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ABSTRACT

The AA 3104 aluminum alloy is widely used as packaging for food storage. However, the package fabrication
causes wear to the cutting knife and stamping tools. The objective of this work was to evaluate the wear
resistance of the 1020 steel applied in tools for molding and cutting operations of AA 3104, with and without
surface treatment, comparing two techniques of wear tests. The samples of 1020 steel were treated by plasma
nitriding and DLC film deposition. All samples were tested by a microwear test by fixed ball (MWT). Also, a
prototype of the tools machine was developed to simulate the wear between 1020 steel against AA 3104 that
occurs in service, whose wear result was analyzed by the moiré optical technique by phase-shifting (DWT).
It was observed that the treated samples increased the wear resistance compared to the base material (BM),
indicating an increase in the cutting tool lifetime. The DLC film treatment presented greater wear resistance than
the nitriding treatment. The microwear test presented the wear volume behavior similar to the behavior of the
prototype of wear test, showing that the MWT can be used to study the wear phenomenon with good relationship
with the practice, the DWT can indicate the wear behavior of the material in service and the moiré technique can
be efficiently used to determine a wear behavior in the designed wear test.

Keywords: DLC film; Plasma nitriding; Wear; Moiré technique.

1. INTRODUCTION

AISI 1020 is a carbon and low-alloy steel, which is a cheap material that presents a good combination of strength
and ductility widely used in the manufacturing of simple constructions and machine elements, like piping,
construction area, and industrial sheet steel [1-5]. This material is also widely used in the manufacturing of
structural components [6] and in stamping tools, knives and cutting punches in eccentric presses for stamping
packaging made from AA 3104 aluminum alloy.

AA 3104 is an aluminum-manganese system alloy not-heat treatable thermally, with silicon, magnesium,
and iron as the main alloy elements, that presents good corrosion resistance, good conformability, and moderate
mechanical strength [7]. This alloy can be stamped and extruded due to its malleability property, promoting
premature wear in the cutting knife and stamping tools made of AISI 1020 steel, which arises due to the contact
that occurs during the conforming operation of disposable food packaging.

As discussed in the review paper developed by JONSSON et al. [8], for a tooling company, knowledge
and experience is an important competitive advantage, and to stay competitive in this market there is a need for
more efficient processes, systems, tools and supports. For the stamping and cutting operation, the mechanical
solicitation is high, and it requires tools produced from steel with strength and tenacity, in which the tribological
solicitations of the surface must also be considered [9, 10]. The wear is one of the five main failure mechanisms
encountered in the metal tooling [11], and the damage and wear of the tool surface increase maintenance costs
and deteriorate the surface quality of the sheet shape products [12].
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Wear is an old as time phenomenon, presently being one of the three main industrial problems that
lead to the replacement of engineering components and equipment. The wear is rarely catastrophic; however,
it reduces the operational efficiency due to the loss of the equipment power, increasing the consumption
of lubricant oil and the component substitution to maintain the quality of the product, and thus it is
quite undesirable in manufacturing process [13—16]. As presented by NAVARRO-DEVIA et al. [15], the
tool lifetime improvement and workpiece quality are extremely significant for industrial applications
once the cutting tools are an important consumable and indicate the manufacturing growth in a country’s
economy.

An efficient alternative to improve the surface properties of the steel and increase the lifetime of
components that suffer wear in service are the surface treatments [2, 14, 15, 17]. As shown by SELCUK
et al. [2], the surface treatments of carburizing, carbonitriding and boronizing improved the hardness and
wear resistance of the 1020 steel.

Since the ion beams have been used in full-scale, the surface treatment by plasma has been successfully
applied in the tooling industry [18]. As discussed by COSTA et al. [10], plasma-assisted surface treatments are
efficient in the increase of the hardness, wear, and corrosion resistance of different kind of steels, complying
with the necessity of the industrial sector that requires the increase of productivity. The use of plasma nitriding
proved to be feasible for M2 and D2 tool steels [10].

