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Abstract: The serviceability and ultimate strength of concrete elements within reinforced structures are affected
negatively due to corrosion of steel bars. In the present paper, investigations were carried out to study the
corrosion behavior of protected low carbon ribbed reinforcing steel with boron in concrete. The ribbed steel bars
were in size of @12 and @14, and they were coated with boron. The coating process was carried out at 800, 900
and 1000 oC for 2 h and 4 h, respectively. Depending on the boriding parameter the boride layer thickness on the
surface of borided rebars ranged from 32.58 um and 213.74 pm. After boriding, the rebars were embedded into
the concrete and exposed to rapid corrosion test. The results show that the corrosion rate and cross section loss of
protected steel bars decreases when compared to unprotected rebars. Corrosion beginning time of borided rebars
delayed about 2 times when compared to plain rebar. Boride layers reduced the corrosion rate of the
reinforcements by 2.39 to 10.65 times and the section losses of the reinforcements by 2.54 to 4.72 times
depending on the boriding temperature and duration.

Keywords: Rebar; borlama, corrosion; protection.

Borlanms Donatinin Mikroyapisal Karakterizasyonu ve Korozyon Direnci

Oz: Celik cubuklarm korozyona ugramasi nedeniyle betonarme yapilarda hizmet verilebilirligi ve nihai
dayanimi olumsuz etkilenmektedir. Bu ¢alismada borlanmus diisiik karbonlu ingaat ¢eliginin mikroyap1 ve
korozyon davraniglari incelenmistir. Calismada @12 ve @14 ebatlarinda nerviirlii ¢elik ¢ubuklar kullaniimistir.
Celik donatilarin borlama islemi sirastyla 800, 900 ve 1000 °C’de 2 ve 4 saat siiresince gergeklestirilmistir.
Borlama parametresine bagli olarak, borlanmis donatilarin yiizeyindeki boriir tabakast kalinligi 32.58 pm ile
213.74 pm arasinda degismektedir. Borlama igleminden sonra, donatilar betona gémiiliip hizli korozyon testine
tabi tutulmustur. Borlanmis ¢elik ¢ubuklarin kesit kayiplarinin ve korozyon hizlarimin borlanmamus ¢elige gore
oldukga diisiik ¢ikmigtir. Borlanmig ingaat demirinin korozyon baslama zamani, borlanmamis ingaat demiri ile
karsilastirildiginda yaklasik 2 kat gecikmistir. Boriir tabakalari, borlama sicakligina ve siiresine bagli olarak
donatilarin korozyon oranini 2,39 ila 10,65 kat, donatilarin kesit kayiplarini ise 2,54 ila 4,72 kat azaltmustir.

Anahtar Kelimeler: Ingaat demiri; borlama; korozyon; koruma.

