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Abstract 12 

A series of hot rolling processes with different reduction percentages (10, 30 and 50 %) were 13 

applied to a high-carbon high-chromium tool steel (2HCTS). Microstructural evolutions, wear 14 

behavior, high temperature oxidation, and aqueous corrosion properties were investigated. 15 

The results revealed the breakage and dissolution of primary carbides and a uniform carbide 16 

distribution after the hot rolling process. It was proposed that the presence of higher amounts 17 

of dissolved chromium in the hot rolled samples leads to the formation of Cr-rich oxides with 18 

more protection and less porosity at high temperatures as well as an improved corrosion 19 

behavior in 3.5 wt.% NaCl solution. This improvement in the corrosion behavior is not at the 20 

expense of the degradation of wear resistance. Probable mechanisms for carbides dissolution 21 

are also discussed.  22 
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1. Introduction 27 

Directly or indirectly, dry and wet corrosion processes have an important role on the costs and 28 

reliability of industrial facilities, environment and human safety 
1
. Using corrosion resistant 29 

alloys with modified microstructures is a common method to control these phenomena in a 30 

wide variety of harsh environments 
2
. The corrosion resistance of these alloys is usually 31 

determined by formation of a protective surface oxide layer. The formation of this layer is 32 

completely dependent on the presence of scale former elements such as Cr, Al and Si in the 33 

base alloy 
3,4

.  34 

High-carbon high-chromium tool steels (2HCTSs) are a class of steels with extraordinary 35 

resistance to wear, abrasion and heavy pressure loads which are extensively used for making 36 

dies, extrusion mandrels, plastic molds, cores, die holder blocks and hot work punches 
5,6

. In 37 

these applications, both wear and corrosion resistance properties at room as well as at high 38 

temperatures are needed. However, even though 2HCTSs contain considerable amounts of 39 

chromium (a scale former element), enhanced formation of chromium carbides as a result of 40 

high concentration of carbon and therefore lack of an ideal surface oxide layer (such as Cr2O3) 41 

leads to poor corrosion resistance during their service 
7,8

. In addition, formation of micro-42 

galvanic cell between carbides and/or chromium-depleted zones around them and matrix can 43 

accelerate preferred dissolution of the matrix 
9
. 44 

In different types of ferrous and non-ferrous alloys, carbide re-dissolution has been 45 

recognized as an effective method to increase the amount of alloying elements (especially 46 

chromium) in the matrix and to obtain a more homogeneous microstructure. As a result of 47 

these microstructural changes, mechanical, tribological and/or corrosion properties can also 48 

improve 
10

. Various methods have been applied to break and/or dissolve carbides in the alloy 49 

matrix. Clare et al. 
11

 improved the corrosion performance of a composite material 50 

(Spherotene/Inconel 625) by optimizing the amount of tungsten carbide dissolution through 51 

laser processing. Ivanisenko et al. 
12

 studied the microstructure homogeneity and carbide 52 

https://www.google.de/search?dcr=0&q=get+a+more+homogeneous+microstructure&spell=1&sa=X&ved=0ahUKEwjR0pmm6oPWAhUMWhoKHU7xBn0QvwUIJSgA
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dissolution of a pearlitic steel during high pressure torsion in shear stresses up to 430 MPa 53 

and reported a complete dissolution of the cementite. They postulated that wear of cementite 54 

at ferrite/cementite interface, followed by drag of carbon atoms by the ferrite matrix, plays a 55 

key role in the cementite dissolution. Liu et al. 
13

 showed that cold rolling of 347H austenitic 56 

heat-resistant steel with a deformation degree of 90 % can dissolve primary NbC particles in 57 

the austenitic matrix. After NbC dissolution, secondary NbC nanoparticles are formed and 58 

niobium concentration increases throughout the matrix. In addition to the mentioned methods, 59 

carbide dissolution may also occur during high temperature phenomena 
14,15

. Imparting high 60 

energy to a given alloy (common feature of the mentioned works) is considered as an essential 61 

prerequisite to dissolve existing carbides in the matrix and reach a more homogeneous 62 

microstructure 
16–18

. 63 

There are few reports on the carbide dissolution of 2HCTSs and its impacts on the 64 

microstructure and corrosion properties 
19,20

; however, a better understanding of the effects of 65 

microstructure on corrosion resistance of 2HCTS is needed. In the present work, hot rolling, 66 

as a treatment which is able to break/dissolve carbides in the alloy steels 
21

, was applied to 67 

improve the microstructure homogeneity and consequently the dry/wet corrosion performance 68 

of 2HTCSs. For this purpose, a series of hot rolling treatments were introduced on a 2HCTS. 69 

