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Abstract The influence of layer microstructure on the

corrosion behavior of plasma nitrided cold work tool steel,

of commercial name ‘‘DC53’’, in 3.5% NaCl solution is

reported. The specimens were nitrided at 520 �C for dif-

ferent treatment times using a constant [N2 ? H2] gaseous

mixture by a DC-pulsed plasma system. The microstructure

of the nitrided layers was investigated by optical micros-

copy and X-ray diffraction. The corrosion behavior was

evaluated by potentiodynamic polarization experiments.

The plasma nitriding process considerably improves the

corrosion resistance of material in NaCl environment as

compared to the unnitrided DC53 steel. The modified

surface layer consisting mainly of e-nitride (Fe2–3N) and a

small amount of c0-nitride (Fe4N) confers this outstanding

behavior. The corrosion resistance dependence on specific

nitriding processes is reported and the role of the e-nitride

is discussed. In particular, the correlation of pitting current

density, density of pits, and volume fraction of e-nitride

with nitriding time is analyzed. The results denote that the

most important parameter for controlling the corrosion

resistance of the material is the volume fraction of e-nitride

and the nitrided layer thickness. It is expected that a

nitrided layer would be thicker and rich in e-nitride phase

to achieve a high corrosion resistance.

Introduction

Cold work tool steels are widely used in the metal-forming

and die-making industries and in many other fields due to

their high hardness. One such is DC53 cold work tool steel,

a tool material developed by Daido Steel, Japan. This new

material is intended to replace JIS SKD11 in use for gen-

eral purposes [1]. In applications such as dies or tools, the

long-service life of tools and the demands for materials

with properties such as dimensional stability, superior

mechanical strength, and high corrosion resistance are

critical to the effective and efficient usage of tools. With

such stringent requirements, many surface treatments, such

as nitriding [2], laser surface alloying [3], and deposit film

[4–6], may provide a solution for improvement by forming

a thin, hard case with suitable corrosion and wear resis-

tance on the surface. Besides, some investigations used

the heat treatment and powder metallurgy processes to

improve the corrosion resistance of the material [7–9].

Plasma nitriding has been receiving a great attention due

to its reduced distortion and environment-friendly process.

This technique is a thermochemical process in which a gas

mixture of N2 and H2 is introduced into the chamber.

Under such conditions, in the structure of the nitrided

layers, the top nitrided layer, known as the compound

layer, is composed mainly of e-nitride (Fe2–3N) and

c0-nitride (Fe4N) as well as nitrides with alloying elements.

The layer beneath the compound layer is known as the

so-called diffusion layer, which consists mainly of inter-

stitial atoms in solid solution and fine, coherent nitride

precipitates when the solubility limit is reached. The

thickness and compositions of these layers are functions of

treatment condition and composition of the base material

[10–13]. The e-nitride shows better corrosion resistance

when compared with c0-nitride because of its crystalline
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structure and higher nitrogen content [14]. Another inves-

tigation reported that c0-nitride formed after iron nitriding

in the surface layer is relatively stable in corrosive medium

[15]. The corrosion resistance of the nitrided layer, thus,

depends on the type of nitride formed in the nitrided layer.

Because DC53 cold work tool steel is a new tool steel; for a

deeper understanding, the effects of plasma nitriding on its

microstructures and corrosion behavior are essential, but

very little work has been done on these aspects.

In this study, DC53 tool steel was plasma nitrided at

520 �C for 4, 8, and 12 h. The metallurgical structures and

corrosion behavior of the surface nitrided layer are evalu-

ated, analyzed, and discussed.

Experimental details

Specimens were made out of DC53 cold work tool steel

(C 0.9–1.1, Si 0.3, Mn 0.5, P \ 0.03, S \ 0.03, Cr 7–9, Mo

0.8–2.2, V 0.3, Fe balanced all, in wt%) and machined to

12.7 9 12.7 9 12.7 mm3 in size. The specimens were

heated at 1010 �C for 1 h, oil quenched, double tempered

at 530 �C for 2 h, and air cooled. Prior to the nitriding

process, the specimens were polished to the same surface

roughness (Ra = 0.04 lm) and cleaned in an ultrasonic

bath with acetone. The DC-pulsed plasma nitriding was

carried out in a hot wall reactor, from ELTROPULS GmbH

[14]. The specimens were sputter cleaned in an atmosphere

of 80% Ar ? 20% H2 at about 250 �C for 1 h, to remove

the oxide layers formed on their surfaces. They were then

plasma nitrided in an atmosphere of 25% N2 ? 75% H2 at

520 �C for 4, 8, and 12 h, with the chamber pressure

maintained at 600 Pa. The plasma nitriding temperature

was controlled to an accuracy of ±5 �C, using a photo-

electric thermometer. After the nitriding process was

completed, the specimens were allowed to cool in the

chamber to room temperature in a stream of flowing

nitrogen to protect the heated surfaces from oxidation. The

parameters used in the experiment are summarized in

Table 1.