Other treatment used to increase the hardness and wear resistance of the metals besides the plasma
nitriding is the DLC film deposition by PECVD [15]. The plasma nitriding increased considerably the wear
resistance of the P20 steel, mainly used in plastic molds [19], while the DLC film, besides increasing the
hardness and wear resistance, decreased considerably the friction coefficient of the Ti6Al4V [20].

Some techniques are used to predict the wear resistance of the materials, as studied by ALTAY et al.
[21], that used the experimental wear losses under different loads and sliding distances of the AISI 1020
steel surfaces coated with 50FeCrC-20FeW-30FeB and 70FeCrC-30FeB, using the linear regression (LR),
support vector machine (SVM), and Gaussian process regression (GPR) algorithms used for predicting wear
quantities. A success rate of 0.93 was obtained from the LR algorithm and 0.96 from the SVM and GPR
algorithms.

As a traditional method to evaluate the wear resistance of materials with surface treatments, the
microwear test by fixed ball is cited [22-28]. The microwear test by fixed ball has been used to evaluate the
behavior of thin films and volumetric materials in microscale, since the wear volume or wear depth produced
in the test is very small. Thus, this test is adequate to determine the wear resistance of thin films and other coats
or layers produced by the surface engineering, and, by enabling a wide adjusted range of load, the fixed ball test
system is widely used to study the microwear in a variety of materials [29, 30]. In this case, the wear resistance
is obtained by the crater analysis formed in the test, being possible to determine the wear mechanism, wear
volume, wear rate, and the depth of the crater penetration, to verify if the test reaches the substrate during the
test or remains on the treated surface [24, 30-34].

Prototypes that simulate the real wear situation of parts in service can be produced, and wear resistance
may be defined by mass loss, as well as wear volume may be determined by the scar geometry produced on
the test, or by the changing of the part geometry after the test. In the second case, the moiré technique can be
an alternative to determine the wear resistance of tested parts using specially designed equipment to simulate a
specific wear condition.

The Moiré technique (MT) has been used in a variety of areas, as for example, to evaluate the soil surface
[35], to decode information hiding scheme for visual cryptography [36], to digitalize the human body [37], to the
measurement of nonlinear optical properties of noble metal nanoparticles [38] and to analyze biological surface
profiles and shapes without contact [39].

The MT is a robust, non-destructive, experimental simplicity and contactless methodologies that use low-
cost equipment, performed with an accessible method to generate digital images from interference phenomenon
created by light gratings projected onto the surface of interest [35].

In this work, a comparison of wear resistance of the AISI 1020 steel with two kinds of surface treatment —
plasma nitriding and DLC film deposition — was studied through the microwear test by fixed ball and using a
prototype of wear test developed to simulate the contact between the stamping tools made from 1020 against
the AA 3104 aluminum alloy. It was possible to observe whether the surface treatments can improve the wear
resistance of the material. The two kinds of wear tests were evaluated, being possible to determine whether the
laboratory test can efficiently set the wear behavior that occurs in the test using a prototype wear equipment
analyzed by moiré optical technique.
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2. MATERIALS AND METHODS

Two kinds of AISI 1020 steel samples were produced, as presented in Figure 1. The round sample (Figure 1(a))
was used to carry out the microwear test by fixed ball, and the triangular sample (Figure 1(b)) was used in the
wear test carried out by the prototype developed.

The geometry and dimension of the triangular sample were defined to be as similar as possible to the
stamping and cutting tools used in the packaging fabrication process. All the samples were abraded with the use
of water sandpaper, polished with 3 pm diamond paste, cleaned in an ultrasound equipment with detergent and
isopropyl alcohol for 5 min each stage, and dried with the use of a thermal blower.