Optical (OM) and electron microscopies (TEM/EDS and SEM/EDS) were employed to 70 

characterize the microstructural evolutions. In addition, wet and dry corrosion tests were 71 

performed in 3.5 wt.% NaCl solution (at room temperature) and in air atmosphere (at 700 and 72 

900 °C), respectively. Since wear resistance is the most important characteristic of 2HCTSs, 73 

the variations of this property during the hot rolling process were also examined. 74 

 75 

2. Material and methods 76 

2.1. Materials and rolling process 77 



 

4 
 

The chemical composition of 2HCTS used in this study is given in Table 1. This steel is 78 

known as the K100 Bohler tool steel which is similar to D3 tool steel in the AISI designation 79 

system. As received 2HCTS slabs (165 × 50 × 5 mm) were homogenized at 950 °C for 5 h 80 

prior to hot rolling passes. Hot rolling process was conducted by a laboratory mill. The roller 81 

diameter and mill width were 200 mm and 1000 mm, respectively. The rollers were preheated 82 

to about 250 °C by a flame and kept at this temperature during the rolling process. This 83 

preheating can minimize potentially detrimental surface quenching effects that would reduce 84 

the effectiveness of high temperature deformation. The rolling speed was set at 21 rotations 85 

per min. Three rolled slabs with 10 %, 30 % and 50 % reduction in thickness were prepared 86 

(see table 2 for abbreviations of samples discussed in this paper). Before starting each pass, 87 

rolled samples were re-heated at rolling temperature (950 °C) for 15 min to maintain 88 

formability. After the final rolling pass, the hot rolled plates were water quenched. Apart from 89 

the slight edge cracks, no severe cracking was observed on the surface of rolled slabs. 90 

 91 

2.2. Sample preparation and microstructure characterization before oxidation/corrosion tests   92 

Samples for microstructural analyses (10 × 10 × 2.5 mm), wear (Φ 30 × 2.5 mm), high 93 

temperature oxidation (3 × 2.5 × 2.5 mm) and wet corrosion (10 × 10 × 2.5 mm) tests were 94 

cut from the middle of each rolled slab by electro-discharge machining. All samples were 95 

mechanically ground to 1200 grit emery paper and then polished with 6-, 3- and 1-micron 96 

water-based diamond suspensions (DP-Suspension P, Struers) to get a mirror-like surface. 97 

Subsequently, these samples were first washed in deionized water and then in ethanol and 98 

immediately dried with hot air. Microstructure observations were carried out using optical 99 

(OM, Nikon Eclipse LV150), scanning electron (SEM/EDS, LEO 1450 VP) and transmission 100 

electron (TEM/EDS, Tecnai G2 operating at 200 kV) microscopies. Optical images were 101 

achieved by etching the samples with Vilella’s reagent (1 g picric acid, 5 ml HCl and 100 ml 102 

ethanol). The TEM specimens were prepared by wet micro-grinding/polishing to get an 103 
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overall thickness of about 50 µm, afterward prepared foils were perforated by dimpling and 104 

finally ion-milled. For each system (Ref, HR1, HR2, and HR3, see Table 2) a minimum of 105 

three samples were considered for OM and SEM. A Philips Analytical X-ray (X’Pert) 106 

instrument with Cu-Kα radiation (λ = 0.1542 nm) under a voltage of 40 kV and a current of 30 107 

mA was also applied for phase analysis of 2HCTS samples after hot rolling. 108 

 109 

2.3. Wear resistance 110 

Wear tests were conducted via a pin-on-disk wear testing machine with steel pins with the 111 

hardness of ≈ 68 HRC. The tests were carried out at 35 ± 2 °C with 50 ± 5 % humidity and the 112 

applied load of 100 N in sliding speed of 0.15 m/s. The sliding distance was 1000 m and the 113 

samples weight loss was calculated by an electronic balance with an accuracy of 1 μg. The 114 

wear rates were calculated using following equation 
22

: 115 

3

N

10
m

Wr
LF

 
  