The microstructures of nitrided layers were observed by an

Olympus BHM optical microscope (OM). X-ray diffraction

(XRD) investigations of the nitrided layer were carried out

using a Shimadzu X-ray diffractometer (LabX XRD-6000)

with CuKa radiation and the symmetric Bragg–Brentano

attachment geometry. Quantitative analysis was carried out

using the normalized relative (integrated) intensity ratio

(RIR) method or the matrix flushing method [16].

A potentiostat/galvanostat (EG&G 362) outfitted with

analysis software (CorrWare) was utilized to collect elec-

trochemical data in 3.5% NaCl solution. The use of 3.5%

NaCl solution was to simulate the aggressive aqueous

environment containing chloride ions. A saturated calomel

electrode (SCE) was used as a reference with platinum

sheet as a counter electrode. In all cases tested, the working

areas were 1 cm2 and carried out at ambient temperature.

The electrode potential was raised from -1 to ?3.0 V at

the scanning rate of 1 mV/s. After the electrochemical

tests, the surface morphologies were inspected using a

JEOL JSM-5600 scanning electron microscope (SEM) to

reveal the severity of corrosion degradation in terms of pit

morphology, distribution, and density. At lease three tests

were carried out for each specimen type for assessing the

reproducibility.

Results and discussion

Microstructure

Figure 1 shows the microstructure of unnitrited DC53 cold

work tool steel. There were many coarse chromium carbide

particles dispersed in the tempered martensite matrix.

Because, the major amount of Cr in DC53 steel is formed

as coarse chromium carbide particles, thus, the corrosion

resistance of the unnitrided DC53 steel is very poor.

Figure 2 shows the typical cross-sectional images of

Table 1 Parameters for plasma-nitriding treatments

Parameter Sputter cleaning Plasma nitriding

Temperature (�C) 250 520

Voltage (V) 400 600

Current density (mA/cm2) 0.8 1.2

Total pressure (Pa) 200 600

Time (h) 1 4; 8; 12

Treatment gas (vol) 80% Ar ? 20% H2 25% N2 ? 75% H2
Fig. 1 Microstructure of unnitrited DC53 cold work tool steel (Nital

4%)
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plasma-nitrided specimen. It consisted of an internal

nucleus of tempered martensite and a nitrided layer on the

external surface. The nitrided surface consisted of two

layers in which a white compound layer and a diffusion

layer of nitrogen were clearly observed on the surface and

near surface region of all specimens. For lower treatment

time, a thin (*1 lm) compound layer is obtained. At

intermediate treatment time, the compound layer becomes

thicker (*6 lm) than at lower treatment time. At higher

treatment time, despite achieving thicker compound layer

(*8 lm), it becomes non-porous and dense in nature, as

shown in Fig. 3. The depth of diffusion layer also increased

with increasing nitriding time.

Figure 4 shows the XRD patterns obtained from the

surface of unnitrided and plasma-nitrided specimens. These

patterns show the effects of nitriding time on the nitride

formation. The iron nitrides on the outermost surface of all

nitrided specimens were identified to be e-nitride (Fe2–3N)

and c0-nitride (Fe4N), and the major phase is e-nitride.

Additionally, some CrN carbides would be precipitated at

Fig. 2 Optical microscopy image of the specimen nitrided at 520 �C

for a 4 h, b 8 h, and c 12 h (Nital 4%)
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Fig. 4 XRD diffraction patterns of DC53 cold work tool steel

Fig. 3 SEM surface morphology of the specimen nitrided at 520 �C

for 12 h
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the working temperature of 520 �C and the CrN peaks are

very close and also under iron nitride peaks and then it is

very difficult to separate from iron nitrides in the spectra.

