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Abstract The present study evaluates the tribological

properties of boride layers on the surface of AISI 4140

steel, formed using the pack-boriding method. Commercial

EKabor�2 was used as the boronizing agent and the

treatment was carried out at 900, 950, 1000, and 1050 �C

for 2, 4, and 6 h, respectively. X-ray diffraction (XRD),

scanning electron microscopy (SEM), and microhardness

tests were used to characterize the phase composition,

microstructure, and local hardness, respectively, of the

borided steel samples. Block-on-disc tests were used to

investigate tribological properties. Abrasive wear tests

were carried out using emery paper at a fixed sliding speed

and three different loads. Adhesive wear tests were exe-

cuted against AISI 52100 steel at a fixed load and distance.

The coefficient of friction values (COF) of the samples

were determined simultaneously during the tests. The

weight loss and COF of the borided samples were com-

pared with untreated samples and the results suggest that

both wear resistance and friction properties of the AISI

4140 steel improve with boriding.

Keywords AISI 4140 steel � Pack-boriding �
Abrasive wear � Adhesive wear

1 Introduction

Boriding, or boronizing, is a thermo chemical surface-

treatment process in which boron atoms are diffused into a

material’s surface [1]. Boriding can be performed in dif-

ferent high boron medias, allowing for a number of dif-

ferent boriding techniques, such as molten salt boriding [2],

gas boriding [3], plasma boriding [4], paste boriding [5],

and pack boriding [6]. This study employs pack boriding,

sometimes known as the powder-pack-boriding method,

which is more versatile and less expensive than other

boriding techniques.

In industrial applications, chromium molybdenum AISI

4140 steel is commonly used for many parts including

automotive crankshafts, cams, and spindles [7]. Many

investigations have been carried out on the wear properties

of borided AISI 4140 steel. Sen and colleagues, [8], borided

AISI 4140 steel using slurry salt bath. They observed that the

initial friction coefficient of borided steels ranged from 0.5

to 0.6, but after short-duration oxidizing, the friction coef-

ficient dropped to 0.12. Küper et al. [9] borided AISI 4140

steel using plasma-assisted and gas boriding methods, gen-

erating single-phase iron boride layers (Fe2B), approxi-

mately 10 lm thick on the surface of the steel. Tests

revealed a significant wear reduction of plasma-borided

samples as compared to untreated samples. Sen et al. [10]

found FeB, Fe2B, and CrB phases in the microstructure of

borided AISI 4140 steel that was fabricated using a mixture

of molten borax, boric acid, and a ferro-silicon bath as the

high boron potential media. In general, the hardnesses of

boride layers formed on boronized steels range between

1446 and 1739 HV0.1, depending on both the treatment time

and the temperature [10]. Atık et al. [11] borided SAE 1010

and SAE 1040 structural steels, D2 tool steel, and AISI 304

stainless steel. In all cases, they found improvements in the
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abrasive wear and corrosion resistance of boronized steels.

Taktak [12] investigated the tribological properties of

borided AISI 52100 and 440C bearing steels at elevated

temperatures. He found friction coefficient values of bearing

steels at room temperature to range between 0.68 and 0.58.

In this study, we investigate the tribological properties

of boronized AISI 4140 low alloy steel. We use the pack-

boriding method to boronize the steel, varying both the

process temperatures and durations. Tribological properties

of the borided steel were characterized with an abrasive

and adhesive wear tests.

2 Experimental Details

AISI 4140 steel (0.39 wt% C, 0.92 wt% Cr, 0.94 wt% Mn,

0.18 wt% Mo, 0.15 wt% Ni, 0.2 wt% Si, 0.018 wt% P, and

0.011 wt% S) specimens were cut into cubic samples with

sides of 12.7 mm in length. Samples were polished using

1200 grit SiC emery paper for a few seconds, followed with

an ethanol rinse to remove grease and dirt.