2.1. Surface treatments

The surface treatments were carried out in plasma equipment using a pulsed-DC power supply in the Laboratory
of Technology and Surface Engineering (LabTES) of Sorocaba Technological College (Fatec-Sorocaba) located
in Sorocaba, Sdo Paulo — Brazil. A detailed description of the equipment is presented in CRUZ et al. [40].

The cleaning of the samples by plasma ablation process was carried out before all surface treatments,
using Ar (80%) and H, (20%) gases at a pressure of 2.0 torr for 60 min, in the temperature of the treatment.

The nitriding treatments were carried out with a fixed parameters of 550°C, 5 hours, in a pressure of 7
torr and gas flow at 500 sccm, varying the gas proportion for each of the two studied treatments: 80%N, —20%
H, (80N) and 60%N, — 40% H, (60N).

To the DLC film deposition, carried out by PECVD technique using a CH, as a precursor and Ar as gas
excitation; an interlayer was deposited immediately after the cleaning of plasma ablation process using hexam-
ethyldisiloxane (HMDSO) as a precursor in a proportion of 70% HMDSO and 30% Ar for 15 min, voltage of
300 V, temperature of 200 °C and 6.0 x 107 torr of total pressure gases. After that, without opening the reactor,
the DLC film was deposited with 90% CH, and 10% Ar at 30 sccm, 500 V, 4.16 x 10" torr for 2 hours.

2.2. Samples characterizations

The samples with nitriding treatment were characterized by metallography, X-ray diffractometry (XRD),
and hardness profile. The sample with DLC film deposition was characterized by Fourier transform infrared
spectroscopy (FTIR) and Raman spectroscopy analysis.

For metallographic analyses, the nitrided samples were cut in a transversal direction, embedded in high
adhesion Bakelite, sanded, polished, and attacked with Nital 3%. The micrography analyses were obtained by
Leica model DMi8 C optical microscopy with camera and software of capture and image analysis.

The X-ray diffraction (XRD) analyses were performed on the nitrided samples using Siemens equipment,
model D5005. The source voltage and an amperage of 40 kV and 30 mA were used, respectively, using a CuKa
(L =1,54056 A) radiation with a 0.02 ° step and 26 ranging from 5 ° to 90 °. The diffractograms were analyzed
using the Crystallographica Search — Match software, to find the phases formed for each peak of the obtained
diffractogram.
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Figure 1: Geometry and dimension (mm) of the samples used to (a) microwear test by fixed ball and (b) wear test using a
prototype of wear equipment.
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The hardness profile was carried out to obtain the hardness in the depth of the layer formed in the plasma
nitriding treatment, determined by Vickers (HV) microhardness tests using a Mitutoyo model HM 220 with a
load of 0.01 kgf.

The determination of the compounds and bands formed in the DLC film was defined by Fourier trans-
form infrared spectroscopy (FTIR) carried out using JASKO FTIR-410 Spectrometry equipment. The scanning
time was 128 s on the range of 4000 at 400 cm™ and a resolution of 4 cm™'.

The surface roughness of the treatments was determined by profilometry using a VeecoDektak 150
equipment exerting a force of 3.00 mg and time of 12s on the surface with horizontal scanning of 650 pm and
resolution of 0.056 pum.

The D and G bands of the DLC film were analyzed by Raman Spectroscopy using an argon laser with
5 pum of diameter spot, the wavelength of 514 nm, and power of 5% in a Renishaw-in Via Raman Microscope.
The obtained spectra were deconvolved by the Fityk 0.9.8 software and the extracted data was analyzed using
Origin Software 6.0. The ratio between the intensity bands D and G (ID /IG), the G band displacement, and the
width of half of band G (FWHM(G)) were determined to obtain the microstructure information of the film [41].
To derive the hydrogen content in film, it was used equation (1) [42].

H(%) =21.7+16.6 1ogm (1)

where I(G) is the intensity of G band and m is the inclination of spectra between 1000 and 1800 cm™.