 

                                                                                                                  (1) 116 

where Wr is the wear rate (mm
3
/N·m), Δm is the weight loss (g), ρ is the steel density (g/cm

3
), 117 

L is the wear distance (m), and FN is the applied load (N). The worn-out surface of the 118 

samples was analyzed using SEM to observe the severity of wear damage and clarify the wear 119 

mechanism of the samples. 120 

 121 

2.4. High temperature oxidation and wet corrosion studies 122 

High temperature oxidation kinetics under isothermal conditions (700 °C and 900 °C) was 123 

recorded by means of a LINSEIS TG-DTA (Selb, Germany) microthermobalance for 360 124 

minutes in artificial air (80 % N2 + 20 % O2 in vol.%). Samples obtained from the isothermal 125 

tests were firstly mounted in epoxy resin, ground and subsequently polished to investigate the 126 

phase and morphology of cross section of oxide layers similar to previous section. Mirror 127 

polished samples with a 10 × 10 mm
2
 surface were subjected to potentiodynamic polarization 128 
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experiment in a 3.5 wt.% NaCl solution at room temperature. This solution is commonly used 129 

to characterize the corrosion resistance in saline environments 
23

. A ZAHNER potentiostat 130 

(Model IM6ex) was employed to run the corrosion tests in a conventional three electrode 131 

configuration. 2HCTS samples as the working electrode (WE), a saturated calomel reference 132 

electrode (RE) and a platinum counter electrode (CE) were used to run this test. Additionally, 133 

weight loss of square samples in 3.5 wt.% NaCl solution was determined after 24 h of 134 

immersion period in air. Since corrosion products were quite loose, they were detached from 135 

the surface during washing in deionized water.  After potentiodynamic polarization 136 

experiment, corroded samples were analyzed through SEM observations to characterize the 137 

degree and morphology of attack. In each high temperature oxidation or wet corrosion 138 

examination, at least three tests were applied to evaluate the performance of sample under 139 

study. It should be noted that in order to highlight the effect of hot rolling on the 140 

microstructure and consequently oxidation/corrosion properties of 2HCTSs, the results of hot 141 

rolled samples were compared to an as-received sample (Ref, annealed at 950 °C for 5 h). 142 

 143 

3. Results and discussion 144 

3.1. Microstructure and phase characterization 145 

The optical and SEM micrographs of 2HCTS samples hot rolled with different reduction 146 

percentages are shown in Figs. 1 and 2. The microstructure of 2HCTS samples mainly 147 

consists of disconnected carbides distributed in a martensitic matrix. Depending on the rolling 148 

reduction, the amount, kind and shape of carbides are variable. Figs. 1a and 2a depict the 149 

microstructure of 2HCTS before hot rolling (Ref sample). As one can see, primary carbides 150 

are irregular polygonal blocks distributed in the matrix. Some are paralleled to each other; 151 

some are round distributed around the large carbides. Figs. 2b and 2c are related to the 152 

samples that have undergone 10 % (HR1) and 30 % reduction (HR2). Comparing with the 153 

Fig. 2a, large primary carbides have been broken and dissolved in the martensitic matrix. 154 
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Transverse cracks are obvious through the large primary carbides in Figs. 2b and 2c. As a 155 

result of the dissolution of primary carbides, the chromium concentration of matrix is 156 

gradually increased (see mean values of chromium concentrations (wt.%)) and secondary 157 

carbides as very fine white grains are formed as well. Since the reference sample experiences 158 

a severe deformation after 50 % reduction (HR3), a considerable carbide breakage/dissolution 159 

has occurred and consequently lower amounts of primary carbides are observed in Fig. 2d. As 160 

long as more primary carbides are broken/dissolved, the concentration of chromium in the 161 

matrix is remarkably increased so that this amount for HR3 sample is several times more than 162 

for the Ref one. This claim is evidenced by higher concentrations of chromium in EDS 163 

results, severe breakage of primary carbides, and enhanced formation of secondary carbides 164 

compared with other samples (as can be seen in Fig. 2d). The results of Microstructure Image 165 

