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1. Introduction
AISI 304 steel is a general purpose austenitic stainless 

steel. It has high ductility, excellent drawing, forming and 
spinning properties with lower susceptibility to intergranular 
corrosion and less carbide precipitation during welding in 
the heat-affected zone. Despite its resistance to corrosion of 
steel AISI 304, it is necessary to improve their performance 
in terms of wear and/or adhesion. A major disadvantage 
of austenitic steels is that they cannot be hardened by 
conventional treatments. However, the ability to change the 
surface properties of bulk materials by the use of surface 
coatings has opened up new and diverse applications in an 
endless number of technological areas1. There are several 
thermochemical treatments which alter the surface of a material 
changing its chemical composition and the microstructure 
thereof. Using thermochemical treatments, wear resistance can 
be improved, having a greater effect when the predominant 
phenomenon is the abrasive. Within these treatments, boriding 
is a surface modification, whereby boron is diffused into, 
and combines with, the substrate material resulting in the 
formation of iron borides. Depending on the temperature 
and time of the process, the chemical composition of the 
material and boron potential of the surrounding medium can 
form a single phase Fe2B or double phase (FeB / Fe2B) with 
defined composition2-5. Boriding can be attained by different 
mediums as solid, liquid and gaseous. The boriding process 
can increase up to 2000 HV surface hardness, improving 
the tribological properties of hardened components. Also, 
its hardness retention at elevated temperature, its corrosion 

resistance, and decrease in tendency to cold weld and reduction 
in the use of lubricants are noteworthy features6,7. The basic 
idea of coatings – having special properties on a substrate 
surface that cannot be reached by the substrate material 
itself – is necessarily dependent on the adhesion between 
substrate and coating. The test procedure that is best known 
and most used for adhesion measuring of hard coatings on 
steel substrates is the scratch test. Allaoui  et  al.8 studied 
coating/substrate system adhesion by scratches developed 
in borided XC38 steel (medium carbon steel) by immersion 
in molten salts, concluding that the best performance was 
obtained on a single-phase layer with critical load of 132 N. 
Taktak9 identified the delamination failure characteristics 
of boride-coated Cr based steels by Rockwell C adhesion 
test. The boriding was carried out using a slurry salt bath. 
The main finding was that adherence decreases with increasing 
temperature and process time. Adhesion decreases due to 
the increased thickness of the FeB phase and tensile residual 
stresses present therein.

In the present paper, FeB / Fe2B coatings developed 
on the surface of AISI 304 steel by pack boriding method 
(solid medium) are studied by two adhesion tests: a) Rockwell C 
adhesion test is used as a quality test for iron boride layer, 
and b) the scratch test to evaluate AISI 304 borided steel with 
incremental loads from 1 to 90 N for the set of experimental 
parameters of the boriding process. Damage caused by both 
tests was analyzed by a JEOL JSM-7800F scanning electron 
microscope. The mechanical properties and the effect of 
residual stresses of the borides layers on Berkovich depth 
sensing indentation at 50 mN of load were evaluated.
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2. Experimental Procedure
2.1. Power pack boriding process

Samples of rectangular shape (19 and 6.35 mm of side 
and height, respectively) were mechanically polished with 
SiC sandpaper up 1500 grade. The polished surfaces were 
cleaned with acetone before boriding process. After, the 
samples were submitted to pack boriding process using 
Ekabor 2 as a boron-rich agent. The process was carried out 
at 1223 K over 2, 6 and 10 hours of exposure time. After 
completion of treatment, the container was removed from the 
heating muffle to cool down to room temperature. Following 
this, the borided samples were prepared metallographically 
for their characterization using GX51 Olympus equipment. 
The  identification of phases was carried out on the top 
surface of boronized sample by X-ray diffractions using 
GBC MMA equipment with a CuKα radiation at λ = 1.54 A. 
In addition, an analysis was performed by Energy Dispersive 
X-ray spectroscopy (EDS) to obtain an average value of the 
transition elements in the iron borides (FeB and Fe2B) and 
diffusion zone. The dimensions of the tested areas were 
6 × 80 µm, approximately. The equipment used was the 
Quanta 3D FEG-FEI JSM7800 - JEOL.