2.3. Microwear test by fixed ball (MWT)

The microwear test was carried out in the samples with and without treatment using a fixed ball device shown
in Figure 2, more detailed in RANGEL et al. [43].

The wear test was carried out using a sphere or fixed ball of AISI 52100 steel with radius R of 12.7 mm
with a rotation frequency fixed at 1194 rpm, with a normal load of 8 N and time of 600 s. After the test, the
diameter of the wear crater (d) was measured by Leica model DMi8 C optical microscopy (MO) to estimate the
wear volume (V), determined in equation (2) [44]. The tests were carried out in triplicate, without any lubricant
or abrasive slurry, to keep the similarity to the DWT test.
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Figure 2: Illustrative scheme of the microwear equipment by fixed ball.
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2.4. Wear test by prototype developed and moiré technique (designed wear test —- DWT)

A device, shown in Figure 3, was developed to reproduce the wear that occurs in the cutting and stamping
process suffered by the AA 3104 aluminum alloy due to its contact with the press and knife made of 1020
steel. The contact between the plate of AA 3104 aluminum alloy (counter-body) with the body (1020 steel) is
accomplished by the two pressure springs. The sliding between the body and counter-body is performed in linear
oscillatory movement through a pneumatic cylinder. Each test on the body with and without surface treatment
was carried out at 11.000 sliding cycles, and the load of 27 kgf was applied by the compression of the springs
situated on the top of the device, leaving the length of both at 55 mm to reproduce the real situation. The analysis
of the wear produced sample after the test was carried out by the moiré optical technique by phase-shifting, as
recommended by DAL FABBRO et al. [45]. This technique allows digitizing the complete topographic profile
of objects, thus determining their volumetric loss.

The phase-shifting moiré optical technique is based on the projection of 4 white and dark grids outdated
of V4 of the period between each other projected on the background and the specimen. Image digital processing
allows getting the topographic profile of the studied object, as shown in Figure 4. Therefore, the difference of the

threaded spindie

top base

pocumatic cylinder

bottom base body
nylon block 1020 steel

counter (display)

counter-body
AA3IS

Figure 3: Illustrative scheme of the prototype of the wear equipment developed to simulate the real situation that occurs in
the molding process occurred between the 1020 steel against the AA 3104 aluminum alloy.
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Figure 4: Moiré shape survey image processing and 3-D gear tooth reconstruction obtained by Moiré technique [46].
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topographic profiles of the wear and not wear samples allows to determine the reduction of the height suffered
by the wear sample and, consequently, provides the data to calculate the wear volume of the piece.

In this work, the grids were generated by Fringe Projection® software and projected through multimedia
projector connected to a computer. Samples were painted with thin layer of matte white spray paint to increase
the contrast with the projected grid. Initially, the 4 outdated grids were projected on a white background.
Subsequently, one of the grids was projected on the wear sample with and without treatment. Then, for each
sample, a set of 5 images were captured through a Samsung cell phone model Galaxy J5 with 13 megapixels
of resolution and triggered via Bluetooth to avoid any movement of the camera. The analysis of the images
was carried out by Imagel® software version 1.64R and by the software Rising Sun® version 1999/2000, in
accordance with SANTOS et al. [47]. It is important to note that the use of the paint is necessary to achieve
better grid contrast in the use of the moiré technique, and all the samples were submitted to the wear test in the
same conditions [47-50].

The frontal and lateral wear profile of the sample is represented in Figure 5, in that the dashed line
represents the wear region to be evaluated (analysis line).

The profile conversion generated by the moiré technique from pixel to millimeters serves as a basis for
determining the material wear volume, following the procedures recommended by SANTOS et al. [47]. The
pixel height data of the wear sample along its length was obtained through the ImageJ]® software. The millimetric
height of the wear sample was determined with a caliper, choosing its end as the reference point. Equation (3)
determined the conversion ratio (Rx’y) relating known point in millimeter (Hx.y) with its pixel height of the wear
sample (Px,y)' Subsequently, this ratio was applied to convert height pixel data in millimeters (y) along its length

().