Processing (MIP) software also displayed a considerable decrease in the amount and size of 166 

primary carbides. Based on MIP results, the mean fraction of primary carbide is decreased 167 

from 18.9 % of whole microstructure for Ref sample to 17.2 %, 14.6 % and 10.5 % for HR1, 168 

HR2 and HR3 ones, respectively. Additionally, carbide particle’s average size is remarkably 169 

decreased from 29.6 µm for Ref sample to 8.7 µm for HR3 one. These results were calculated 170 

by averaging obtained values of five random images with 200× magnification. 171 

X-ray diffraction was applied to characterize the existing phases in the studied samples (Fig. 172 

3). As can be seen in Fig. 3a, microstructures of hot rolled samples include M7C3 (JCPDS 05-173 

0720) and M23C6 (JCPDS 01-078-1500) carbides and martensite matrix (JCPDS 00-050-174 

1275) as main phases along with some traces of retained austenite (JCPDS 00-03-0397) and 175 

Cr3C2 (JCPD 03-065-2427) carbide. Some minor deviations from reference peaks can be 176 

attributed to the carbide dissolution during hot rolling 
24

. Martensite was identified with data 177 

for ferrite because of the small differences in lattice constants while retained austenite was 178 

determined using crystallographic data for austenite. In the Ref sample, M7C3 is the main 179 

carbide which is none-uniformly dispersed in the matrix. During the hot rolling process, M7C3 180 
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is gradually transformed to stable M23C6 which is evident with comparing the XRD patterns 181 

of Ref and HR3 samples. It is noteworthy that the chemical composition of Cr3C2 is very 182 

close to that of the M7C3 which is formed as a by-product of the decomposed M7C3 carbides 183 

25
. In order to investigate the lattice expansion of the matrix phase, martensite diffraction 184 

peaks of different samples are separately presented in Fig. 3b. Comparison of these peaks 185 

(solid solution phase) obviously shows that the peaks shifted to the left for the HR2 and HR3 186 

samples, suggesting in these cases the lattice constant of matrix is increased and probably 187 

some carbon/chromium atoms are dissolved into the martensite phase 
26,27

 though carbon has 188 

a very negative mixing enthalpy with other constituent elements (namely Fe and Cr). 189 

 190 

3.2. Fragmentation of carbides during the hot rolling process 191 

Since carbides are very brittle phases and cannot undergo severe plastic deformation 
28

 it is 192 

easy to crack them during the hot rolling process. In this kind of deformation, the matrix first 193 

undergoes plastic deformation. After that, a frictional force (F) is created between the matrix 194 

and the carbides which can be calculated as follows 
29

: 195 

. .F f P A                                                                                                                                 (1) 196 

where f, P, and A are friction coefficient of matrix and carbides, pressure perpendicular to the 197 

interface of matrix and carbides and area of the interface, respectively. Based on the slip-line 198 

field theory of rolling, P can be calculated using Eq. 2 
30

. 199 

.
bl

P K a A
Hh

 
  

 
                                                                                                                (2) 200 

where a and b are hot rolling constants which are respectively equal to 1.31 and 0.53 for thick 201 

plates 
31

. K, l, H, and h are rolling constant, length of contact arc, thickness before hot rolling 202 

and thickness after hot rolling, respectively. With considering strain (ε) equation, Eq. 2 can be 203 

rearranged as follows:  204 
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2. .A
1

bl
F f K a

H 

 
  

 
                                                                                                     (3) 205 

Thus, as ε or reduction during hot rolling increases, F increases. When the reduction reaches 206 

the tensile strength of carbide, it will break. Suppose that the tensile strength of carbides is Su 207 

and its cross-section area is Au, the minimum condition for carbides breakage is: 208 

min u u.F S A                                                                                                                               (4) 209 

So, the minimum strain for carbide breakage is as follows: 210 

 

2
2

min 2

u u

1
.

blfKA

S A afKA H


 
  

  

                                                                                               (5) 211 

In this way, εmin is remarkably affected by Au. That is to say, necks in each carbide (shown in 212 

Fig. 1), i.e. cross-sections with minimum area, formed during hot rolling deformation, play a 213 

key role in the carbide breakage. Additionally, since H reduces and l increases after each pass, 214 

