% and
Boron carbide 5 wt%) technique was used to boronize the
samples at 950 and 1000 °C for 6 h followed by tempering at 600
C for 2 h. Figure 1. shows the cross-section of the boronized
sample. The important features that can be noted are i. cross-
section can be clearly separated into three zones: the boronized
layer, intermediary diffusion zone and substrate, ii. thickness of
the boronized layer is non-uniform and ranges between 40-90
um, iii. FeB is seen in the exterior and Fe,B is seen toward the
interior on the boronized layer and iv. Pores are seen but micro-
cracks are not seen in the boronized layer. The process
parameters (boronizing temperature and duration) were chosen
to achieve optimum combination of layer thickness, morphology
and mechanical properties of the boronized layer which was
reported in a previous study [16]. The details of layer thickness
and composition are tabulated in table 2 [16].

Figure 1. SEM micrograph of 13Cr-4Ni MSS boronized at 950 °C

B. Electrochemical behviour

Potentiodynamic polarization was performed using Gamry
1000® potentiostat at ambient temperature in 0.6 M NaCl
solution. An initial delay of 1800 s was provided to achieve
stabilization before the polarization tests. Saturated Calomel
Electrode was used as reference electrode; a platinum mesh
counter electrode was employed and the boronized sample with
an exposed area of 0.785 cm? was the working electrode.
Standard scan rate of 0.167 mVs-1 (both forward and backward
scan) and a peak current density of 10 mA/cm? were used for
polarization tests. Immersion tests were performed in two acidic
media: 0.06 M HCI (non-oxidizing acid) and 0.1M H,SO.
(oxidizing acid) at room temperature for a duration of 72 h as
per ASTM G31 standard and the weight loss was measured at a
regular interval of 6 h. Samples were immersed in 100 ml of 5
vol% of 0.06 M HCl and 0.1 M H.SOj4 solution separately. After
every 6 h interval the sample was scrubbed gently using soft wire
brush, washed with soap water and rinsed in distilled water

before measuring weight loss. For immersion tests, samples of
10 X 10 X 2 mm were cut from the billets and for the electro-
chemical tests circular sample of 30 X 5 mm were used. The
samples were polished using various grit sizes of silicon carbide
abrasive papers and boronized before subjecting to electro-
chemical tests. The corrosion rate of the samples subjected to
immersion test was evaluated using the equation:

C.R=87.6 X (W/DAT). (1)

where W, D, A and T are weight loss (mg), density (g/cm-3),
area of the sample (cm?) and time of exposure (h) respectively.

TABLE I. CHEMICAL COMPOSITION (IN wT%)
ial Elements
Materia c Si [ cr | Ni | Mo Fe
13Cr-4Ni MSS 0.020 0.84 13.2 35 0.55 Balance
16Cr-5Ni MSS 0.021 143 15.9 4.9 0.99 Balance
TABLE Il LAYER THICKNESS AND COMPOSITION OF
BORONIZED LAYER [16]
Material Processing
Parameters 13Cr-4Ni 16Cr-5Ni 13Cr-4Ni 16Cr-5Ni
950 °C 950 °C 1000 °C 1000 °C
Layer
thickness 40-55 75-90 35-50 55-70
(Hm)
FeB, Fe2B,
Composition FeB, Fe,B '(::erBé F&?% FeBI\,I iFEZB' CrB, Cr;B,
= e : NiB, Ni,B

C. Microstructural characterization

The imaging of the samples (both bare and boronized)
subject to immersion tests was accomplished using FEI Quanta
200F scanning electron microscope (SEM) equipped with
energy dispersive spectroscopy (EDS). A Rigaku SmartLab® X-
ray diffractometer was used to identify the phases present on the
immersion tested samples (both bare and boronized).