1. Introduction

Durability in concrete materials is defined as the ability or resistance of concrete in environments
exposed to abrasion, weather conditions and chemical attacks while maintaining material
performance and service life in any environment [1]. Reinforced concrete is one of the most
commonly used construction materials. During their service, reinforced concrete structures are
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subjected to multiple physical and chemical degradation factors. Reinforcements in all structures
provide structural security. However, corrosion of steel bars embedded in concrete is one of the
main causes affecting the long-term performance of reinforced concrete structures. As a result of
the penetration of substances into reinforced concrete structures, they cause deterioration in
concrete and deterioration of reinforcements [2,3]. Steel embedded in quality concrete is protected
by the high alkalinity of the concrete. The presence of oxygen passivates the steel. Due to the loss
of alkalinity, the carbonization of the concrete and the penetration of chloride, it can destroy the
passive film on the steel and the corrosion process starts quickly. Corrosion-related maintenance
and repairs for reinforced structure cost over $100 billion per annum in the world [4]. When the
steel reinforcement in the reinforced concrete structure is corroded, it causes section loss and its
adherence to the concrete decreases. Therefore, corrosion directly affects the strength of the
reinforced concrete structural member [5]. Corrosion products formed as a result of the corrosion
event have a higher volume than metal. Thus, in some parts of the section, the section decreases,
whereas in some parts, the section increases. These irregularities occurring in the section cause the
concrete to crack. The introduction of harmful substances into the cracking concrete is easier and
corrosion occurs faster. The durability of the reinforced concrete structural element largely depends
on the steel reinforcement used [6-9]. Many studies on the enhancing of mechanical properties of
rebars have been carried out. Ding and Poursaee (2017) examined the passivation and corrosion
performance of sandblasted steel embedded in concrete. They applied at different blasting times (5,
10, 15 minutes) and added solutions containing 3% chlorine ion after 14 days. As a result, they
observed a significant increase in corrosion resistance in sandblasted reinforcements compared to
non-sandblasted steel reinforcements [10]. They also found that during blasting times outside of 15
minutes, the thin passive layer and corrosion density increased [11]. This improvement was
proportional to the increase in the sandblasting time. Song et al. (2014), in their study, investigated
the effect of reinforcement on corrosion resistance by increasing the surface area of steel
reinforcement. They created a 25 um thickness NC layer with the help of a wire brush. The NC
layer formed with an average grain size of 50 um increases passivation. High-energy crystal defects
of nano grains cause the passive film of the SNC reinforcement bar to passively pass and increase
its stability [12]. In the light of the literature review, it is seen that many engineering materials and
applications are available for the improvement of surface properties [13]. Many methods were tried
in order to counteract the early steel rebar corrosion in concrete like providing epoxies on the
surface of the bar and various other methods but the provision of surface protection system was not
economical and, in some cases, have to be repeated over the period of the enhanced life. For this
reason, it has been searched for various solutions and alternatives to prevent corrosion damage [14-
16]. One of them is boriding of steel materials. Boriding is a thermo-mechanical surface hardening
process and forms a borides layer on the reinforcement surface [17]. The materials applied with the
borides layer can be made stronger against corrosion and wear [18]. Generally, thermal diffusion
processes take place at 700-100°C process temperatures to form a borides layer on metal [19]. In
this study, the resistances of boron coated rebars against corrosion in concrete was investigated by
subjecting two different diameter rebars to boriding process at different temperatures and times.

2. Experimental Program

2.1. Materials

The reinforcements used in reinforced concrete structures are generally produced from mild steel
with low carbon content. With too little carbon content (>0.2%) to thoroughly harden, it is
weldable, which expands the possible applications. The experiments of this study were performed

on ST-IIIa (S 420) ribbed reinforcement steel rebar specimens in size of @12 and ¥14. The
characteristic properties of rebar were presented in Table 1.
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Table 1. Characteristic properties of steel rebars

Properties Steel rebar, @12 Steel rebar, @14
Area (mm?) 113.04 153.86
Initial length (mm) 120 140
Last length (mm) 150.72 172.06
Yield force (N) 49967 68775
Tensile fore (N) 67711 86269
Yield stress (MPa) 442 447
Tensile stress (MPa) 599 560.7
Elongation, % 25.6 22.9

2.2. Coating of Rebars

In the study, boriding layer was performed as coating on the steel rebar surface. Boriding heat
treatment was carried out by using a solid boriding method with commercial Ekabor-11 powders.
Samples to be boiled in a steel container were placed with the powder mixture. The rebars are
placed in the boron box with 1,5 cm distance between them. After commercial ekabor 2 boron
powder was filled into it, the lid of the box was closed and plastered with fireclay mud to prevent
air from entering. Boriding heat treatment was performed in an electrical resistance furnace under
atmospheric pressure at 800°C, 900°C and 1000°C for 2h and 4h followed by cooling in air (Fig. 1).
The microstructures of polished and etched cross-sections of the specimens were observed under a
Nikon MAZ100 optical microscope.

Figure 1. Coating process of rebar by boriding

2.3. Sample Production and Corrosion Test

Two different aggregate sizes, 0/6 mm and 6/12 mm were used in the production of concretes. The
specific gravity of aggregates is 2.63 for 0/6 mm, and 2.69 for 6/12 mm. They were used in ratio of
50%-50%. In all mixtures, 350 kg of cement is used as binder. The workability values of the
produced concrete have been tried to be kept constant, and the slump value has been decided to be
around 20 cm. Concrete specimens were produced by using the cylindrical mould of size g100x200
mm. The reinforcement rebar was held in position and concrete was poured into the mold. After 24
h, the reinforced concrete specimens were demolded and cured in a water pool until the time of test
was reached. The specimen was allowed to cure for 28 days. The specimens were cast in constant
strength classes such as C25 for corrosion test.