2.2. Berkovich depth-sensing indentation
The microhardness profile of the boride layer was assessed 

with a Berkovich depth-sensing test using the CSM Indentation 
Tester (TTX-NHT) and following the recommendations of 
the ISO 14577 standard10 in order to avoid the interaction 
between the stresses field of the indentations. The indentations 
were performed in cross section of the FeB/Fe2B layer at 
different distances from the surface using a load of 50 mN. 
At each distance, at least three indentations were made with 
load/unload rates of 200 mN/min and a dwell time of 10 sec. 
The hardness and Young´s modulus were calculated using 
the Oliver and Pharr method, which consider the projected 
area of the Berkovich indenter and the contact depth of 
indentation11. In Figure 1 are shown the load-displacement 
curves obtained by Berkovich depth-sensing in both FeB and 
Fe2B phases for 10 h of treatment. Moreover, the residual 
stresses during indentations on the FeB / Fe2B layer were 
estimated according to the model proposed by Chen et al.12, 13:
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Where F is the applied load, E is the Young’s modulus, 
h is the penetration depth, sy is the residual stresses 
and ( ) /* .1 2Y YK=  K is a strength coefficient given by 
Equation 213.

( )/ nK Y E Y=  	 (2)

Where, Y is the yield strength and n is the strength hardening 
exponent.

2.3. Adhesion tests
The Daimler-Benz adhesion test is used as a destructive 

quality test for coating/substrate systems. This method causes 
layer damage adjacent to the boundary of the Rockwell 
indentation14. The damage around the indentation can be 
evaluated by microscopy and compared with a defined pattern 
of adhesion strength. The VDI standard15 defines the pattern 
of HFI to HF4 as an acceptable adhesion, and HF5 and HF6 
as insufficient adhesion of the coating/substrate system15,16. 
Rockwell C tests were conducted by a durometer Albert 
using a load of 1471N. Ten indentations were carried out 
on the surface of AISI 304 borided steel for each treatment 
condition.

Scratch tests were carried out using Revetest Xpress 
commercial equipment (CSM Instrument) which senses 
the normal and tangential force. A 200 µm radius Rockwell 
C diamond stylus was drawn across the coated surfaces 
under a normal load increased up to 90 N. The Scratch test 
characterizes the superficial mechanical properties of AISI 
304 borided steel, obtaining information such as adhesion, 
cohesion, damage mechanisms and critical loads. Six scratch 
tests were conducted for each of the boriding conditions 
with a loading rate of 18 N/min and speed of 1.42 mm/min. 
Before the scratch tests, the roughness surface was verified 
by Mitutoyo Roughness tester. The surface roughness of 
the samples was determined in Ra = 0.08 µm as maximum 
value regardless of exposure time, complying with the 
requirement of ASTM C162417. The critical loads were 
attributed to the normal force and the occurrence of damage 
using the Equation 3.
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Where, LCN, LRATE and LN are the critical scratch load (N), the 
loading rate (N/min) and the distance from the baseline of 
the scratch track to start point of the defined type of damage 
in the track (mm), respectively. XRATE is the rate of horizontal 
displacement in the test (mm/min) and the LSTART is the 
preload stylus force established at the start of the test (N).

3. Results and Discussions
3.1. Boriding process

The metallography of coating/substrate formed in AISI 
304 borided steel for the three boriding conditions are 
shown in Figure 2. Commonly, in AISI 304 borided steel 

Figure 1. Load-displacement curves by depth sensing indentation 
using a load of 50 mN in FeB and Fe2B phases formed on AISI 
304 steel at 1223 K for 10 h.
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few pores or cracks are observed regardless of exposure 
time18. Morphology of the boride layer is mainly caused 
by the alloying elements of AISI 304 steel; the nickel and 
chromium reduce the growth of the layer and dismish the 
degree of preferred orientation, decresing the saw-tooth 
morphology7. The patterns of X-ray diffraction (Figure 3) 
show the presence of FeB and Fe2B phases which are well 
compacted. However, Figure 2c) shows a mixture of phases; 
the FeB phase is defined as a FeB-base phase since it generally 
contains high boron products disolved therein because it 
grows from the transformation of the Fe2B phase19.