H_ [mm]

Xy

7R G 2

To determine the wear volume of the samples, it was adopted that the profile between the areas was linear
and the isosceles triangular shape, as observed on wear specimens, and illustrated in Figure 5(b) and Figure 6.
Thus, the precision of the wear volume calculated by the adopted technique is related to the accuracy of the point
capture (A ), which is the relationship between the total length of the sample (C_ ), in millimeters, by the length
of the object digitally reconstructed (L) in pixels.

Wear volume (V) was calculated in function of wear area determination (A , ). Equation 04
determined tangential angle of triangle inclination (tan 0) based on the without wear shape sample. Equations
05, 06 and 07 determined area profile with wear height (H__ height) determined by differences of millimetric
height between samples with wear and without wear and width of the wear shape specimen (B). Wear volume

was calculated summing parcels of each wear volume profile (V ) through equations 08 and 09.

wear_volume

(@) (®) (©)

Figure 5: Sample profiles (a) without wear, (b) frontal wear and (c) lateral wear.
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Figure 6: Longitudinal wear profile obtained through moiré optical technique shape survey.
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3. RESULTS AND DISCUSSIONS

3.1. Characterization of the treated materials
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The characterizations of the produced DLC film were done by FTIR and Raman spectra analysis. The FTIR
spectrum obtained for the formed DLC films, observed in Figure 7(a), shows the formation of bond and
functional groups characteristic of DLC film. It is possible to observe the presence of band C = C at the

0,45 T

0,40

0,301
0,254
0,20

Absorbance (a.u)

0,154
0,10 +
0,05

0.00 T

T T T T T T

3670 (O-H)
1580 (C-C)

2620 (C3C)

1000

1500 2000 2500 W00 S0 4000
Wavenumber (cm™) (a)

Intensity (a.u)

T T T T

Band G (1542 ¢, 1

Band D (1387 cm,

£y 1 L

A
500 1000 190

Raman Shift (cm"')

200 250

(b)

Intensity (a.u.)

Intensity (a.u.)

g §

1700

g &

10 20 30

40 50 €0
28(°)

(©)

70 & 9D

Figure 7: Analyze of (a) FTIR spectrum for the DLC film (b) Raman spectrum for the DLC film (c) Diffractograms for the

nitrided materials.
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wavenumber of 2620 cm™ and the band C—C at the wavenumber of 1580 cm™'. The band with low intensity
observed at the wavenumber of 2912 cm™! is related to the C—H? bond that obtains a higher concentration of
sp? [41]. The wave number of 3670 cm™ is related to the O-H bond from the ambient humidity.

The DLC film was deposited with a high percentage of CH, due to the fact that, as observed by ALMEIDA
et al. [20], the lowest percentage of methane produces a thinner film than a higher percentage of methane,
explained by the high ionization potential of this gas, which decreases the deposition rate of the film [41]. Then,
this gas must be higher in percentage than argon to form a good thicker film.

Figure 7(b) shows the Raman spectrum of the DLC film produced in this work, which indicates the
formation of a hydrogenated amorphous carbon film [20]. The G band, found in 1560 cm, is related to sp?
bond, characteristic of graphitic materials, and the D band is found in 1380 cm™, related to angular alteration
of sp? bond, that occurs due to the presence of sp* hybridization. It was possible to observe a displacement of
the D and G band for smaller Raman shift, with values of 1367 and 1542 cm! respectively, meaning that there
was amortization of the film related to the sp? bond, corresponding to the increase of the bond related to sp’
hybridization [41].