P increases. So, the effect of carbide breakage will be more obvious after each pass.   215 

 216 

3.3. Dissolution of carbides during the hot rolling process 217 

Before hot rolling, the mean content of chromium in the matrix is 1.57 wt.% while this value 218 

reaches 2.76 wt.%, 3.95 wt.% and 4.85 wt.% for HR1, HR2 and HR3 samples, respectively 219 

(see EDS results in Fig. 2). This increment can clearly prove the carbide dissolution 220 

phenomenon. Here, the mechanism of carbide dissolution during hot rolling is the main 221 

question. When 2HCTS is heated to austenite temperature, carbides start to dissolve in the 222 

matrix, as the actual carbon content in the matrix (CM) is less than the solubility of carbon 223 

(CT) at the corresponding temperature. In fact, the driving force for this kind of solubility is 224 

proportional to ΔC = CT – CM. In the presence of hot rolling force and carbide 225 

fragmentation, following issues should also be considered which can remarkably affect the 226 

carbide dissolution process: 227 



 

10 
 

(i) Interfacial energy: After carbide fragmentation, increase in the matrix/carbide interfacial 228 

energy is caused by the surface to volume ratio increase. Accordingly, the overall interfacial 229 

energy increases and leads the carbide to be unstable. Since HR3 experiences more carbide 230 

fragmentation, these conditions are more severe in the case of this sample. Blavette et al. 
32

 231 

modelled the effect of interfacial energy on carbide dissolution in a heavily deformed pearlitic 232 

steel through atomic-scale observations. They also reported that the dramatic increase in 233 

interface areas during deformation can serve as the driving force for carbide dissolution. 234 

(ii) Carbon solubility: The second mechanism for dissolution is based on the increase of 235 

carbon solubility in the matrix under the rolling force. For comparison, Fig. 4 shows the TEM 236 

images corresponding to the interface of carbide/matrix in Ref and HR3 samples. Presence of 237 

parallel sliding lines in primary carbides (Fig. 4b) is an indication of the occurrence of plastic 238 

deformation (dislocation slipping) for carbides during hot rolling. Similar observations have 239 

also been reported elsewhere 
30

. Kang et al. 
33

 claimed that the presence of crystallographic 240 

defects (e.g. stacking faults, dislocations, etc.) causes carbon activity increase in the carbide 241 

and its dissolution. In fact, carbon diffusion is assisted by a high density of defects generated 242 

during hot rolling. From this point of view, it can be claimed that since HR3 meets a high 243 

degree of deformation during hot rolling, its carbides are more prone to dissolution.    244 

(iii) Binding energy of carbon and dislocations: The third contribution focuses on the 245 

interaction of dislocations and carbon atoms. Since the binding energy of a dislocation with 246 

carbon atoms exceeds that of iron and/or chromium atoms with a carbon atom in carbide 247 

10,34,35
, carbon atoms tend to reside in dislocation strain fields rather than within carbide. In 248 

other words, when a high dislocation density region is adjacent to a matrix/carbide interface, 249 

dislocations show this tendency to draw carbon atoms from the carbide until the dislocations 250 

become saturated. Fig. 4 can also support this claim. As can be seen from Fig. 4b, some tiny 251 

precipitates have been trapped among dislocations which surrounded the carbide. EDS 252 

analysis shows that they are mainly composed of carbon. 253 
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3.4. Wear behavior 254 

Fig. 5 shows the wear rate of different samples at sliding speed of 0.15 m/s under 100 N 255 

normal load in pin-on-disk wear test. The results show that the hot rolling process first 256 

degrades the wear resistance so that the wear rate increases from ≈ 0.011 mm
3
/N·m (Ref) to ≈ 257 

0.020 mm
3
/N·m; however, with increasing the hot rolling reduction, wear resistance gradually 258 

increases and wear rate reaches the values of ≈ 0.017 and ≈ 0.012 mm
3
/N·m for HR2 and 259 

HR3 samples, respectively (Fig. 5). The HR3 sample shows a wear behavior similar to the 260 

Ref one. In the case of HR3 sample, it was shown that two important phenomena take place 261 