According with EDS analysis (Figure 4), the FeB phase 
contains on average 13.5 wt. % and the Fe2B contains 12.33 wt. % 
for Chromium. Furthermore, the nickel content decreases 
towards the outer part of the boride layer; it was determined a 
content of 4.75 and 6.85 wt. % in the FeB and Fe2B phases, 
respectively. With increase in the chromium concentration 
in the substrate, the quantity of (Fe, Cr) B also increases 
in the surface layer20; hence, the high chromium content 
in the AISI 304 steel facilitates its mobility in the borides, 
compared with nickel whose presence is minor. Chromium 
tends to insert itself preferentially and systematically in the 

Figure 2. Micrography of boride layer formed on AISI 304 steel at 1223 K during different exposure time: (a) 2 h, (b) 6 h and (c) 10 h.

Figure 3. Patterns of X-ray diffraction on AISI 304 borided steel at 1223 K, over (a) 2 h and (b) 10 h of exposure time.



Damage Mechanisms in AISI 304 Borided Steel: Scratch and Daimler-Benz Adhesion Tests2015; 18(6) 1349

(Fe, Cr)B because the chromium have an atomic number 
lower than the iron21. In contrast, the diffusion of nickel in 
iron borides is difficult due to its atomic number is greater 
than iron and it inserts in the lowest boron content phase 
(Fe2B). The presence of Ni-rich thin layer is confirmed 
below the Fe2B phase with a 12.35 wt. %. The chromium 
concentration in the diffusion zone is greater than in the 
borides (15.25 wt.%), confirming a Cr-rich zone formed by 
a thin layer and Cr-precipitation in the grain boundaries as 
Rus et al. reported18. The presence of Cr2O is because no inert 
atmosphere was used during the boriding. The total layer 
thicknesses (FeB + Fe2B) were of 13.3, 30.2 and 44.4 µm 
for 2, 6 and 10 h of exposure time with a maximum standard 
deviation of 4%. The percentage of the FeB phase is 75% 
over the total thickness.

3.2. Berkovich depth-sensing indentation
In Figure 5, the results of hardness along the depth of the 

boride coatings are shown. The hardness value is dependent 
of the treatment time and the highest hardness is about 
24 GPa for 10 h of exposure time. The presence of chromium 
increases the hardness of the layers formed on steel AISI 304. 
This result is confirmed by the hardness achieved in different 
studies, where hardness ranges are between 1665-2440 for 
FeB phase and 1380 to 1740 Hv for Fe2B8. The hardness 
varies depending on the substrate composition manifesting 
the highest values in steels with alloying elements such as 
Cr, V, W and Mo. In the AISI 304 steel, Cr increases the 
hardness of the layer of iron borides obtained values close 
to 2.5 GPa. Hardness values ​​decrease as the indentations 
are closer to substrate due to the stochiometric characteristic 
of the boride phases with constant boron concentration9,22. 
In Figure 6, the residual stresses obtained by Equation 1 
are shown. All samples submitted to boriding presented a 
tensile stress stated in the FeB, whilst in the Fe2B the residual 
stresses are compressive. The residual stresses obtained by the 
indentation show a tendency to be tensile when the substrate 
is reached and decrease to values approximately equal to 
zero approaching the core. The results can be explained by 
considering the following: during cooling, the shrinkage of 
the substrate prevails in the system, which submits the Fe2B 

phase (7.85 × 10–6 °C–1) to compressive stresses since the 
coefficient of thermal expansion of the substrate is greater 
(18 × 10–6 °C–1). The same applies between the FeB and 
Fe2B phase, where the thermal expansion coefficient of the 
former is 23 × 10–6 °C–1, resulting in a selft-equilibrating 
stress state23. In fact, the residual stresses in coating are 
mainly caused by lattice spacing and thermal expansion 
mismatch between the coating and substrate13.