Boriding was carried out at 900, 950, 1000, and 1050 �C

for 2, 4, and 6 h with commercial boriding agent EKabor�2

powder in stainless steel containers. At least three samples

were prepared for each experimental condition. The floor

of each box was covered with approximately 1 cm of

boronizing agent. The samples were placed on the powder

and subsequently covered with an additional centimetre of

boronizing powder. Ekrit� powder was added to prevent

oxidation during the process. Fresh powder was used for

each experimental run. Boriding was carried out in a dig-

itally controlled Protherm electrical resistance furnace.

After boriding, the boxes were cooled at room temperature.

All of the specimens were cooled under the same condi-

tions. For this reason, the formed microstructure’s effect on

the results was the same. Upon removal, specimens were

cleaned and prepared for testing. Specimen microstructure

was characterized using optical microscopy, SEM, and

XRD analysis. For optical and SEM, samples were cut to

expose cross-section and etched with 1% Nital. Hardness

measurements were performed on the cross-section of the

samples with a Future-tech FM-700 microhardness tester

fitted with a Vicker’s pyramid indenter. The test load was

50 g with a dwell time of 10 s for each set of measure-

ments. The thicknesses of the borided layers were mea-

sured with a Clemex Professional image analysis system.

Sliding wear tests, which were made by ASTM G-77

standard, were performed on both untreated and borided

steel specimens. Untreated samples were polished with

1200 grit emery paper to improve surface finishes. Wear

tests were performed under dry conditions with a block-on-

disc wear tester (PlintTE53 multi-purpose friction and wear

tester). All wear tests were performed at room temperature

(*20–25 �C) under normal atmospheric conditions (min.

30%–max. 40% Relative Humidity). Before and after wear

testing, the surface roughness of the specimens was mea-

sured with a Taylor Hobson—Form TalySurf Series2 sur-

face profilometer. Following wear testing, the surface of

each sample was analyzed with a SEM equipped with

electron dispersive X-ray equipment (EDX-Leo Evo 40VP

scanning electron microscope and Quantax microanalysis

system with Röntec Xflash detector).

First, we investigated the abrasive properties of the

borided steel. The metal disc in the block-on-disc tester

measured 60 mm in diameter and 16 mm in width, and was

coated with 500 grit silicon carbide (SiC) emery paper. The

mean abrasive particle size of the silicon carbide paper was

determined using SEM to be approximately 30 lm in

diameter. Borided samples have two phases on surface. FeB

phases are brittle and near surface. In abrasive wear tests,

expected result is that this phase would crack first. For that

reason, we want to know load differences in low cycle

numbers. We try to understand wear behavior of FeB and

Fe2B phases separately, for that reason, we use 22, 32 and

42 N loads, respectively. In all wear experiments, the sliding

speed of the disc was chosen as 0.63 ms-1 (200 rpm). The

weight loss of the samples was measured after the comple-

tion of 100, 200, 500, 1000, 1500, and 2000 cycles using a

Sartorius CP3245 scale (accurate to 10-4 g). By measuring

weight loses in 100, 200, 500, 1000, 1500, and 2000 cycle

values determining the wear behavior in different distances

on the borided surfaces was aimed. Especially for deter-

mining FeB’s behavior, we measured short distances (100,

200, and 500 cycles) in the beginning of the tests. The

specimens were mounted on a single track during the test,

with fresh emery paper for each run. All abrasive wear tests

were repeated thrice; the average result of the three tests was

used for subsequent comparisons.

In adhesive wear experiments, the friction behavior of

borided AISI 4140 steels was tested with a normal load of

42 N and a constant sliding speed of 0.63 ms-1 (200 rpm).

Dry sliding was carried out using the opposite face of a

quenched and polished disc made of SAE 52100 steel with

hardness of 65–67 HRC. Friction was measured using the

signal from a load cell, stored by a Honeywell data

acquisition system. Friction data was continuously recor-

ded. The sliding distance was fixed 2000 m for each

sample. A new disc was used for each test.