As presented by ROBERTON [41] and discussed by CASIRAGHI ef al. [42], the relation between the
A(D)/A(G) ratio with FWHM to G band can determine the kind of film produced. Low values of FWHM with
a low A(D)/A(G) ratio determine a polymeric-kind film formation (PLCH). To high A(D)/A(G) ratio with low
values of FWHM, the kind of film formation is graphitic (GLCH or GLCHH). The kind of film formed in this
work is DLCH, in that A(D)/A(G) ratio is 0.76 with an intermediated value of FWHM (161.3 a.u. to G band),
containing the presence of microcrystalline graphite rings and chains with a transition between amorphous
carbon with a higher concentration of C—C sp? bond [42].

In accordance with ROBERTSON [41], the a-C films are characterized by the I(D)/I(G) ratio lower than 1.
Analyzing the I(D)/I(G) ratio of 0.42 and the hydrogen percentage of 33.4%, it is possible to characterize the
DLC films produced in this work as a-C:H hard, considering the classification proposed by ROBERTSON [41].

The compound layer formed in the nitriding treatment is shown in Figure 8, with a thickness of 25.5 um
to the 8ON treatment and 22.98 pum to the 60N treatment. It is possible to observe two kinds of phases forming
the compound layer.

As discussed by YANG [51] and observed by DANELON et al. [52], the substrate region close to the
surface is rich in nitrogen, favoring the e-Fe, \N phase formation. Due to the differences in the flux of nitrogen
leaving from the interfaces, the phase y’~Fe N is formed below the e-Fe, .N phase, once the formation of the
y’—Fe N phase is favored for a lower percentage of nitrogen [51].

These phase formations are proven by XRD analysis, shown in Figure 7(c). The peaks of the e-Fe, N
phases are more intense in the 80N treatment compared to the 60N treatment. The phase e-Fe, N is formed by
increasing of nitrogen concentration in the treatment. Then, the condition 80N presented the thickest e-Fe, ;N
phase. This result corroborates with the metallography analysis.

The hardness profile is also influenced by the nitrogen flux applied in the treatment, as observed in
Figure 9. It is possible to observe the increase in the surface hardness without interfering in the substrate, keeping
it ductile. The 80N produced a thicker layer with the thicker e-Fe, ;N phase formation, which influenced the

e

Figure 8: Micrography of the compound layer formed in the nitriding treatment (a) 80N, (b) 60N.
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Figure 9: Hardness profile of nitrided materials.

higher hardness obtained in this treatment. In the literature it is possible to find works [53—55] that corroborate
with the hardness effect of the £ —Fe, N. Also, the high hardness on the surface is related to compound layer

formations and the profile of hardness decreases explained by the decrease in the nitrogen concentration in depth
[33, 40].

3.2. Results of the wear test

The behavior of the material with and without treatments at the MWT is observed in Figure 10(a), showing that
all treated materials present better wear resistance than the base material (BM), once the high hardness is one
of the important properties to the tool steel for achieving good resistance to abrasive wear [11]. Although all
treatments are effective in the wear resistance of the material, a lower wear volume was observed by the material
with DLC film deposited. As discussed in CAMPOS et al. [27], the highest wear resistance shown by DLC film
is due to the high hardness and low friction coefficient of this kind of film, being considered as a solid lubricant.
This property of the DLC film is indicated by the roughness value of 72,7 nm =+ 4,12, lower than the nitrided
samples, that presented roughness values of 124,4 nm + 5,67 and 141,1 nm + 3,07 for the 60N and 80N samples,
respectively.

As discussed in FOLLE and SCHAEFFER [56], the lubricant has an important role in the stamping
process, due to the reduction of the friction coefficient that reduces the premature fracture and localized thinning
of the sheet thickness. Also, some solid lubricant can be applied in metals to reduce the friction coefficient, as
teflon [57], nylon and rubber [58].

