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CORROSION BEHAVIOR OF LOW
ALLOY Ni-Cr-Mo STEEL AFTER
HOT FORGING FOLLOWED BY
INTERCRITICAL HEATING FOR
WEATHERED RESISTANT
FASTENER

Low Ni-Cr-Mo alloys is developed by thermomechanical process to
obtain high strength, toughness, and great hardenability properties.
the aim of this study is to determine the correlation between the
microstructure and corrosion properties after hot forging and
followed by intercritical heating with cooling rate variation. Low
Ni-Cr-Mo steel was homogenized, hot forgings at 950°C and heat
treated at 880 °Cwith three cooling variations by water, oil, and air.
Intercritical heating makes a dual-phase structure. Metallorgaphy
and hardness test is confirmed a mechanical properties. OCP and
cyclic polarization test is confirmed a corrosion behavior. As the
fast-cooling (water quenchant) show the lath martensite, bainite,
and a few of acicular ferrite. The hardness of the 75-ton result is
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slightly lower than the 50-ton load, is reached 591+9.4 VHN for

75-ton and 597+15.6 VHN for 50-ton. Polarization test resulted
corrosion resistance sample with 100 ton forging water quench has
a high corrosion rate 0.8 mpy, higher than air quench 0.01 mpy.

Keywords: Cyclic Polarization, Hot Forging, Intercritical Heating
Low Ni-Cr-Mo alloy.

1. INTRODUCTION

Over the past decades, continuous improvement has been made to acquaint High Strength Fastener Steel with
increased strength and corrosion resistance. The produce of high-strength fastener steel that is appropriate for
a high salt environment is a new challenge. AISI 8740 is a series nickel-chromium-molybdenum low alloy
steel with high strength, good toughness, and great hardenability properties, which is not found in lower
grade carbon steel. The forged Ni-Cr-Mo alloys are among the most versatile. This gradediscovers wide
application in the automotive industry,particularly in ring gears, racks and helical gears, pins, bearing races,
etc [1] [2]. In several amounts, chromium provides compact Cr,O3 protection in oxidizing conditions (nitric
acid or sulfuric acid solution). Simultaneously, Mo energizes the resistance in a less oxidizing (dilute acid
solution) and upgrades the localized corrosion resistance [3] [4].

Numerous studies have developed corrosion resistance, mainly from microstructural modification
by working on the thermomechanical and heat treatment process. The hot forged steel with low 1% Cr-0.20%
Mo consists of superfine acicular bainitic ferrite and refined martensite phase, leading to higher combinations
of yield stress and total elongation. The microstructure of the hot-forged steel is often governed by the size
and type of matrix structure, earlier austenitic grain size, second phase properties, and retained austenite
characteristics [5]. Regrettably, low Ni-Cr-Mo steel shows low hot plasticity, making it difficult to deform at
high temperatures [6]. In addition, the dual-phaseprovides a compressive long-range internal stress in soft
pro-eutectoid ferrite. Dislocation density was founded to expand the austenite phase during hot forging.
Besides that, carbide precipitation (CroN, M+Cs, or M23Cs) and sensitization arenot expected in Ni-Cr-Mo
alloys due to the negative effect on the corrosion resistance and plasticity [5] [6]. So, controlling the
parameter of hot forging, especially in the heating and cooling stage, is imperative to acquire low Ni-Cr-Mo
alloy without phase precipitation.

Low alloy steel’s mechanical and corrosion resistance depends on its composition, thermo-
mechanical history, and resulting microstructure. Martensite is the main factor in deciding the high
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mechanical and corrosion of the fastener. High strength is commonly provided by normalized and tempered,
oil-or water quenched and tempered conditions or the annealed condition due to having formed martensite
[7]. Herbirowo et al. [8] found that heat treatment of Ni-Cr-Mo Modification steel by oil quench and quench
temper has resulted in moderate hardness (around 43.6 HRc) dan high wear resistance (about 0.1 g/cm?) due
to martensite formed. Nakhaie et al. [9] also detailed that grain boundaries, twin boundaries, and martensitic
phase boundaries with stress concentration are all subject to preferential corrosion due to their high chemical
activity. The hot-forged preform distributes residual stress and has excellent machinability and a surface that
can be changed by chemical or mechanical treatment. However, there is limited research investigating the
effect of intercritical heating on microstructure and corrosion properties in the hot-forged low alloy Ni-Cr-
Mo steel. To obtain low Ni-Cr-Mo alloy with optimal mechanical properties and corrosion resistance, it is
necessary to know the optimal load forged and cooling rate of hot forging deformation.