However, the formation of CrN carbides in detriment of the

corrosion resistance is not noticeable because the corrosion

resistance of unnitrided DC53 steel is poor and the iron

nitrides formed after nitriding in improving the corrosion

resistance is significant. Thereby, the peaks of CrN car-

bides and their deterioration in corrosion resistance are

negligible.

For the specimen nitrided at 520 �C for 4 h, the nitrided

layer consists mainly of a-Fe; some weak peaks of e- and

c0-nitrides have also been observed. This is consistent with

the fact that very thin compound layer has been observed

above the diffusion layer. The microstructure of the dif-

fusion layer is composed of fine alloy carbides dispersed in

a-Fe(N) matrix. CuKa X-ray could penetrate this thin

layer, therefore, the peaks corresponding to a-Fe phase are

revealed. The XRD patterns of the 8 and 12 h nitrided

specimens indicate that the compound layer consists

chiefly of e-nitride with a small amount of c0-nitride. Due to

the formation of dense and thick compound layer on the

surface of the 12-h nitrided specimen, the peaks of a-Fe

phase is almost disappeared. It is clearly that the intensity

of the nitrided peaks increases with increasing nitriding

time. This can be ascribed to the nitrogen diffusion length

during the plasma process.

Optical microscopy and XRD analysis show that the

microstructure of the nitrided case is time depended. The

intensity of the a-Fe peaks progressively decreased, and the

intensity of the nitride peaks progressively increased with

increasing in nitriding time, indicating an increase in vol-

ume fraction of the nitride phase at the expense of parent

a-Fe.

Corrosion behavior

Figure 5 shows the potentiodynamic polarization curves of

the studied specimens. The summary of corrosion parame-

ters obtained from the potentiodynamic polarization diagram

(Fig. 5) is display in Table 2. A corrosion current density of

1 mA/cm2 is equal to a weight loss of 1.04 mg/cm2/h

according to Faraday’s law, assuming a density of 7.8 g/cm3

and the atomic weight of iron as 55.85 for DC53 tool steel.

It was seen that the unnitrided specimen did not have an

evident passivation region and suffered progressive disso-

lution, and the corrosion potential was -0.45 V (SCE),

indicating that the DC53 steel is relatively easily corroded

in NaCl solution. This is consistent with the fact that

the typical appearance of general corrosion was clearly

observed on the corroded surface (Fig. 6a). A high corro-

sion current density (1.83 9 10-1 mA/cm2) and a high

corrosion rate (0.19 mg/cm2/h) thus resulted under the

anodic potential. On the other hand, all nitriding processes

shifted the corrosion potential in the noble direction and

promoted passivation resulting in very low corrosion cur-

rent density (2.85 9 10-3–2.25 9 10-4 mA/cm2) and very

high corrosion potential, -0.092 to -0.026 V (SCE).

Between the above corrosion potential and around 1.25 V

(SCE), there appeared an evident passivation region. At

1.25 V (SCE), the corresponding current density is

1.06 9 10-1, 5.72 9 10-2, and 9.07 9 10-3 mA/cm2 for

the treated specimens at 4, 8, and 12 h, respectively. Above

1.25 V, the nitrided protecting layer broke up, increasing

the corrosion current density, and an important pitting

process takes place. In this case, general corrosion was not

found, but also only small and shallow corroded holes were

formed (Fig. 6b). Therefore, the nitrided specimens

showed very low corrosion rate (0.003–0.0005 mg/cm2/h).

It was observed that with an increase in nitriding time, the

corrosion potential slightly increased (*0 V), whereas the

corrosion and pitting current densities decreased (Table 2).

The enhanced corrosion resistance was attributed to the

presence of a dense nitride layer rich in e-nitride phase on

the surface. Because nitride is a noble phase, formation of
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Fig. 5 Polarization curves of DC53 cold work tool steel in 3.5%

NaCl solution

Table 2 Corrosion parameters of DC53 cold work tool steel

Treating

time (h)

Corrosion

potential

(V)

Corrosion

current density

(mA/cm2)

Corrosion

rate

(mg/cm2 h)

Pitting current

density

(mA/cm2)

Unnitride -0.45 1.83 9 10-1 0.19 –

4 -0.092 2.85 9 10-3 0.003 1.06 9 10-1

8 -0.071 1.02 9 10-3 0.001 5.72 9 10-2

12 -0.026 2.25 9 10-4 0.0005 9.07 9 10-3
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more nitride helps to protect the surface from corrosion

attack, and for this reason, with an increase in nitriding

time, corrosion resistance improves. This result agrees

quite well with the plasma nitriding study [17] which

showed that the nitrided layer with the e-phase has excel-

lent corrosion resistance.