3 Results and Discussion

3.1 Hardness and Microstructure of Borided Layers

Both the optical and scanning electron microscope (SEM)

images of cross-sections of borided AISI 4140 steel
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revealed a saw-tooth shape and porosity-free structure to a

depth of 290 lm under 1050 �C at 6 h test conditions

(Fig. 1). At higher magnifications, the cross-sectional view

of the borided steel surfaces exhibited three distinct

regions; (i) a boride layer that featured both FeB and Fe2B

regions, (ii) a transition zone under the boride layer, and

(iii) the substrate. The prominent phases seen in the boride

layer are FeB, Fe2B and CrB (Fig. 2) [13]. The thickness of

the boride layer depends on boronizing time and process

temperatures. The microhardness values of untreated and

borided samples were about 226 HV and 1309–1757 HV,

respectively. As expected, the hardnesses of borided sam-

ples are much higher than that of the untreated substrate.

This result can be attributed to the presence of the FeB,

Fe2B, and CrB phases. Hardnesses of borided layers from

surface to substrate are shown in Fig. 3. Thicknesses of the

borided layers and maximum hardness values are listed in

Table 1.

3.2 Friction and Wear Tests

Figure 4 shows the weight losses resulting from abrasive

wear experiments performed using loads of 22, 32, and

42 N. Samples in the figure were borided at four different

temperatures for three different durations. Regardless of

load and processing conditions, weight loss values of the

borided samples were considerably lower than those of the

untreated samples. Considering the hardness of the borided

samples, this consequence is to be expected: we know from

previous studies that the boronizing process greatly

increases the wear resistance [14, 15]. As seen in the

graphs, when the load is increased, the weight loss is

increased. In addition, there is a significant decrease in the

weight loss with an increase in the process duration. This is

especially apparent in the 22 N experiments. From this, we

conclude that an increase in process time increases the

thickness of the boride layer, which results in a decrease in

wear [16, 17]. Although similar wear behavior is obtained

for samples subjected to other loads, only small increases

on weight losses were observed in the samples processed at

high temperatures and for extended durations (i.e. 6 h at

1050 �C). This can be explained by considering the ele-

vated FeB fraction that is associated with a longer process

time and higher temperature. Internal stresses arise

between the FeB and Fe2B phases, generating cracks par-

allel to the surface. Hence, as the process time and tem-

perature increase, so too does the number of cracks. Results

that support these scenarios have been published elsewhere

[18–21].

Figure 5 shows an SEM image of the worn surface of a

sample borided at 1000 �C for 4 h, following a wear test

conducted with a normal load of 22 N. Since there are few

deep abrasion track visible, we can conclude that there is

not a deep abrasion at that load. In tests performed on the

same sample, but with a higher load of 42 N, abrasion

tracks are deeper and small oxide particles are visible

(Fig. 6). In the sample borided at 1050 �C for 6 h (the

sample that exhibited the greatest weight loss), we see

moderately deep abrasion tracks as well as visible surface

cavities (Fig. 7). Particles that were fractured by the heavy

load applied during the abrasion serve in turn to deepen the

abrasion tracks.

Figure 8a–c shows the variation in the friction coeffi-

cient for borided and untreated steels, measured while

sliding against the SAE 52100 steel disc. From the figures,

we see that a borided steel sample exhibits a coefficient of

friction that is 3–4 times smaller than an untreated steel

sample tested under the same conditions. A decrease in the

friction coefficient of AISI 4140 steel specimens following

Fig. 1 SEM image of the sample borided at 1050 �C for 6 h (etched

in 1% Nital)

Fig. 2 XRD pattern for the sample borided at 1000 �C for 6 h
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boriding can be explained by considering the increase in

surface hardness of the borided samples: a material with a

harder surface exhibits improved resistance to both plow-

ing and adhesion.