2. METHOD AND MATERIALS

2.1. Materials

The steel used in this experiment is low Ni-Cr-Mo alloys, which are prepared by investment casting. The
nickel laterite, ferrochrome, ferromanganese, and ferromolybdenum are alloyed in the induction furnace
Inductotherm butterfly type at 1550-1650 °C. After homogenization, the chemical composition of molten
metal of Ni-Cr-Mo is determined by Optical Emission Spectroscopy (OES) Bruker Q4 Tasman, asshown in
Table 1. The design of these steels is comparable to AISI 8740. The Ni-Cr-Mo casting alloy is milled, which
is then used as a forging sample.

Table 1. Chemical composition of low Ni-Cr-Mo alloys

Materials C Cr Ni Mo Mn Si S P

Ni-Cr-Mo 0.4438 0.598 0.4273 0.3234 0.853 0.3988 0.0003 0.0121
Alloys

AISI 8740 0.38-0.43 0.4-0.6 0.4-0.7 0.2-0.3 0.75-1 0.15-0.3 0.04 0.035

2.2. Hot Forging and Intercritical Heating Process

Six samples with a dimension of @20 cm and 20 cm in height are subjected tothe hot forging process. The
surface is flattened with SiC paper to reduce a forging defect. All samples were heated at austenitization
temperature of 950°C for 1 hour in a muffle furnace (heating rate 5°C/s). Hot-forged in open die-one stage up
to a reduction strain of 18-30% using a 50 and 75-ton hot-forging machine followed by intercritical heating at
880 for 1 hour. Intercritical heating makes a dual-phase structure. To obtain high mechanical and corrosion
properties, the different cooling rate is used: water, oil, and open-air cooling.

Temperature (°C)
A Hot Forging 50 & 75 ton

950°C 3600 S

Water Quench
Oil Quench
Air Quench

880°C 3600 S

3

I'ime (S)
Figure 1. The schematic of the thermomechanical process of low Ni-Cr-Mo alloys
2.3. Metallographic and Hardness Test

For a metallographic test, all samples were prepared in 1x1 cm form, mounted with epoxy resin. Thus, the
pieces were wet-grounded with SiC paper (up to 2000 grit) and polished with 1 um alumina paste to attain a
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mirror-like surface. Therefore, the specimens are rinsed in an ultrasonic cleaner with deionized water.
Metallographic testing was carried out using an Olympus BX-53M optical microscope and 2% Nital etch. At
the same time, the five indentations of hardness test were carried out by Micro-Vickers tester with 5N loaded
for 10 s.

2.4. Polarization Test

The polarization test specimens were cut 1x1 cm, soldered with copper wire for electrical contact, and
mounted with epoxy resin. Hence, all samples were wet grounded up to 800 grit and polished by 1 um
alumina to reduce a scratch and assure the fresh film formation.The polarization test was carried out using the
Cyclic Polarization method in Gamry G-750 Instruments Potentiostats to study corrosion at a surface. Cyclic
polarization is described in ASTM G61. The potentiostats record the applied current to the cell that gives the
increase in potential. Three electrodes as reference electrode (saturated calomel electrode), as a counter
electrode (platinum wire), and as working electrode (the sample), which all of them was connected in a
circuit cell. All the tests are performed in 3.5 %wt--NaCl solution at room temperature. Before the
polarization test, specimens are immersed in the solution for 3600s for open-circuit potential (Eocp)
measurement. For pitting observation, the voltage is swept across a -0.5 V until 1.5 V range (5 mV/s of
forwarding scan), but then reversed back to the starting potential, with a 2.5 mV/s reverse scan.

3. RESULT AND DISCUSSION

3.1 Continuous Cooling Transformation (CCT) Diagram of Low Ni-Cr-Mo Alloys

CCT Diagram was simulated using JMatPro version 12, which predicts an austenite transformation with a
different cooling rate. CCT Diagram depends on temperature and holding time of austenitization stage, which
is depicted in Figure 2. The parameter in the CCT Diagram construction is 950°C austenitization, grain size
14.5 pum and chemical composition that has been shown in Table 1.
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Figure 2. CCT Diagram of AISI 8740 (black = ferrite, light green = pearlite, dark green = retained austenite, blue =
bainite, and violet = martensite)

