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Abstract

Mold steels have short service life because of being subjected to continuous impact loadings. So several industrial surface
treatments are used to improve hardness and wear resistance, such as gas nitriding/nitrocarburizing/carbonitriding. This
study carried gas nitriding and nitrocarburizing (GN+NC) and carbonitriding (CN) processes to D2 mold steel in in-
dustrial conditions. The results were investigated by comparing the hardness and wear properties. Nitrided and untreated
samples were subjected to microstructural investigation, hardness measurements, and dry sliding wear tests. As a result
of the experimental studies, it was found that different nitriding processes significantly enhanced the wear resistance of
the samples. GN+NC treated D2 steel as 730 HV achieved the highest surface hardness. GN+NC treated samples had
the highest wear resistance and the lowest friction coefficient.

Keywords: Wear, Gas Nitriding, Nitrocarburizing, Carbonitriding, Mould Steel D2.

1. Introduction

AISI D2 tool steel is widely used for punches and dies, forming dies, ceramic dies, cutting blades and cutters, stamping tools, etc.,
due to its good wear resistance and high hardenability [1-3]. The service life of the tool and die steels can be improved by various
surface treatments [4-6]. The nitriding process is the most widely used technique as a surface modification to improve the lifetime
of tool and die steels [3]. The researchers utilize several nitriding methods, such as gas nitriding, nitrocarburizing, carbonitriding,
etc., are being used by the researchers to enhance the surface properties of AISI D2 steel [7-11].

Gas nitriding, one of the low-temperature surface hardening processes, is based on forming a hard layer on the surface by sending
nitrogen atoms to the steel part surface as intermediate atoms. Ammonia (NH3) is generally used as a nitrogen supply medium. In
the nitriding process, the atomic nitrogen on the steel surface diffuses into the interior and reacts to form very fine nitride precip-
itates, usually 5-15 1 m in size. Wear and corrosion resistance and fatigue strength are improved [12-14]. The carbonitriding
process is a modified form of the carburizing process. In addition to cementation, ammonia is added to the furnace atmosphere,
thus adding nitrogen and carbon to the steel surface. The difference between the process and carburizing is tha it is done at lower
temperatures and shorter processing times, and as a result, a thinner hardness layer is formed. The carbonitriding process is gener-
ally applied when the hardness depth is desired of 0.05-0.5 mm, and steels that are not suitable for cementation are selected. After
the carburizing process, the steel is tempered to reduce the stresses in the marterial, and the desired final hardness value is obtained
[15-18]. Nitrocarburizing is a thermochemical surface hardening process that improves engineering materials' wear, corrosion, and
fatigue resistance. With the nitrocarburizing process, the simultaneous diffusion of nitrogen and carbon elements is ensured so that
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the carbon atom fills the atomic spaces and nitrogen is deposited on the surface. Thus, it forms a 10-20 2 m thick white compound
layer on the material surface. This layer, which contains carbides and nitrides, provides improvements in the mechanical properties
of the materials. A diffusion zone is also seen below the white layer [19-21].

In recent years, the gradual application of gas nitriding and nitrocarburization (GN+NC) has often been applied to save time and
labor in industries such as the automotive, tool, and manufacturing industries, by minimizing dimensional tolerances and thus
eliminating the need for post-grinding. This process, GN+NC, offers a wide range of surface hardness depending on the steel type.
GN+NC provides superior improvements in wear and corrosion resistance and fatigue strength that cannot be achieved by carbu-
rizing or carbonitriding,

In this study, two different nitriding processes were applied for AISI D2 steel, and the wear performances of the samples were
compared: the first process is the gradual application of gas nitriding and nitrocarburizing (GN+NC) process using ammonia and
carbon dioxide gases in a vacuum nitriding furnace. The second process is applying carbonitriding (CN) process in atmosphere-
controlled furnaces using endo gas and natural gas as carbon sources and ammonia as nitrogen sources.

2. Experimental Procedure
For this study, a commercially available annealed AISI D2 steel bar was selected as a base material, which had a tested hardness of
179 HV in its core region. The chemical composition of AISI D2 steel is given in Table 1.

Table 1. Properties of Used Fibers in Application
Specimen  C Si Mn P S Cr Mo \Y% Fe
AISID2 1,53 0,25 0,34 0,021 <0,0003 11,11 0,73 0,72 Bal

This base material was then machined to 10 mm diameter dimensions to produce wear samples. Nitriding processes were applied
in the Déksan Heat Treatment Inc. plant. A combination of gas nitriding and nitrocarburizing (GN+NC) process was conducted
using the parameters shown in Fig. 1. All nitrided specimens subsequently cooled to room temperature in the furnace.
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Figure 1. Gas nitriding and nitrocarburizing (GN+NC) process cycle

The parameters of the carbonitriding (CN) process applied for comparison with GN+NC samples are given in Fig. 2.
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Figure 2. Carbonitriding (CN) process cycle
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Wear tests and optical micrograph analyses were carried out in Pamukkale University Technology Faculty laboratories, and hard-
ness measurements in Doksan Heat Treatment R&D Center laboratories. The hardness of the samples was measured by the Vickers
method following ASTM E384 [22] standard. Hardness measurement was performed on an Emcotest - Durascan 70 G5 Vickers
hardness tester with a 49.03 N (5000 gf) load and an indentation time of 15 s. The hardness values were calculated by taking the
average of the measurements taken from three different regions.

The wear test of the AISI D2 steel sample prepared in ©10 x 20 mm dimensions was performed on the pin-disc wear device given
in Fig. 3. Wear test specimen dimensions are given in Fig. 4. The wear test was carried out at room temperature without using any
lubricant.