The influence of a few operative variables in the friction coefficient was investigated by FRATINI
et al. [57], as the specimen material (AA1050, Fe-P0O1, AISI 304, brass and copper), the pin diameters that has
influence on the contact pressure (25 and 50 mm), the tooling pin surface finish (machined and chromed) and
the lubricating conditions (dry, EP grease and Teflon). The effect of the tooling pin surface finish and contact
pressure showed depending on the utilized specimen material, but for all of them, the use of Teflon lubricant
condition, independent of machined or chromed surface finish, presented the lowest friction coefficient. This is
justified by the fact that Teflon acts as a solid lubricant, and when a liquid lubricant cannot be used, a surface
modification is indicating to develop the wear protection of the metals [59].

Thus, the DLC develops this effect, without contaminating the AA 3104 aluminum alloy used as the
packaging for food storage studied in the specific situation of this work, as it would be possible when using a
liquid lubricant.

ARAUIJO et al. [16] observed that the plasma nitride treatment carried out at forming tool made by
traditional AISI-M2 high-speed steel used to the nails production shows a significant increase in the nails
production preventing the premature wear and tearing of the material, increasing the tool lifetime. The wear
resistance determined by the sliding wear test presented the similar behavior observed in the manufacturing



O SOARES, F.; MANFRINATO, M.D.; GAZZOLA, J., et al., revista Matéria, v.29, n.2, 2024

process. It suggests that wear test can denote the wear behavior of the material applied in service. The result
observed by ARAUJO et al. [16] corroborates with the results obtained in this work.

Although the 80N treatment presented a thicker and harder layer, the 60N treatment showed better wear
resistance. KAMARIS [60] observed that the wear resistance decreases with the increase in the compound layer
thickness since the thicker compound layer has a porous and fragile structure. Also, the e-Fe, N phase, exiting
in greater intensity in the 80N, is brittle in nature, which cannot support the loads without cracking, and it can
increase the wear volume of the material [16].

Considering that the life of tool steel is generally governed by design, material, heat treatment,
manufacturing techniques, work material, production conditions and maintenance of press tool components
[8, 117, it is possible to accomplish in this study that one alternative to increase the tool life can be obtained
from surface treatments, mainly in AISI 1020 steel used to forming and cutting the AA3104 aluminum alloy.

The wear behavior obtained by simulating the practice is important to ensure reliable results. This
situation was obtained in the DWT using the MT. The analysis of the results of the wear volume using the MT
presented in Figure 10(b) allows us to observe that both the nitriding treatments and the deposition of the DLC
film promote a better resistance compared to 1020 steel without treatment when in contact with the aluminum
alloy AA 3104. Also, in this case, the DLC film presented better wear resistance than the nitriding treatment, and
the 60N presented lower wear volume than the 80N treatment. Even though the wear volume obtained in the
DWT may have overtaken the surface treatment, reaching the substrate during the test, probably the treatments
were successful in providing the lower wear rate in the initial portion of the test, keeping the total wear volume
lower than the base material. This behavior evidences the effectiveness of the surface treatments even under
severe wear solicitations.

The quantify analyses of the lateral profile of the studied samples obtained after the DWT test is presented
in Figure 10(c), whose characteristics generated by the image software are shown in Figure 11. It is possible to
observe that the BM showed the smallest height compared to treated materials, confirming the greater resistance
provided by the surface treatments of nitriding and DLC film deposited on the AISI 1020 in contact with the AA
3104 aluminum alloy.
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Figure 10: Wear behavior of the material with and without surface treatment in the (a) MWT (b) DWT (c) wear profile height
obtained in the DWT and (d) comparison of the results in the wear tests.
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base material

Figure 11: Characteristics of the lateral profile of the samples with and without treatments after DWT.

Figure 10(d) shows the degree of wear volume in relation to the total volume of the sample for each treat-
ment analyzed. This analysis index is a percentage between the wear volume, obtained in the experimental test,
in relation to the volume of the base material. Comparing this index, it is noticed that the wear trend between
the treatments is in common agreement, i.e., the MWT with the test carried out with the DWT analyzed with
the MT, the DLC bodies are more resistant, followed by the 60N treatment and the 80N treatment, respectively.