The test setup consists of a constant DC supply providing constant voltage of 50 V. The test was
carried out in a 4% NaCl solution with an embedded reinforcement bar as a working electrode and a
copper bar as a counter electrode. The variable parameter current was recorded at every 20 min
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interval in constant voltage study. The set up was kept for until cracking of concrete samples
without disrupting the power supply. After cracking of concrete, the solution turned to reddish
brown in color due to the formation of rust. Then the specimens were removed from the set up,
dried in air, visually inspected and carefully split open to access the corroded steel bar.
Simultaneously, the temperature of the solution was recorded together with the voltage value. The
amount of corrosion in terms of mass loss of the reinforcing bar due to corrosion can be determined
by the following equation (1):

%W, = [(Wo-W)/W]x100 1)

Where, W, is weight loss after corrosion test; W, is the initial weight of rebar and W is weight of
rebar after corrosion test.

3. Results and Discussions

The thickness of the boride layer formed on the rebar samples is shown in Figure 2 and Figure 3. It
has been observed that the boride layer thickness increases with the increase in the boriding
temperature and time. Depending on the boriding parameter (temperature, time and rebar diameter),
the boride layer thickness on the surface of borided rebars ranged from 32.58 um and 213.74 pm.
Since the boriding process is a thermochemical process, temperature and time provide diffusion of
more boron atoms in rebar and cause the boride layers to grow [20-22]. Variation of the thickness of
the boriding layer with time at different boriding temperatures in Figure 4 is given. The highest
boriding layer (213.74 um) was obtained in samples borided at 1000°C for 4 hours. The lowest
boride layer thickness (32.58 um) was obtained in samples borided at 800°C for 2 hours.

(Control C) (Control C) / (800 2h)

.

2
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Figure 2. Microscope image of 2h borided rebar section before (a) and after corrosion (b)
depending on temperature for @14

Rapid corrosion tests are widely used by electrical stress method. Electrochemical cells arise from

electrical differential differences on steel reinforced steel reinforcement. In the steel one part

becomes anode and other part becomes cathode. They connected by electrolyte in the form of pore

water in the hardened cement paste [23]. It is well known that steel rebars exposed to corrosion

when ambient conditions are appropriate. Figure 5 and Figure 6 shows the current versus time
1138



Uygunoglu T., Gunes |, Celik A.G., Cinar E. ECJSE 2021 (3) 1135-1148

values during the accelerated corrosion test (12 reinforcement in Fig. 5, @14 reinforcement in Fig.
6). When the voltage is applied firstly to the samples, the current values begin to decrease. After a
while the current values reach the minimum value and become stable. It is understood that the
corrosion process started when the current started to increase again. The current values start to
decrease again after taking the maximum value.
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Figure 3. Microscope image of 4h borided rebar section before (a) and after corrosion (b)
depending on temperature for @14
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Figure 4. Variation of thickness of boriding layer with time at different boriding temperafures

Here, corrosion time for the started to increase is an indicator of cracking of concrete samples. It
can be clearly seen that borided reinforced concrete sample has lower current values than control
sample. However, corrosion starting time is also longer for borided reinforced sample when
compared to control sample. This is because of the boride layers mainly consist of intermetallic
phases (FeB, Fe,B and CrB) as a result of diffusion of boron atoms from the boriding compound to
the metallic lattice with respect to the holding time. Thus, electron flowing from metal to solution
carried out very slowly, and corrosion time increases by boriding of rebars.
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Figure 5. Comparison of current values for @12 borided reinforcement during corrosion test (a :
800°C; b: 900 °C; c. 1000 °C)

Corrosion starting time plays an important role in the service life and rehabilitation of reinforced
concrete structures [24-26]. In order to see the effect of reinforcement surface boriding on corrosion
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initiation times, the corrosion starting time was determined on Figure 7. It is clearly seen that
boriding on the surface of the reinforcement is very effective.
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Figure 6. Comparison of current values for @14 borided reinforcement during corrosion test (a:
800 °C; b: 900 °C; c. 1000 °C)
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For these two types of reinforced concretes, corrosion time of borided rebars about 2 times higher
than non-coated steel rebars. In other words, if the traditional reinforced structures with steel rebar
exposed to corrosion after 10 years, same structures will be corroded after 20 years when borided
rebar are used.
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Figure 7. Corrosion initial time of control and borided reinforced concrete (a: @12; b: @14)

After the corrosion test for the same period in Figure 8 and Figure 9, concrete samples were divided
and internal color change was examined (@12 reinforcement in Fig. 8, @14 reinforcement in Fig. 9).