I1l.  RESULTS AND DISCUSSIONS

A. Immersion test

Immersion tests were conducted on the bare and boronized
13Cr-4Ni and 16Cr-5Ni MSS samples to measure the weight
loss occurring in two acidic media; 0.06 M HCI and 0.1 M
H>SO4 and are shown in Figs. 2 and 3 (a-b). The weight loss of
the samples varied from 1.1118 to 0.9854 mg/cm? and 0.735 to
0.065 mg/cm? in 0.1 M H;SO4 while 0.6354 to 0.565 mg/cm?
and 0.0135 to 0.0095 mg/cm? in 0.06 M HCI for bare and
boronized samples, respectively. Maximum weight loss was
observed for bare samples in comparison with boronized
samples in both acidic media. Also, the weight loss increased in
0.1 M H,SO4 as compared to 0.06 M HCI for all the samples.
The trend of the weight loss curves is almost linear (weight loss
increases over time). The important observations that can be
made from the weight loss curves are that for both grades of




MSS, boronized samples show significant reduction in weight
loss over bare samples, in comparison with boronized 13Cr-4Ni
MSS, 16Cr-5Ni MSS shows lesser weight loss and among the
boronizing temperature of 950 and 1000 °C, both grades of MSS
boronized at 1000 °C show lesser weight loss. The corrosion
rates measured from the weight loss values for boronized 13Cr-
4Ni and 16Cr-5Ni MSS at 950 and 1000 °C are tabulated as
shown in table 5. The calculated values are consistent with the
observations made from Figs. 2 and 3 (a-b). Bare samples have
higher corrosion rates, boronized 16Cr-5Ni MSS shows
reduction in corrosion rates in comparison with13Cr-4Ni MSS
and 16Cr-5Ni MSS boronized at 1000 °C shows the least
corrosion rate in both acidic media.
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Figure 2. Weight loss in acidic (0.06M HCI, 0.1M H,SO,) media of (a) all
samples and (b) enlarged portion of Fig (a) consisting of only boronized
specimens of 13Cr-4Ni MSS
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Figure 3. Weight loss in acidic (0.06M HCI, 0.1M H,SO,) media of (a) all
samples and (b) enlarged portion of Fig (a) consisting of only boronized
specimens of 16Cr-5Ni MSS

TABLE IlI. CORROSION RATE
Test condition Corrosion rate (mm/yr)
Bare 950 °C 1000 °C
H,SO, | 13Cr-4 Ni MSS | 0.1713 0.0116 0.0112
16Cr-5Ni MSS | 0.1522 0.0114 0.0101
HCI 13Cr-4 Ni MSS | 0.0983 0.0021 0.0019
16Cr-5Ni MSS | 0.0872 0.0019 0.0014

SEM micrographs (Figs. 4 and 5 (a-f)) reveal that for the bare
samples presence of large pits and corrosion scales are observed.
However, for the boronized MSS grades micro-cracks and
cracks are observed. The cracks are more pronounced when the
samples are immersed in H,SO4 than in HCI, the effect of
boronizing temperature has no effect on the corrosion
mechanism irrespective of the acidic medium and similar
features can be seen on both grades of boronized MSS and the
attack of the 0.1 M H,SO, on MSS grades boronized at 950 °C

is severe in comparison with samples boronized at 1000 °C
while the attack of 0.06 M HCI on the MSS grades at 950 and
1000 °C are similar. Further, the integrity of the boronized layer
and the surface chemistry of the samples subject to immersion
test was analyzed using XRD. For the boronized samples
immersed in 0.1 M H;SO,, the spectra (Fig. 6(a)) reveal the
prominent phases of Fe.B, FeB, FesOs4, FeOs; and CrOsz and
when immersed in 0.06 M HCI (Fig. 6(b)), Fe:B, FeB, FeCly,
Fe;0s, Fes04, CrO; and BsO were observed. The presence of
Fe,B and FeB in all cases shows that irrespective of the acidic
media the boronized layer is not compromised. Also, the careful
comparison of the XRD results between i. boronized 13Cr-4Ni
and 16Cr-5Ni MSS show several similarities, yet the oxide
peaks are more prominent in the latter and ii. at boronizing
temperature of 950 °C minimal presence of Fe;O3 and FezOs is
seen as compared to 1000 °C for both 13Cr-4Ni and 16Cr-5Ni
MSS. These results are consistent with the weight loss seen in
Figs. 2 and 3 (a-b). Kartal et al studied. effect of immersing
borided DIN EN10130-99 and DC04 low carbon steel steel in
various oxidizing and non-oxidizing acidic media and reported
higher weight loss in H,SO4 due to severe pitting as compared
to HCI media [5]. G. K. Kariofillis et al also studied the effect of
specific acids (H2SO4, HCI and HPOs) on borided AISI H13
Steel and reported pitting to be the main degradation mechanism
for samples immersed in H,SO4 [6].