(Fig. 2):  262 

(i) Severe breakage/dissolution of the primary carbides which in turn reduces the wear 263 

resistance 
36

. 264 

(ii) Enhanced formation of the secondary carbides and uniform distribution of carbides which 265 

favor the wear resistance increment 
37

. 266 

So, it can be claimed that for the HR3 sample, above phenomena counteract each other and its 267 

wear rate is almost the same as the Ref one. Fig. 6 presents the SEM images of the worn-out 268 

surface of the samples after this test. The micrographs show that the predominant wear 269 

mechanism is adhesive wear and that the surface damages are fewer in the samples with lower 270 

wear rates (Ref and HR3 samples). 271 

 272 

3.5. High temperature oxidation behavior and oxide layers microstructures 273 

Figs. 7a and 7b show the weight gain curves of different samples exposed to 700 °C and 900 274 

°C up to 360 min. Based on the Wagner theory of oxidation (thick films), this phenomenon is 275 

a diffusion-controlled reaction and highly dependent on the time and temperature 
38

. As can 276 

be seen from Fig. 7a, there are only minor changes in the weight gain and its trend for 277 

oxidized samples even after 360 min at 700 °C. In order to take into account a more accurate 278 

evaluation on the effect of hot rolling on the high temperature oxidation behavior of 2HCTS 279 
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in the mentioned exposure time, all samples were also oxidized at 900 °C. A clear difference 280 

between oxidation behaviors of different samples can be seen at this temperature (Fig. 7b). In 281 

this case, as the reduction is increased from 10 % to 50 %, two different behaviors are 282 

observed for each sample. At the initial stages of oxidation (exposure times less than about 2 283 

h), weight gain of hot rolled samples, especially HR3, is higher than Ref one. This can be 284 

attributed to the higher contents of dissolved chromium as a scale former element in their 285 

microstructure and fast formation of oxide scales on the hot rolled samples. For the rest of the 286 

exposure time, weight gain of Ref sample gradually surpasses hot rolled ones, so that its 287 

weight gain is about two times more than HR3 sample after 360 min. Formation of more 288 

protective oxide scales on hot rolled samples (particularly HR3) can be a reason for such 289 

behavior 
39

. The oxidation kinetics of different samples can also be quantitatively described as 290 

a form of polynomial equation as 
40

:  291 

2

p

m
k t

A

 
 

 
                                                                                                                             (6)  292 

where Δm is the weight change, A is the surface area of the sample, t is the exposure time, and 293 

kp is the parabolic rate constant (kg
2
/m

4
·s). The kp values, acquired through the slope of 294 

2
m

A

 
 
 

 - t plot (Figs. 7c and 7d), are given in Table 3. In all cases, the oxidation of free 295 

surface of each sample, i. e. initial stages of oxidation, experiences high oxidation rate. In line 296 

with Fig. 7a, the kp values are comparable for different samples oxidized at 700 °C. After two 297 

hours of exposure at this temperature, kp values are between 6.61 ± 0.01 × 10
-9

 kg
2
/m

4
·s and 298 

1.11 ± 0.03 × 10
-8

 kg
2
/m

4
·s for different samples, indicating a similar time dependence of the 299 

growth rate of oxide film (Fig. 7c). On the other hand, these conditions are completely 300 

different at 900 °C. As can be seen from Table 3, in the case of Ref sample, kp value is 5.61 ± 301 

0.05 × 10
-6

  kg
2
/m

4
·s which in turn shows that the alloy-oxide and oxide-atmosphere 302 

interfaces are not in thermodynamic equilibrium and no protective oxide film forms on the 303 



 

13 
 

alloy surface 
41

. With increasing the hot rolling reduction, kp values gradually decrease so that 304 

its value reaches about 1.99 × 10
-7

 kg
2
/m

4
·s for HR3, indicating the formation of an oxide film 305 

with more protection compared with other samples. 306 

Since the rate of oxidation and its difference between various samples are extraordinary at 307 

900 °C, cross sectional morphology and corresponding EDS lines of samples oxidized at 900 308 