Based on Figure 2, the full bainite transformation didn’t occur in 0.3-100 °C/s cooling rate but will frame
along with other phases such as pro-eutectoid ferrite (0.01 - 12 °C/s), retained austenite (0.01-10 °C/s), and
lath martensite (11-100 °C/s). Other than that, the low Ni-Cr-Mo alloy might contain bainite-ferrite in the
lower cooling rate (0.3-10 °C/s) and bainite-martensite in the fast cooling (12-100 °C/s) - the increasing
cooling rate leading to the decrease of bainite start (Bs) temperature. Transformation into bainite at the
cooling rate of 0.3 °C/s was around 587°C. Martensite start temperature at the cooling rate 20°C/s was around
441°C. It shows a very similar result to the CCT diagram of SA508 Gr4N reported by Kim [10] and 2/ Cr-
1Mo steel written by Tartaglia [11]. The higher cooling rate can drive force for the transformation, which
suppresses the pro-eutectoid ferrite formation, increasing the nucleation sites of bainite. In addition, the hot
deformation can cause dislocation and provide more nucleation [12].
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3.2 Microstructure analysis

The effect of forging loaded and cooling rate on the microstructure of low Ni-Cr-Mo steel is depicted in
Figure 3 with a magnification of 500x. The microstructure is dependent on the steel composition and
thermomechanical history.

Figure 3. Microstructure of low Ni-Cr-Mo after hot forging (a) 50-ton, (b) 75-ton water quench, (c) 50-ton, (d) 75-ton oil
quench, (e) 50-ton, (f) 75-ton air cooling.

From Figure 3, the final microstructure of Low Ni-Cr-Mo alloy is dominated by bainite structure. At
low temperatures, the microstructure of Ni-Cr-Mo steel is regularly in the ferrite combination, while at high
temperatures, the microstructure is in the austenite phase. As the fast-cooling (water quenchant) result, Fig 3
(a,b) show the lath martensite (likely needle form),bainite, and a few of acicular ferrite (slightly pointed
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shape) were consistently distributed. Acicular ferrite is caused by ferrite growth without diffusion, becomes
saturated in carbon in 0.01-12°C/s of cooling rate. Martensite is caused by carbon caught in body-centered
tetragonal structure with the diffusion-less shear process. The metastable phase depends on the non-
equilibrium cooling, the chemical composition, and section size of the forging [13]. Martensite lath has
gradually been refined with the cooling rate increase [14]. In the moderate cooling rate (oil quenchant), Fig
3(c,d) comprise of acicular bainite and ferrite. Fig 3(e,f) shows the pearlite and ferrite phase in the slow
cooling rate. The relatively fine grain structure and substructure of martensite and bainite allow superior
strength and toughness properties compared to ferritic-pearlitic [13].

All microstructure has related to CCT Diagram in Figure 2. The chromium and carbon addition had a
decreasing the bainite start-finish and martensite start-finish. Cr is carbide forming element, which can delay
the pearlite transformation. Mo can decrease the ferrite transformation temperature but increase the diffusion
activation energy of carbon in austenite and reduce the diffusion coefficient of carbon. It can also effectively
promote the formation of acicular ferrite [14].

For understanding the forged load effect, Fig 3(a,c,e) is compared to Fig 3(b,d,f). It clearly shows that
the 75-ton load has a slight refine than the 50-ton result. The differences may have resulted from pressure
deformation percentage during hot forging. On the other hand, as a result of the hot forging, a refined grain
structure is produced and provides segregation breaking up, void closure, grain size reduction, and fibrous
grain flow [13].

3.3 Hardness analysis

In this work, the microhardness test confirmed the resistance of localized plastic deformation induced by
mechanical indentation. The precisely cut diamond are used for the test with lighter loads. The hardness
value of low Ni-Cr-Mo after hot forging is depicted in Figure 4.
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Figure 4. Hardness of Ni-Cr-Mo after forging followed by intercritical heating

According to Fig 4, the hardness of the 75-ton result is slightly lower than the 50-ton load. In addition,
the hardness increased with the increase of the cooling rate. In fast cooling with water quenchant, the highest
hardness is reached 591+9.4 VHN for 75-ton and 597+15.6 VHN for 50-ton. Itis indicated that the grain size
becomes refined elongated, and the high density of defect during thermomechanical caused by the increasing
reduction ratio, which gives rise to strengthening mechanism and severely affects the phase transformation
[15]. However, hot deformation provides the driving force for microstructure transformation that depends on
recrystallization and grain growth during heat treatment addition. During the quenching, a thermal cycle
occurred which is affect the thermal gradient, thermal flux, and cooling rate. The water cooling has a lower
temperature faster than oil, and tends to increase in hardness as result of the martensite formation [16].