Figure 8. Inner view of corroded @12 reinforced samples depending on boriding temperature
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Figure 9. Inner view of corroded @14 reinforced samples depending on boriding temperature

It is clearly seen that reinforcement with borided steel rebar has lower corrosion rust in the concrete
than produced with steel rebar. About all the concrete side along the steel is rusty area. On the other
hand, in the concretes produced with borided rebar, the rusty area is yet to reach the outer surface of
the concrete. Rebars were removed from splitted concretes and weight loss were determined after
cleaning. Figure 10 shows weight loss of rebars after corrosion experiment. The loss of weight of
steel rebar in concrete is determined as 12%. By coating the rebar surface with boriding, the loss of
weight is estimated as 3.9%. Figure 10 shows weight loss of control and borided reinforced rebar. It
is seen in Figure 10a and 10b that the weight losses of the control samples with a diameter of 12
mm are higher than the weight losses of the boronized samples.

The boriding process caused reductions in the corrosion weight losses of steel reinforcements. The
lowest weight loss was observed in the sample borided at 1000°C for 2 hours, while the highest
weight loss was obtained in the control sample (Figure 10a). Boriding process has reduced the
weight loss rate compared to the control sample by 265% at 800°C for 2 hours, 739% at 900°C for
2 hours, and 1088% for 1000°C hours for 2 hours. In the samples borided for 4 hours,% decreases
in weight loss amounts are as follows; It decreased by 180% at 800°C, 653% at 900°C and 242% at
1000°C. Boriding process reduced the weight losses compared to unborided samples at very high
rates and increased the lifetime of the steel reinforcement in concrete. It is observed that the weight
losses in 14 mm steel reinforcement are slightly higher than the 12 mm diameter reinforcement
(Figure 10a and 10b). However, it has been determined that the weight loss values of the borided
samples are quite low compared to the control sample. The reason for this is that due to the
increasing reinforcement diameter, the surface area where the rebar contacts with the concrete
increases. As the diameter of the steel reinforcement increases, the surface contact area with the
concrete increases. This means more corrosion contact area. As a result, as the surface contact of
the steel reinforcement increases, weight loss increases. The surface roughness values of steels
increase with increasing temperature and time of boriding. Krelling et al. (2019) borided AISI 1020
steel. They determined that it increased the surface roughness value from 0.17 + 0.09 before
boriding up to 2.36 £ 0.04 pum [27]. Gunes (2013) has borided AISI 8620 steel in plasma
environment with five different borax and B,O3; paste mixtures, and as a result, it has been
determined that the surface roughness values of all samples have increased with the increase in
boriding temperature and time [28]. Ergun et al. (2017) borided AISI 420 and AISI 5120 steels with
Ekabor 11 boron powder at 950°C for 5 hours and subjected to corrosion test in 4% M HCI. They
found that borided steels increase corrosion resistance 8 times compared to unborided steels [29].
Erdogan et al. (2014) GS18NiMoCr36 (GS 18) and GS32NiCrMo6.4 (GS 32) borided the gear
steels at 950°C for 2 and 6 hours and investigated the corrosion resistance in 6% M HCI acid. They
observed that the boriding process improved the weak corrosion properties of the GS 18 and GS 32
gear steels by 4 to 6 times [30]. Gunes et al. (2014) Examined the corrosion behavior by subjecting
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both plasma nitriding and boriding. They obtained higher corrosion resistance of the boriding
sample compared to both the unborided control sample and the plasma nitrided sample [31].
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Figure 10. Weight loss of control and borided reinforced rebar (a: @12; b: @14)