Balance weight

Load cell

Fixed body

Abrasive
Figure 3. Schematic representation of wear test device [22, 23]
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Figure 4. Wear test specimen dimensions [22]

In the abrasive wear test, 5, 10, and 15 N loads were applied to all group samples, and the sliding speed was determined as 3 m/s
and the test time as 30, 60, and 90 s. The weight losses of the samples were measured on an electronic balance with an accuracy of
+ 0.001 g. In addition, friction forces were measured with the load cell sensor mounted on the device to determine the friction
coefficient. 240 grit sandpaper was used as abrasive.

The wear test diagrams were characterized using the following equations [23, 24].

F
The friction coefficient is n= = (1)
B P

where F is the friction force measured by the load cell and P is the normal load applied to the samples.

Worn surfaces and nitrided layers were examined by optical micrograph analyses on a Nikon Eclipse LV150NL microscope.

3. Results and Discussion

Fig. 5 shows the hardness test results of AISI D2 steel with different surface treatments. As shown in Fig. 5, an impressive increase
in the hardness of the samples was obtained due to the GN+NC process. It is known that an oxide layer can be produced on the
top of the nitrocarburized case during GN+NC treatment, which other nitriding methods cannot regularly produce. It should be
emphasized that temperature and time control the nitrogen concentration and diffusion rate on the surface layer, which determines
the phase composition and results in excellent hardness of nitrocarburized specimens. These parameters determine nitrogen con-
centration, the most critical factor in hardness [25]. However, the high Cr content in AISI D2 steel favors the formation of
dominant chromium carbide structures that increase hardness [26]. GN+NC treated AISI D2 specimens have a thicker compound
layer than the CN process. In GN+NC processed specimens, carbon diffuses more than nitrogen and penetrates more profound
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than the surface. Studies suggest that nitrogen pushes carbon deeper into the bulk [27]. However, nitrogen inhibits carbon diffu-
sion in the CN process, so a shallower case is usually seen on the surface than is typical for carburized parts. As a result, in the
GN+NC process, nitrogen is the predominant element in the carbonitride layer. At the same time, carbon predominates in the
formation of the martensitic layer in the CN process, so the GN+NC process represents higher total layer thickness and higher

surface hardness than the CN process.
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Figure 5. Hardness values of AISI D2 steel with different surface treatment

The wear tests are compatible with the hardness obtained thanks to the applied surface treatments. Fig. 6 shows the weight loss
results as a function of sliding distance and applied loads in wear tests of AISI D2 specimens with different surface treatments. A
significant reduction in wear volume is observed in GN+NC treated samples. The weight loss decreased sharply in the GN+NC
treated samples due to the increased sliding distance. However, in general, the wear behavior of both GN+NC and CN treated
specimens was significantly improved relative to the base metal. This result is attributed to the hard compound layer obtained on
the surface in the GN+NC process and the formation of secondary phases such as carbonitride and intermetallic compounds in
the CN process. (Fig. 7). These layers and compounds are considered to delay surface degradation and prevent carbides in the core
region from being exposed to the wear contact surface [28]. The experimental results show that the weight loss of samples was
highly dependent on the surface treatment, applied load, and sliding distance.
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Figure 6. The effect of surface treatments on the weight loss as a function of sliding distance and load:
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Figure 7. Cross-sectional optical micrographs of (a) GN+NC (b) CN (200x)

The friction coefficient is a widely used evaluation parameter for the wear characterization of steel. Fig. 8 shows the variation in
the friction coefficient to the sliding distance under a constant load for i) base, ii) GN+NC, and iii) CN treated AISI D2 steel.
The samples selected for friction coefficient evaluation were for 300 m sliding distance, and at 15 N. There is a relationship between
the coefficient of friction, wear loads, and sliding distances. The friction coefficient decreases as the wear time and the associated
sliding distance increase with applied loads. These parameters should be well determined in selecting materials exposed to wear
and in design applications. The lowest friction coefficient was obtained in GN+NC samples. The results can be attributed to the
higher hardness of GN+NC samples. It is defined that the friction coefficient shows fluctuations for the same trend in all samples.
In surface-treated samples, wear coefficient values are lower than the base metal, regardless of their volumetric hardness. However,
it should be noted that, due to the high chromium content in AISI D2 steel, the wear coefficient and other wear mechanisms are
negatively affected by the presence of coarse chromium carbides in the structure [28]. Thus, as the sliding distance and contact
load increase, these randomly distributed chromium carbides may be released locally, and the mechanical properties may deterio-
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Figure 8. Variation of friction coefficient as a function of sliding distance and material’s treatment.

4. Conclusions

The friction and wear behavior of the AISI D2 steel during dry sliding subjected to two different surface treatments, one with a
combination of gas nitriding and nitrocarburizing (GN+NC) and one with carbonitriding (CN), were investigated. A summary of
the main findings is presented below:

o The wear resistance of AISI D2, treated with GN+NC, enhanced significantly.

e GN+NC treated AISI D2 has excellent hardness compared to the base metal and CN treated samples. The surface hard-
ness of the AISI D2 increased from around 179 HV (Base) to more than 730 HV (GN+NC treated.).

e GN+NC process represents higher total layer thickness and higher surface hardness than the CN process (330 HV).

¢ GN+NC process significantly increases wear resistance compared to the CN process.

o Weight loss for all samples depended on the surface treatment, applied load, and sliding distance.
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e The wear resistance of AISI D2 can be optimized with surface treatment and wear conditions.

o  The highest wear resistance was obtained at GN+NC samples, while the lowest wear resistance at base samples. The

results can be related to surface treatment effects on the hardness of samples.

e The lowest friction coefficient was obtained in GN+NC samples.
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