Despite the different values and the highest wear percentage obtained to the DWT due to the higher
severity of the test, it is possible to observe that for both wear tests the volume follows the same sequence of
growth, which contributes to the validation and reliability of wear tests and the results presented by them. This
shows that surface treatments, when subjected to similar parameters in different kinds of tests, tend to show
proportional wear results between them. Figure 10 (d) shows for both kinds of test (MWT and DWT) an increase
in the wear volume of the treated samples, complying with the sequence of DLC < 60N < 80N.

The wear process is complex and depends on a number of factors [61]. However, it is possible to perform
an extensive study of the effect of the wear parameters in the wear resistance of the material with different
surface treatments. On the other hand, the wear test carried out by prototype devices simulates as close as
possible the real situation.

We can observe that, although the wear volume obtained in the DWT test was higher than the MWT test,
the wear behavior of the 1020 steel, with and without treatment, was similar in both tests. The wear volume
obtained in the DWT test is justifying due to the severe wear solicitation occurred in this test, but the surface
treatment reproduces the wear behavior in both solicitations.

The effect of the severe wear solicitation in the wear volume obtained in this work is in accordance with
PEREIRA NETO et al. [33] and SEN [62], that observed that the increase in the contact load increased the wear
rate and wear volume for the metals submitted to different surface treatments, explained by the high solicitations
occurred in this situation.

These results do not determine the lifetime of the AISI 1020 tool but show the significantly increase in
the wear resistance of the treated material compared to untreated material, evidencing the effectiveness of the
treatments that indicates its uses in this situation. Also, the results show that the MWT can indicate the efficiency
in the study of the wear mechanism, phenomenon and tendency of wear resistance of materials applied in practice
while the DWT can be used to evaluate the wear resistance of materials using tests developed to reproduce real
situations, studying the behavior of materials that suffer wear in service.

4. CONCLUSIONS

In this work, studies were performed to determine the wear resistance of the 1020 steel with and without surface
treatment of DLC film deposition and plasma nitriding treatment. The wear volume obtained in the microwear
test by fixed ball presented similar behavior with the results obtained in the prototype developed to simulate the
real situation using the moiré technique of 1020 when in contact with 3104 aluminum alloy.

The DLC film produced in this work is related to a-C:H hard due to the percentage of hydrogen of 33.4%,
a low value of I(D)/I(G), and the relation between A(D)/A(G) and FWHM(G).
In the nitriding treatment, it was observed that high nitrogen concentrations are able to produce a thicker

compound layer and greater thickness of the e-Fe, ,N phase, which is harder than the y'-Fe N phase, produced
by low concentrations of the nitrogen.
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All treatments were effective in improving the wear resistance of the studied material when compared
to the base material. This is evidenced both for the microwear test by fixed ball and the prototype developed to
simulate the real situation using the phase-shifting moiré technique.

Between the two kinds of treatment studied, the samples with DLC film showed better wear resistance,
guaranteeing wear volume 88% lower when compared to nitriding treatment and 95% less compared to the
base material, when in contact with AA 3104 aluminum. Also, the higher percentage of nitrogen introduced
in the treatment can damage the wear resistance of the material compared to treatment performed with a low
percentage of nitrogen, due to the characteristics of the obtained layer feature.

Although the nitriding did not obtain superior results to the DLC films in this work, it can also be used
for the superficial improvement of the 1020 steel knives, since this treatment presented a lower wear volume
compared to the samples without treatment.

It is concluded that the results show that the application of the two wear techniques used in this work is
effective to determine the behavior of punches or knives made with 1020 steel for cutting AA 3104 aluminum
alloy, commonly found in food packaging industries and beverages, for example, being able to extend the lifetime
of this equipment. The moiré technique ally to adequate wear equipment developed to simulate a real and specific
situation is efficient to measure the wear characteristics and wear resistance of the materials in contact.
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