3.3. Adhesion test
3.3.1. Daimler-Benz adhesion test

Inspection of the indentation conducted in the borided 
surface at 2, 6 and 10 h of exposure times show HF3, HF4 
and HF5 adhesion quality respectively. It suggests that at 
higher exposures times, the system adhesion decreases. 
The high shear stresses caused by the applied load and indenter 
geometry are better supported by thin layer thickness formed 
2 h of exposure time. In Figure 7a, b a poor delamination 
and some radial cracks are shown denoting an acceptable 
adhesion corresponding to 2 and 6 h, respectively. At 10 h of 
exposure time, the Figure 7c depicts an extended delamination 
at the vicinity of the indentation evidencing a poor interfacial 

Figure 4. EDS analysis in AISI 304 borided steel at 1223 K for 10 h (a) analyzed areas in cross section (6 × 80 µm), (b) Histogram of 
composition (wt. %) of Cr and Ni.

Figure 5. Hardness profile along the boride layer formed on AISI 
304 steel at 1223 K. Indentation load of 50 mN with a Berkovich 
indenter.
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adhesion of boride layer due to the brittleness and high 
residual tensile stresses obtained in the FeB phase, causing 
susceptibility to failure when mechanical strain is applied. 
The foregoing is confirmed by Taktak et al.9, who concluded 
that adhesion increases at low boriding temperatures (1073 K), 
whereas at higher temperature (1223 K) adhesion is reduced 
in borided AISI 304 and H13 steels. Moreover, G. Rodriguez-
Castro et al.14 evaluated the adhesion of borides layers on 
AISI 1045 steel where only saw-tooth morphology Fe2B is 
formed. The results demonstrated radial cracks around the 

indentation mark indicating brittleness but good adhesion 
to the substrate corresponding to a HF3 quality adhesion.

3.3.2. Scratch tests
Scratch tests were carried out to determine the damage 

mechanisms and critical loads of the borides layers produced 
on AISI 304 steel. For the three boriding conditions, as the 
load applied increases, the friction coefficient (CoF) increases 
to a maximum value of approximately 0.45. The  slope 
changes in the CoF are correlated with the occurrence of 
damage and are depicted in Figures 8a, 9a and 10a for 2, 6 
and 10 h, respectively. For 2 h of exposure time occur the 
following damage mechanisms: in Figure 8b depicts the 
hertzian cracking (A) occurred in the boride layer reflecting 
the coating brittleness. Tensile stress at the periphery of the 
indenter generates a ring-shaped crack which propagates 
from the surface toward the substrate; several of these rings 
are formed, and they come to overlap and form a network 
along the boride layer in the scratch, forming hertzian craks. 
Furthermore, Figure 8b shows the chipping (B) of boride 
layer that is characterized by separating a part of the FeB 
phase to minimize the amount of stored elastic energy by the 
compressive stress generated in front of the indenter during 
testing24. In Figure 8c, the cracks formed on the sides of the 
scratch (C) are due to the plastic deformation of the substrate 
which has a major effect on small thicknesses, in this case it 
corresponds to 13 µm (2 h of exposure time). In addition, the 
tensile cracks (D) are formed by the recovery of the cracks 

Figure 8. SEM micrographs of scratch test on AISI 304 borided steel at 1223 K during 2 h of exposure time: (a) Correlation between 
CoF and occurrence of damage, (b) hertzian and chipping mechanism, (c) lateral and tensil cracks.

Figure 7. SEM micrographs of Daimler-Benz adhesion test on AISI 304 steel borided at 1223 K and different exposure times: (a) 2 h, 
(b) 6 h and (c) 10 h.

Figure 6. Residual stresses obtained by indentation using the Chen 
equation11 in FeB and Fe2B phases formed on AISI 304 steel.
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to the passage indenter. In Figure 9 which corresponds to 
6 h of exposure time of boriding, the plastic deformation 
of the substrate diminishes and the presence of hertzian 
cracking  (E) is apparent. The chipping areas of the FeB 
phase are larger (F). Also, Figure 9b depicts compressive 
delamination of FeB (G) that is generated to release the stored 
elastic energy during passage of the indenter evidenced by a 
semicircular delamination propagating outside the scratch. 
Buckling (H) is noted inside the scratch track which is induced 
by opposite tangential force of the coating in response to 