3.4 Polarization Analysis

The open-circuit potential is the potential where the total anodic current equals the total cathodic current. In
cyclic polarization, the voltage is swept across a range but then reversed to the starting potential. The surface
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is likely to be changed by the reactions during the scan. The corrosion behavior is influenced by
microstructure, grain size, alloy composition, secondary phase, oxide/passive film formed, residual stress,
and corrosion environment [17]. The OCP is shown in Figure 5 and Table 2.

-0,35

- water quench
- oil quench
- air cooling
- water quench
- oil quench
- air cooling

Potential (V)

T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Figure 5. OCP curve of low Ni-Cr-Mo steel in 3.5% NaCl solution

Table 2. OCP parameter of low Ni-Cr-Mo Alloy

Sample Open Circuit Potential (V vs SCE)
50-ton Water quench -0.556 to -0.443

Oil quench -0.538 t0-0.432

Air cooling -0.572 to -0.506
75-ton Water quench -0.542 t0-0.459

Oil quench -0.539 t0 -0.401

Air cooling -0.560t0 -0.471

From Fig 5 and Table 2, initial OCP values of all samples are ranged from -400 mV to — 500 mV. In
general, the potential corrosion declines quickly or moves toward electronegative at 500 s, but the steady
stable-constant value of Eocp is invisible after immersion 3600 s. A smaller the Eoc value is indicates the
specimen has low corrosion resistance [18]. The specimen after water cooling has low Eoc ( -0.572 V for 50-
ton and -0.560 V for 75-ton). The decreasing OCP can be attributed to the strong removal of the natural oxide
layer “semi-stable” on the Ni-Cr-Mo surface. At lower potentials, Ni-Cr-Mo is shown to initiate pitting
corrosion, and the presence of chloride ions can also strengthen the passive layer shown by OCP oscillations
towards electropositive values. Chloride ions present aggressively attack the iron surface leading to a
continuous dissolution of iron. The film formed is very dynamic, forming and dissolving as Ni-Cr-Mo
interact with the NaCl environment [19]. Several corrosion products as FeCl,, Fe(OH),, and Fe(OH); may
form during pitting corrosion [20]. Fe, Cr, Co, Ni, and Mo tends to passive layer in angstroms thickness. The
iron chloride formation accelerates the dissolution by attacking its surface and leading to the shape of the pits
on its surface, as can be explained by following reaction (1)-(7) [21].

Fe + CI" > Fe(Cl") surface @
Fe(OH) surface + FE(CI) surface 2 F& + FEOH* + CI™ + 2¢° 2
FeOH* + H* = Fe?* soution + H20 3)
Fe surface + 2CI" > FeCly syrface + 26 4)
FeCly surface + C|'(aq) - FeClssurface + € (5)
FeCI3 surface — FeCI3 interface > FEC|3 solution (6)
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The different cooling rate in intercritical heating leads to microstructure evolution and have an impact
in corrosion behavior. OCP curve with 75-ton load is more positive (+5 mV) than 50-ton load. Other than,
the oil quench of both load forged is more positive than water and air cooling. Multiphase in Ni-Cr-Mo can
induce micro-galvanic reaction and negatively lead to corrosion resistance.

A cyclic polarization was performed for confirmation of anodic-cathodic behavior in low Ni-Cr-Mo
steel. This curve is shown in Figure 6, which indicates pitting corrosion without a re-passivation mechanism.
The low current density (lcorr) @nd high corrosion potential (Ecorr) indicate good corrosion resistance.
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Figure 6. Cyclic polarization of low alloy Ni-Cr-Mo steel after (a) 50-ton (b) 75-ton forged load

From Fig 6, all samples exhibit active dissolution behavior (or no passivation) without completing a
positive hysteresis loop due to 50 and 75-ton followed by heat treatment. It’s indicated that the corrosion
process is still active and tend to metastable pit for all samples. Self-passivity process had not occurred in the
present work due to the lower chromium content of 0.8-9% [22]. Positive hysteresis is related to the decrease
of the passivity due to localized corrosion (pitting and crevice corrosion) [23]. The anodic and cathodic
polarization obviously changes for each sample, show the different mechanisms for corrosion reaction. At the
beginning of the measurement, a cathodic current is related to the reduction of oxygen. The lower cooling
rate shift the cathodic curve to upper right, while the anodic curve moves downwards. It is shown that the
heat treatment provides a more positive corrosion potential, and the corrosion current density is getting
smaller, which means the corrosion rate is getting smaller.