We found that the coefficients of friction of our borided

AISI 4140 steel specimens were between 0.16 and 0.36.

The sample borided at 950 �C for 6 h yielded the lowest

coefficient of friction (COF) of approximately 0.16. These

results are in good agreement with Petrova and co-workers

[22]. However, the measured COF of borided AISI 4140 in

our experiments is substantially lower than the COF of

borided AISI 4140 steel of 0.50–0.60 found by Sen et al.

[8].

Plots of the COF versus distance for the adhesive wear

tests of samples borided for 2 h are given in Fig. 8a. Two

different friction behaviors were observed, depending on

the process temperature used during boriding. The samples

borided at either 950 or 1000 �C behaved as if transitioning

from an oxidation-dominated wear to an abrasive wear

scenario. As the wear mechanism in a system changes from

oxidative to abrasive, there can be a significant increase in

the friction coefficient. Our analysis shows that the wear

debris left on these samples consists mostly of iron oxide

(Fe2O3 and Fe3O4) particles, predominantly due to the

oxidation of the counter-rotating disc. Very small steel

fragments are also present from disc abrasion (Fig. 9).

Moreover, the measured surface roughness values of these

samples are lower than those of the other samples, giving

them an increased real contact area (Table 2.). The increase

in real contact area exerts a negative effect on wear

properties at dry conditions, increasing the COF [23].

The friction coefficients were very low for the two

samples that were borided at 900 and 1050 �C. The

improvement can be explained in terms of the reaction

taking place between oxygen in the air and iron-boron in

the borided layer: a film of iron-boron oxide forms and

subsequently reacts with moisture in the air to yield a

lubricating effect. Analysis of the worn surface (Fig. 10)

Fig. 3 The microhardness distribution of borided specimens

Table 1 Hardness and borided layer thicknesses of the samples

Process

temperatures (�C)

Process

time (h)

Borided layer

thickness (lm)

Hardness

(HV)

900 2 57 1605

4 92 1624

6 121 1612

950 2 86 1716

4 138 1728

6 167 1698

1000 2 129 1718

4 176 1757

6 211 1655

1050 2 153 1664

4 224 1728

6 290 1646
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Fig. 4 Weight loss distribution of borided samples under abrasive wear conditions
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and the wear debris suggests that a protective oxide film

did form, delaying the oxidation-dominated to abrasive-

dominated transition [19].

For the samples that were borided at 900 �C, depending

on the thermal expansion between FeB and Fe2B phases

under low temperatures, very few microcracks were

observed, and thick layers were essentially absent. On

the other hand, at 1050 �C, boron diffuses rapidly, pro-

ducing boriding layers that are more homogenous, with less

Fig. 5 SEM image of the worn surface of the sample borided at

1000 �C for 4 h, after an abrasive test using a normal load of 22 N

Fig. 6 SEM image of the worn surface of the sample borided at

1000 �C for 4 h. Borided sample worn surface, under 42 N, with

abrasive wear conditions

Fig. 7 SEM image of 1050 �C 6 h borided sample. Worn surface,

under 42 N, with abrasive wear conditions

Fig. 8 COF variations of borided samples with different boriding

durations (a) 2 h, (b) 4 h, and (c) 6 h
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cracking and cavity formation. Consistent with the adhe-

sion properties at 900 and 1050 �C, the friction coefficient

remains constant [13].

Plots of COF versus distance in the adhesive wear

tests of samples borided for 4 h are shown in Fig. 8b.

From the figure, it is clear that the friction coefficients of

these samples do not fluctuate with distance. Borided

layers are sufficiently dense after a treatment time of

only 4 h. This relatively low process time leads to fewer

thermal effects (such as cracks) in the borided layers.

These samples also undergo surface oxidation during the

first part of the wear test and, as explained above, this

results in a lubricating effect and allows for low friction

coefficients. EDX analysis of the wear tracks reveals the

presence of large amounts of oxygen and iron-boron

oxide (Fig. 11).