the compressive stress generated in front of the indenter. 
Figure 10b shows the damage mechanisms found in 10 h of 
exposure time corresponding to compressive delamination (J) 
and spalling of FeB phase (I), on average. The tensile residual 
stresses promote the crack growth in the FeB/Fe2B interface 
during 10 h of treatment denoting low adhesion. Damage 
mechanisms are strongly influenced by the residual stress 
and fracture toughness of the FeB phase promoting cracking 
and chipping giving preference to cohesive failure rather than 
adhesive in the layer/substrate interface. Table 1 summarizes 
the critical loads for specific, defined and repeatable damage 
mechanisms for AISI 304 borided steel. Critical loads for 
Hertzian cracking and chipping in 6 h are greater than 2 h; 
loads are increased by 50 and 17%, respectively. For 10 hours, 
the spallation mechanism occurs at 27 N. Spallation is more 
severe with a lower critical load that chipping occurred at 
6 h. Therefore, treatment to 6 h offers the best performance 
in the scratch test. Critical loads determined in iron borides 
formed on AISI 304 steel are lower compared to the work 
of Alloui et al.8 who borided XC38 steel.

The effects of the alloying elements of AISI 304 steel 
(chromium and nickel) play an important role in the 

Figure 9. SEM micrographs of scratch test on AISI 304 steel borided at 1223 K during 6 h of exposure time: (a) Correlation between CoF 
and occurrence of damage, (b) Hertzian, chipping and compressive delamination mechanisms, (c) Chipping and buckling mechanisms.

Figure 10. SEM micrographs of scratch test on AISI 304 steel borided at 1223 K during 10 h of exposure time: (a) Correlation between 
CoF and occurrence of damage, (b) Spalliation and compressive delamination mechanisms.

Table 1. Critical loads and failures mechanisms produced by scratch 
test on AISI 304 steel borided at 1223 K.

Exposure time Critical load Mechanisms

2 h
Lc1 8.6 ± 0.3 Hertzian crack
Lc2 35.6 ± 2.4 Chipping

6 h
Lc1 17.3 ± 1.0 Hertzian crack
Lc2 43.4 ± 0.8 Chipping

10 h Lc3 27.5 ± 1.0 Spalling



Rodríguez-Castro et al.1352 Materials Research

coating/substrate failure. First, the boride layer is composed 
by solid solutions (Fe, M) B and (Fe, M)2B formed by partial 
substitution of iron with metallic atoms as chromium and nickel. 
The chromium can increases the hardness and brittleness25 
and promote cracking and eventual cohesive/adhesive failure 
during the pass of indenter in the scratch test. Second, the 
saw-tooth interface morphology is reduced due to Cr and Ni 
elements compared of low carbon steels, causing the adherence 
between the phases to decrease. Third, the magnitude of the 
tensile residual stresses promotes crack growth coupled 
with the low fracture toughness of the FeB phase whose 
value fell within the range of 1.48-3.02 MPa  m [26] causing 
the early onset of cohesive damage. The mechanisms of 
damage and determined critical loads are particular cases 
of each layer/substrate system. The damage of hard coatings 
in adhesion tests depends on a combination of elastic and 
fracture properties of coating/substrate system such as pores, 
flaws, loading conditions, fracture toughness, frictional 
performance, counterpart material, etc.

4. Conclusions
In this study, the boriding of 304 steel was successfully 

carried out by a power pack process. The surface compound 
is formed by a bi-layer system (FeB + Fe2B). Alloying 

elements decrease the growth rate of borides causing a 
less rough interface. The hardness determined boride 
layers show a high hardness compared to other treatments 
such as nitriding and carburizing, for example. According 
to Daimler-Benz adhesion test, for 2 and 6 h of exposure 
times, the adhesion quality is acceptable. But for 10 h it 
is insufficient, with a pattern of HF5. The scratch tests 
performed on specimens subjected to 2 and 6 h of treatment 
caused cohesive failures of FeB phase. A 10 h of exposure, 
the most evident mechanism is gross spalling of the FeB 
phase and its critical load is low. According to these results, 
Treatment for 6 h has the best performance under these test 
conditions, because it has higher values of critical loads, 
less severe damage mechanisms and smoothed residual 
stress profile. The presence of FeB/Fe2B system promotes 
cracking and cohesive damage of FeB reducing the scratch 
resistance of AISI 304 borided steel.
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