The water-quench had the polarization curve at the far left and bottom for the 50-ton load forged
according to Fig 6(a). With the slow cooling rate, i.e., air-quench, the curve shifts upward but slightly to the
right, indicating the potensial corrosion (Ecorr) is more positive and the current is more larger (Fig 6a). The
oil-quenched sample had the highest corrosion rate, is around ~0.687 mpy, and the air-quenched sample had
the lower corrosion rate (around 0.474 mpy). At the same water cooling condition, the curve polarization of
50-ton has a more negative Ecorr (around -707.8 mV) and a smaller Icorr (around to 1.183 pA) if compared
to a 75-tons sample (Fig 6b). The martensite and bainite cause a higher corrosion rate, so the electrochemical
activity increases with martensite content up to 6% and further decreases pitting resistance. It is noted that the
martensite phase is less noble compared to the bainite phase due to micro-galvanic corrosion between M/A
island and bainite ferrite [24][25]. But this tendency didn’t happen for water and air quenched. The 50-ton
sample had a more positive Ecorr (approximately to -544.4 mV) in oil quench, but the Icorr is more smaller
(~ 1.505 pA) than 75-tons. Without martensite phase in coupled, the finer bainite and ferrite had good effect
on the corrosion rate, is decrease up to 0.064 mpy. In air cooled, the 50-ton sample had a more positive Ecorr
(~595.2 mV) and a larger Icorr (1.038 pA). In general, the both sample with air cooling condition had the
smallest corrosion rate that is due to the contribute of pearlite and ferrite phase. The ferrite phase is
preferentially corroded from inside the boundary and pearlite acts as cathodic [26].

The electrochemical parameter of all samples was obtained by using Tafel fitting, as listed in Table 3.
The decreased cooling rate and increased load forged reduce the critical pitting potential, namely -6.146 mV,
-252.1 mV, and -303.2 mV for water, oil, and air cooling. In addition, with oil quenching, there is an unstable
transition behavior around -434.75 mV for 50-ton and -645.8 mV for 75-ton, like the anodic “nose” observed
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on polarization curves of active-passive metals. There are attributed to the nucleation, growth, and
passivation of metastable on the surface and correlated with the different phases due to low Cr, Fe, Ni [27].

Table 3. Corrosion properties of low Ni-Cr-Mo steel

Uniform Corrosion Pitting Corrosion
Sample - - -
Beta Ecorr Icorr Corrosion rate Potential Potential
(V/dec) (mV) (x10°¢ A) (mpy) (mV) (x103 A)
50 ton — water 285.2 x 103 -707.8 1.183 0.54 -6.146 10.20
50 ton — oil 40.87x 103 -544.4 1.505 0.687 -252.1 9.627
50 ton — air 58.64x 103 -595.2 1.038 0.474 -303.2 10.10
100 ton — water 104.2x 1073 -648.6 1.770 0.8089 -236.7 9.948
100 ton — oil 110.6x 103 -785.7 0.140 0.064 -161.3 10.06
100 ton — air 51.95x 103 -631.6 0.0367 0.017 -219.7 9.710

4. CONCLUSION

Low Ni-Cr-Mo steel has been successfully developed through the hot forging followed by the intercritical
heating process. The load forged, cooling rate, and chemical composition gives significant effect on the mi-
crostructure, hardness, and corrosion properties. The microstructure obtained is consist of ferrite, pearlite,
martensite, bainite, and retained austenite in 50&75-ton. In addition, the grain size of the 50-ton forging
loading tends to be larger with flat shaped when compared to the 75-ton loads caused by rapid growth in the
intercritial heating process. Thus, the hardness value of the sample with a load of 75-tons is harder. In the
corrosion properties, the lower cooling rate shift the cathodic curve to upper right, while the anodic curve
moves downwards. The heat treatment provides a more positive corrosion potential, and the corrosion current
density is getting smaller, and the corrosion rate is getting smaller. Sample with 100 tons load water quench
has the maximum corrosion rate 0.8089 mpy, and sample with 100 tons load air quench (normalizing) has the
minimum corrosion rate 0.017 mpy.
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