°C for 360 min are presented in Fig. 8 for further illustration of the obtained results. With 309 

comparing the elemental line scans and corresponding SEM images, it can be seen that the 310 

oxide layers on all samples are composed of two parts: outer part with higher amounts of 311 

porosities and the inner one which is nearly free of porosity. In addition, the outer and the 312 

inner parts predominantly consist of Fe-O and Fe-Cr-O mixed oxides, respectively. As rolling 313 

reduction increases, the total amount of porosities in the upper part significantly decreases and 314 

consequently the protectiveness of oxide scales increases. By considering Figs. 7 and 8, this 315 

behavior can be attributed to the formation of chromium-enriched oxides with a higher level 316 

of protection on hot rolled samples (especially on HR3).  On the other hand, a breakaway 317 

oxidation mode due to the formation of less-protective Fe-O oxides and enhanced diffusion of 318 

oxygen can serve as a reason for the rapid kinetics of oxidation of Ref sample at 900 °C. 319 

 320 

3.6. Chloride induced corrosion behavior 321 

Fig. 9 and Table 4 present the potentiodynamic polarization curves and main corrosion 322 

parameters derived from corrosion tests (polarization and weight loss measurements), 323 

respectively. Polarization curves of different samples in 3.5 wt.% NaCl solution (pH ≈ 6.8) 324 

were obtained at a scan rate of 1 mV/s. Nearly parallel cathodic Tafel curves in Fig. 9 325 

(comparable βc values in Table 4) suggest that the oxygen reduction mechanism is not 326 

significantly affected by the hot rolling process. Assessment of Fig. 9 and Table 4 reveals that 327 

the net anodic current density remarkably decreases and βa value increases by increasing the 328 

hot rolling reduction. In addition, the corrosion potential (Ecorr) shifted towards more noble 329 
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values for hot rolled samples (from -501 mV SCE for HR1 to -421 mV SCE for HR3) 330 

compared with the Ref one (-557 mV SCE). Comparison of the corrosion current densities 331 

also shows that the maximum decrease in the corrosion rate is achieved for the sample hot 332 

rolled with 50 % reduction (HR3). To further interpret these results, examination of the 333 

surface morphology of corroded samples is essential. Therefore, Fig. 10 shows SEM images 334 

of different samples after polarization tests. As expected, corrosion attack has taken place 335 

only for the matrix phase in all samples and the carbides do not dissolve under these 336 

conditions. As can be seen in Fig. 10, corrosion of the matrix phase surrounding the carbides 337 

plays a key role in the corrosion resistance of the whole microstructure, as matrix corrosion 338 

can lead to disbanding of the carbides and hence render them mechanically unstable in the 339 

system.  340 

Based on these findings, improved wet corrosion behavior of severely hot rolled samples 341 

(especially HR3) compared with Ref one can be discussed from two points of view: 342 

(i) More homogeneous microstructures (presence of smaller primary carbides in fewer 343 

amounts): Comparison of Fig. 10a and Fig. 10g reveals that as the size and amount of primary 344 

carbides decrease (i.e. more carbide fragmentation and carbide dissolution), the corrosion 345 

attack becomes more uniform. In addition, less primary carbides are exposed to unstable 346 

conditions in the microstructure. Resultantly, corrosion potential shifts towards more noble 347 

values, corrosion resistance of the whole microstructure increases, and corresponding weight 348 

loss decreases (see Table 4). This argument is in agreement with the study on laser treatment 349 

of 2HCTS by Manna et al. 
6
. 350 

(ii) Higher concentrations of dissolved chromium in the matrix phase: Actually, the possible 351 

presence of chromium as solid solution element in matrix phase might block the active sites of 352 

crystal lattice structure of iron and increase the corrosion potential through the formation of 353 

surface oxide/hydroxide layers containing more chromium on the matrix phase. This fact can 354 

be reflected in lower corrosion current density and weight loss for hot rolled samples, 355 
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especially HR3. This argument is in full agreement with the reports by Jinlong et al. 
42

 and 356 

Junhua et al. 
43

. 357 

 358 

4. Conclusions 359 

Based on the findings of this study, following conclusions can be made. 360 

(1) Hot rolling of 2HCTS at 950 °C can severely affect its microstructure. With increasing the 361 

hot rolling reduction up to 50 %, the fraction of primary carbides decreases from 18.9 % to 362 

10.5 % of the microstructure. The average size of primary carbides is also dropped from 29.6 363 