The sliding test results for 6 h borided samples are

shown in Fig. 8c. The friction behaviors of these samples

are nearly identical to those of samples borided for 4 h.

One difference, however, is that the COF of the sample

borided at 900 �C for 6 h fluctuates with distance. Fluc-

tuations occur when oxide layers on the sliding surfaces of

two materials begin to form, resulting in low friction fol-

lowed by high friction performance [24]. In this sample,

the surface was highly oxidized and oxide particles con-

tributed to abrasive wear during the sliding test. The

borided layer in the 6 h sample was dense and relatively

thin and when compared with the 2 h borided sample, it

exhibited better wear resistance. SEM images of the worn

surfaces of the 6 h sample revealed oxide particles and

abrasive tracks (Fig. 12).

4 Conclusions

In this study, AISI 4140 steel specimens were borided with

solid boron-yielding powder using the pack-boriding

method. Commercial EKabor�2 powder was used as the

boronizing agent and all fabrication experiments were

carried out at 900, 950, 1000, and 1050 �C for 2, 4, and

6 h. The boride layer thicknesses, microhardness values,

and microstructural characteristics were investigated. Wear

tests were performed on untreated and borided steel spec-

imens. Our conclusions are as follows:

Fig. 9 SEM image of the worn surface of a sample borided at

1000 �C for 2 h, after an adhesive wear test

Table 2 Statistical data of COF and surface roughnesses of borided samples

Duration (h) Temperature (�C) Coefficient of friction Surface roughness (lm)

Max. Mean SD Before test After test

Ra* Rz** Ra* Rz**

2 900 0.18 0.17 0.01 0.41 4.92 0.30 2.40

950 0.61 0.36 0.16 0.29 3.26 0.21 2.83

1000 0.63 0.32 0.12 0.36 3.71 0.23 2.14

1050 0.17 0.16 0.01 0.54 4.62 0.31 2.19

4 900 0.26 0.22 0.02 0.46 2.81 0.24 1.69

950 0.27 0.22 0.02 0.54 4.84 0.26 2.23

1000 0.21 0.17 0.01 0.40 3.13 0.21 1.72

1050 0.32 0.24 0.03 0.47 4.27 0.28 1.80

6 900 0.48 0.31 0.07 0.42 3.42 0.29 2.70

950 0.18 0.16 0.01 0.40 3.29 0.24 1.82

1000 0.21 0.18 0.01 0.39 3.22 0.29 1.88

1050 0.18 0.16 0.01 0.36 3.07 0.27 2.29

Untreated 0.83 0.59 0.16 0.37 3.95 2.28 11.68

* Average surface roughness, ** Maximum surface roughness
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• For boronizing pack powder treatments, the boride

layers formed at the surfaces of the AISI 4140 exhibit

saw-tooth structures and the layer thickness increases

with both boriding time and temperature. The thickest

boride layer (290 lm) was in the sample borided at

1050 �C for 6 h.

• The microhardness values of the boride layers varied

between 1200 and 1750 HV0.05.

• Abrasive wear resistance of the borided layers was

approximately 3–4 times greater than that of the

untreated samples. The best wear resistance was

obtained for the sample borided for 6 h at 900 �C.

• Coefficient of friction values for the steel specimens

that featured boride layers were lower than the

coefficient of friction values for untreated steel sam-

ples. The sample borided at 950 �C for 6 h exhibited

Fig. 10 EDX analysis of the worn surface of a sample borided at 900 �C for 2 h, after an adhesive wear test

Fig. 11 EDX analysis of the worn surface of a sample borided at 1050 �C for 4 h, after an adhesive wear test
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the lowest COF, at a value of about 0.16. However,

in situations where adhesive wear is important, but

economical factors must be considered, good COF

results can be obtained by boriding for just four hours,

at 1000 �C.
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