Figures 11a and 11b show the percent cross-sectional losses of 12 mm and 14 mm diameter rebar.
As the boriding temperature increased, the cross-sectional losses decreased the rebar. There are
micro cracks and scratches on steel reinforcements that will result from production. There are micro
cracks and scratches caused by production on steel reinforcements. As the boriding temperature
increases, the voids, pores and scratches on the steel reinforcement are filled with the boride layer
and become more resistant to corrosion. In addition, as the boriding temperature increases, the
boride layer thickness on the reinforcement increases. If the boriding temperatures and durations are
increased more, the boride layers become larger and thicker, the surface contact area increases and
the surface roughness values increase. Due to the high surface roughness values in the samples
borided for 4 hours, it increases the corrosion a little. The higher the roughness value in the steels
before boriding in steels, these rough places are filled with boride layers and the surface roughness
levels decrease as a result of boriding. However, if the surface roughness value of steel samples
before boriding is low, it increases the surface roughness value after boriding. Sahin (2009) borided
AISI 1020, AISI 1040 and AISI 2714 steels at 900°C for 2 and 4 hours, and made a study on how
the boriding process affects the surface roughness values of the steels [32]. In this study, it has been
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determined that the roughness values of the steels before the process are very important and the
surface roughness of the boriding process decreases the roughness values, while the surface
roughness value of the surface before the process increases the roughness value.
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Figure 11. Cross-section loss of rebars in size of a: @12 and b: @14 versus boriding temperature

In Figure 12a, the process of boriding at 800°C reduced the corrosion rate by 2.75 times in the 2-
hour borided sample and 2.34 times in the 4-hour borided sample. Boriding process at 900°C and
1000°C for 2 and 4 h, respectively, according to the control rate of the corrosion rate of 900°C-2 h;
6.47 - 900°C-4h; 6.12 - 1000°C-2h; 18.4 - 1000°C-4h; It decreased 2.4 times (Figure 12a). By
reducing the corrosion rates of steel reinforcements within the concrete, it will enable the building
of longer-lasting buildings. Similar results were obtained with the 14 mm steel reinforcement as for
the 12 mm steel reinforcement (Figure 12b).
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Figure 12. Cross-section loss of rebars in size of a: @12 and b: @14 versus boriding temperature
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The corrosion rates of the boriding process on steel reinforcements for 4 hours at 1000°C were
slightly higher than the samples borided for 2 hours at 1000°C. These results show us that the steel
reinforcements, which are borided for more than 2 hours at 1000°C, will not provide more corrosion
resistance and this time should be accepted as the boundary boriding process time in boriding.
Boriding of reinforcements 1000°C-4h caused increased roughness values on the steel surface,
increased surface contact area and increased the corrosion rate slightly. In addition, steels are not
desired to be exposed to high temperatures and times for a very long time. Because this situation
causes the growth of the grains in the steel and the decrease of their mechanical properties [33].
Therefore, they are required to be exposed to temperatures and times as low as possible in steels. In
addition, the boride layer thicknesses to be obtained with the increase in the temperature and
duration of the boriding increase more [34-37]. Thus, it closes micro cracks on rebar and reduces its
corrosion rate.

4. Conclusions

In the study, investigations were carried out to study the corrosion behavior of protected low carbon
ribbed reinforcing steel with boron in concrete. Following results have appeared:

e Reinforced concrete sample with borided steel rebar has lower current values than control
sample. However, corrosion starting time is also longer for reinforced sample containing the
borided rebar when compared to control sample.

e Electron flowing from metal to solution carried out very slowly, and corrosion time
increases by boriding of rebars.

e Corrosion time of borided rebars about 2 times higher than non-coated steel rebars.

e Boride layers reduced the section losses of the reinforcements by 2.54 to 4.72 times.

e Reinforcement with borided steel rebar has lower corrosion rust in the concrete than
produced with steel rebar.

e The loss of weight of steel rebar in concrete is determined as 12%. By coating the rebar
surface with boriding, the loss of weight is estimated as 3.9%.

e As the boriding temperature increased, the cross-sectional losses decreased the rebar.

e As the boriding temperature increased, the voids, pores and scratches in the steel
reinforcement were filled with the boride layer and became more resistant to corrosion.

e Boride layer thicknesses to be obtained with the increase of temperature and boriding time
have increased even more. Thus, by closing the micro cracks on the rebar and reduced the
corrosion rate.

e Boride layers reduced the corrosion rate of the reinforcements by 2.39 to 10.65 times
depending on the boriding temperature and duration.

Consequently, service life of reinforced structures which are under corrosion risk can be increased
two times by protecting the steel rebars by boriding. Boriding technology can be used the
alternatively to other rebar surface coatings.
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