In the present study, similar effects of acidic media on
weight loss are observed but the corrosion mechanism of
boronized samples is different. This is because the grades of
steel used in afore mentioned studies contain a lower percentage
of alloying elements, especially Cr and Ni which are pivotal in
affecting the chemical interaction between the boronized layer
and acidic media. The presence of chromium borides (Cr;B,
CrB) on the layer due to the precipitation of Cr from the solid
solution causes intergranular attack which manifests as cracks
on the surface. As the attack of acidic media continues these
cracks become more pronounced and lead to degradation of the
material. The corrosion mechanism of boronized MSS grades
observed in both media (Figs. 4 and 5) shows no signs of pitting.
However, increased corrosion resistance of the boronized MSS
grades during immersion may be due to uniform kinetics of
reaction. Also, NaCl salt solution, used as the electrolyte in
cyclic polarization, increases the ionic conductivity; due to the
presence of Cl- ions, attacks more aggressively and can penetrate
protective passive films while acidic media (H.SO4 and HCI)
aids passivation due to the presence of H* ions.

(a) 13 MSS T@ y = 13Cr-4Ni.
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Figure 4. SEM images of surface of bare and boronized (a-c) 13Cr-4Ni and
(d-f) 16Cr-5Ni MSS after immersion in 0.1 M H,SO,solution for 6 h
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Figure 5. SEM images of surface of bare and boronized (a-c) 13Cr-4Ni and
(d-f) 16Cr-5Ni MSS after immersion in 0.6 M HCl solution for 6 h
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Figure 6. XRD analysis of boronized 13Cr-4Ni and 16Cr-5Ni MSS subject
to immersion in (a) 0.1 M H,SO,and (b) 0.06 M HCI

B. Potentiodynamic polarization test

The potentiodynamic polarization curves of the bare and
boronized samples are as shown in Fig. 7. The corrosion
potential (Ecorr) and corrosion current density (lcorr) are also
calculated from these curves. The Ecorr Values of boronized MSS
is more active by atleast 200 mV and as high as 310 mV in
comparison with their bare counterparts. The corrosion current
density is also slightly higher for the boronized samples. The
bare samples exhibit passivation tendencies while constant
corrosion is observed in the case of boronized samples. For
boronized samples, some electrochemical noise is observed in
both the anodic and cathodic regions which is due to the
constant repassivation of the metastable pits. Specifically, more
electrochemical noise is observed in the case of 16Cr-5Ni MSS
boronized at 950 °C. In the cathode region, all samples show a
diffusion-controlled regime which indicates that in the aerated
NaCl solution, the lcor values are determined by the oxygen
reduction kinetics which serve as the rate limiting factor. In the
anode region, the bare and boronized samples show varied
behavior. In the anode region, the polarization curves of the
bare samples initially demonstrate passivation tendencies with
the Ecor Values shifting towards nobler potentials up to 1pA/cm?
beyond which the passive film ruptures and the corrosion
current density constantly increases. However, boronized MSS
does not show any passivation tendencies, and material
corrodes constantly. The surface inhomogeneities in the
boronized layer allows for electrochemical activity as the
corrosion medium can penetrate beneath the boronized layer.
Also, the possibility of partial sensitization during boronizing,
and Cr tendency to form CrB and Cr,B both of which leads to
Cr depletion from the solid solution thereby limiting the
passivation tendencies of boronized MSS and causes
intergranular corrosion [22] .
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IV. CONCLUSIONS [11]
The corrosion resistance of boronized MSS grades was
evaluated, and the important findings can be summarized as
follows.
1. The electrochemical potential of the boronized MSS grades 1
are lower than that of their bare counterparts due to their
inability to passivate.
2. The immersion tests show lesser weight loss of boronized and
samples in both acidic media which could be attributed to
uniform kinetics and passivation supported by the H* ions and [13]
corrosion products.
3. The values of I are much higher for the boronized samples
due to uniform corrosion of the boronized samples.
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