The volume fraction of e-nitride obtained from the XRD

patterns by using the RIR method, density of pits and pit-

ting current density of the nitrided layers are analyzed as a

function of treatment time (Fig. 7). The volume fraction of

e-nitride and total nitrides increased with increasing

nitriding time (Fig. 7a). Although the amount of c0-nitride

also increased, the increase in total nitrides was primarily

ascribed to the e-nitride. Because the amount of e-nitride

was much larger than that of c0-nitride for all nitrided

specimens (e/c0[ 2).

The 4-h nitrided specimen showed a relative higher

pitting current density (1.06 9 10-1 mA/cm2). After the

test, the corroded surface showed the highest pits (821/cm2,

measured by image analysis of the SEM micrograph) as

shown in Fig. 8a. The high density of pits formed during

the corrosion tests could be due to a very large number of

sites in which local breakdown of the passivity can easily

occur. The observed corrosion behavior could be ascribed

to the fact that the amount of e-nitride (37.8%) was lower

in 4 h nitrided surface layer in comparison with the other

nitrided specimens.

Specimen nitrided for 8 h showed a medium pitting

current density (5.72 9 10-2 mA/cm2). After linear

polarization, the corroded surface showed the presence of

smaller (mean pits diameter: *198 lm) and fewer pits

(493/cm2) as shown in Fig. 8b. This behavior could be

attributed to the moderate amount of e-nitride (55.7%)

formed on the nitrided layer.

In the 12-h nitrided specimen, the pitting current density

showed a significant reduction (9.07 9 10-3 mA/cm2) in

comparison with the other nitrided specimens. After the

linear polarization, the specimen showed the lowest pits

(356/cm2) on the corroded surface as shown in Fig. 8c.

This indicated very small number of sites in which the local

breakdown of passivity occurred during the corrosion tests.

This behavior was due to a dense protective nitrided layer

with high amount of e-nitride (69.1%) formed on the

surface.

The corrosion mechanism in austenitic stainless steel

(ASS) and martensitic stainless steel (MSS) has been

reported [18, 19]. In ASS, the CrN precipitation is the main

factor for the degradation of corrosion resistance compared

Fig. 6 Surface appearance of the corroded specimens: a unnitrided

DC53, b nitrided for 12 h
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nitrided specimens
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to the untreated material. However, in MSS, the plasma-

nitriding treatment improves the corrosion resistance, even

after CrN precipitation, compared to the untreated material.

In our case, the quantity of CrN precipitation is low.

Therefore, the most important parameter for controlling the

corrosion resistance of the nitrided specimen is the volume

fraction of e-nitride and the thickness of the nitrided layer.

As shown in Fig. 7, the volume fraction of e-nitride

increased with increasing nitriding time while the pitting

current density and the density of pits followed the oppo-

site trend and ultimately showed drastic reduction in cor-

rosion rate after plasma nitriding. These results confirm the

increase in corrosion resistance by coverage of nitride

phase. A thicker and dense-nitrided layer would always

enhance the corrosion resistance [20]. Furthermore,

improvement in corrosion resistance is found to be directly

related to the increase in the amount of e-nitride at the

surface; it agrees with that the most important factor for

controlling the corrosion resistance of the nitrided speci-

mens is the amount of e-nitride.

Conclusions

The influence of microstructure on the corrosion behavior

of plasma-nitrided cold work tool steel (DC53) was stud-

ied. The volume fraction of e-nitride, density of pits, and

pitting current density of the nitrided layers are analyzed as

a function of treatment time. It has been confirmed that the

corrosion resistance of the material depended on the spe-

cific nitriding processes. For short nitriding time, the

formed thin nitrided layer with lower amount of e-nitride

shows relatively poor corrosion resistance. At intermediate

nitriding time, a thicker nitrided layer with the moderate

amount of e-nitride formed on the nitrided layer improves

the corrosion resistance of the material. For long nitriding

time, a most thick and dense protective nitrided layer with

high amount of e-nitride is formed on the surface, guar-

anteeing good corrosion resistance. These results confirm

that the most important parameter for controlling the cor-

rosion resistance of the material is the volume fraction of

e-nitride and the thickness of the nitrided layer. It is

expected that a nitrided layer would be thicker and rich in

e-nitride phase to achieve a high corrosion resistance.
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