μm (untreated sample) to 8.7 μm (50 % reduction). 364 

(2) During hot rolling process, primary carbides which are mainly composed of M7C3 365 

carbides may experience one of these physical/chemical changes: (a) breaking up into smaller 366 

carbides, (b) transformation to fine secondary carbides (mainly M23C6) and (c) dissolution in 367 

martensitic matrix and consequently increasing its dissolved chromium concentration. 368 

(3) Primary carbide dissolution is attributed to the synergistic effect of interfacial energy 369 

increase during carbide fragmentation, increase of carbon solubility in the matrix phase, and 370 

lower energy state of carbon atoms in dislocations compared with within carbides.  371 

(3) There is a significant difference in the oxidation behavior of different samples at 900 °C. 372 

At this temperature, due to fast formation of an oxide layer in the hot rolled samples 373 

(especially HR3), their weight gain is initially more than for the untreated one. With elapsing 374 

time, enhanced diffusion of ionic species leads to a poor oxidation resistance for untreated 375 

sample and its weight gain surpasses the hot rolled ones, so that its oxidation rate is about 376 

thirty times more than the sample with 50 % reduction.  377 

(4) Oxide layers on different samples are composed of two parts: the outer porous part which 378 

mostly consists of Fe-O oxides and the inner part which is mainly made up of Cr-rich oxides. 379 

As the hot rolling reduction increased, due to the formation of more protective oxides, total 380 

amount of porosity is decreased.  381 
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(5) Microstructure homogeneity and higher concentration of solid solution chromium can be 382 

reasons why the hot rolled 2HCTS (especially HR3) possess improved chloride induced 383 

corrosion behavior. 384 

(6) Improved corrosion behavior of the HR3 sample is not at the expense of losing its wear 385 

properties. Both Ref and HR3 samples show similar were rates (0.0118 ± 0.001 mm
3
/N·m). 386 
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Table captions 486 

Table 1. Chemical composition of the high-carbon high-chromium tool steel (2HCTS), wt.%. 487 

Table 2. Abbreviations for sample denotation. 488 

Table 3. The parabolic rate constants of isothermal oxidation of different samples at 700 °C 489 

and 900 °C. 490 

Table 4. Polarization parameters and weight loss data for corrosion of 2HCTS samples in 3.5 491 

wt.% NaCl solution. 492 

 493 
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Figure captions 512 

Fig. 1. Micrographs of the 2HCTS samples: (a) Ref, (b) HR1, (c) HR2, and (d) HR3. 513 

Fig. 2. SEM/EDS results of experimental samples: (a) Ref, (b) HR1, (c) HR2 and (d) HR3. 514 

Fig. 3. (a) XRD patterns of the as-received and hot rolled samples and (b) matrix peak of 515 

different samples showing a minor left shift for HR2 and HR3. 516 

Fig. 4. TEM analysis of carbide/matrix interface for (a) Ref and (b) HR3 samples. Sliding 517 

lines (arrows begin with diamond) and carbon clusters (arrows begin with oval) are obvious in 518 

the right image. 519 

Fig. 5. Variation of wear rate of different samples under 100 N load. 520 

Fig. 6. SEM images of worn-out surfaces of 2HCTS samples at 100 N load, 0.15 m/s sliding 521 

speed and sliding distance of 1000 m: (a) Ref, (b) HR1, (c) HR2, and (3) HR3. 522 

Fig. 7. Isothermal oxidation kinetics of different samples: weight gain data at (a) 700 °C and 523 

(b) 900 °C. The square variation of weight per surface area (kg/m
2
)
2
 versus oxidation time at 524 

(c) 700 °C and (d) 900 °C.  525 

Fig. 8. Cross sections and EDS line scanning element analyses of oxidized samples at 900 °C: 526 

(a) Ref, (b) HR1, (c) HR2, and (d) HR3. As highlighted in this figure, oxide layers are 527 

composed of an outer porous part and an inner dense one. 1, 2, and 3 line scans are 528 

corresponded to Fe, Cr, and O, respectively. 529 

Fig. 9. Potentiodynamic polarization curves of as-received and hot rolled samples in 3.5 wt.% 530 

solution. 531 

Fig. 10. Surface morphology of different samples after polarization test: (a and b) Ref, (b and 532 

c) HR1, (e and f) HR2 and (g and h) HR3. Mechanical instability of carbides after matrix 533 

corrosion is obvious 534 


