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The aim of this case study was to analyse the influence of the boriding process on the structure and mechanical properties
of the aluminium alloy EN AW 2024. The prepared samples were processed under various process parameters in Durferrit
powder. After chemical-thermal treatment, changes in the microstructure of the samples were evaluated using light and
scanning electron microscopy methods. Changes in mechanical properties were assessed on the basis of the analysis of
the hardness of the sample substrate using the Vickers hardness test. The samples were further measured for corrosion
resistance to the selected corrosion environment of 5% NaCl solution using a potentiostat and resistance to tribological
abrasion by the Ball on-disk method. Based on the obtained data, it can be stated, for example, that during the boriding
process of this alloy it is important to prevent the formation of a passivation layer of Al2O3 before and during the process
of chemical-thermal treatment. This can be achieved, for example, by immediate application of a boriding agent or other
agent which prevents the interaction of oxygen with the surface of the sample to be treated. The samples after the boriding
process also showed an increase in the resistance to the used corrosive environment of 5% NaCl solution and a lower
value of the wear coefficient compared to the samples without chemical-thermal treatment.
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1. Introduction
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Aluminium alloy EN AW 2024 is one of the so-called hardenable aluminium alloys, which are used in various
applications including the aviation and automotive industries. Its wide range of uses is due to the fact that it is an alloy
with low specific gravity, good machinability and high strength, which can be further changed using a suitably selected
method of heat treatment. [1], [2], [3].
One of the most commonly used heat treatment methods for this and other aluminium alloys is curing. The curing
process consists of solution annealing, quenching and subsequent aging of the Al alloy. During the solution annealing,
which takes place in this alloy at temperatures around 500 °C, the additive elements (precipitates) dissolve in the Al
matrix to form a solid solution. Solution annealing is usually followed by rapid cooling of the alloy, for example by
immersion in water, which suppresses diffusion phenomena. It is leads to saturation of the high-temperature structural
phase (solid solution) at room temperature and thus forms a so-called supersaturated solid solution. From this
supersaturated solution, precipitates are formed again, either at room temperature, i.e. during the natural aging of the Al
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alloy, or at elevated temperatures, when it is called artificial aging [4]. The method of precipitation, the shape, size,
chemical and phase composition of the precipitates and the grain size of the matrix then to a large extent influence the
properties of the aluminium alloy after its hardening process. The final structure of the Al alloy is thus largely dependent
on the parameters of the individual processes used for processing it. There is currently a large body of scientific work that
describes the effects of curing on the microstructure and the mechanical properties of this and other aluminium alloys [1],
[2], [3], [4], [5], [6], [7], [8], [9], [10].
In most of the articles mentioned above, solution annealing is performed with the aid of molten metal salts or in
furnaces with an inert atmosphere of argon or vacuum. In this study, we focused on assessing the effect of boriding on
the final properties of aluminium alloy EN AW 2024. Boron as an element, together with aluminium, forms several types
of solid solutions and intermediate phases. [11], [12], see Fig. 1.
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Fig. 1. Phase Diagram Al-B[12]
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Aluminium borides are then used in various applications. Those common uses include the use of Al-B master alloys
to produce electrically conductive aluminium. Here, boron reacts with impurities of transition metals (Cr, Ti, V, Zr),
which reduce its electrical conductivity. During the reaction of boron with these metals, various types of borides of
transition metals are formed, which no longer significantly affect its electrical conductivity and can be removed from
aluminium by gravity deposition [13], [14]. Another application is their use for the production of particulate composite
materials with a metal matrix (MMC) [15], [16]. These MMCs then have a high resistance to creep, abrasion resistance
and, for example, electrical conductivity, making them applicable, for example, to railway vehicles or automobiles, where
they are used as brake discs or pistons [16], [17], and [18].
The aim of this study was to assess whether the conventional method of boriding the alloy EN AW 2024 in the boron
powder leads to significant changes in its properties, i.e. in its hardness, abrasion resistance, corrosion resistance and
microstructure, due to the exclusion of borides in its structure or due to the influence of the morphology of the precipitates
and surface layers formed by boron and other elements which are part of the boriding powder.
2. Experiment parameters
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Samples with a diameter of 25 mm and a height of 15 mm were prepared from aluminium alloy EN AW 2024. The
surfaces of the samples were ground and polished before treatment using Tegramin 20 metallographic grinder. The
parameters of the heat treatment are shown in Table. 1.¨

Heat treatment parameters

Heat treatment
Temperature

Holding time

1

Original state
without heat
treatment

-

-

2

T6

190

720

3

T4

25

7200

Cooling
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Air
Air

4

Boriding V1

500

240

5

Boriding V1+ T6

see parameters above

see parameters above

see parameters above

6

Boriding V1+ T4

see parameters above

see parameters above

see parameters above

7

Boriding V2

500

3600

Box

8

BoridingV2+ T6

see parameters above

see parameters above

see parameters above
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Boriding V2+ T4

see parameters above

see parameters above

see parameters above

Annealing V1

500

240

Furnace

11

Annealing V1+T6

see parameters above

see parameters above

see parameters above

12

Annealing V1+T4

see parameters above

see parameters above

see parameters above

13

Annealing V2

500

3600

Furnace

14

Annealing V2+T6

see parameters above

see parameters above

see parameters above

15

Annealing V2+T4

see parameters above

see parameters above

see parameters above
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Table 1. Parameters used to process the samples

𝜋(𝑤𝑒𝑎𝑟 𝑡𝑟𝑎𝑐𝑘 𝑟𝑎𝑑𝑖𝑢𝑠, 𝑚𝑚)(𝑡𝑟𝑎𝑐𝑘 𝑤𝑖𝑑𝑡ℎ, 𝑚𝑚3 )
[𝑚𝑚3 ]
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Metallographic analysis of samples after heat treatment was performed to determine the changes caused by the heat
treatment process in terms of the chemical composition of the alloy and changes in the morphology of precipitates before
and after the treatment. This analysis was performed using a CarlZeiss Observer Z1m light microscope, and electron
microscopy using PHILIPS XL30 ESEM and Tescan MIRA3 microscopes. Metallographic analysis was supplemented
by analysis of the hardness of the sample matrix. The measurement was performed with a Vickers median HV0.1 using
a DuraScan hardness tester. The surfaces of the samples were analyzed for resistance to tribological abrasion by the Ball
on Disk method. In this test, a ball made of 6 mm diameter tungsten carbide was pressed into the rotating surface of the
sample with a force of 10 N. The number of repetitions for this test was set to a thousand cycles. The tribological footprint
was evaluated using the ASTM G99 standard, according to which the volume of material removed and the wear coefficient
W were calculated, see equations 1 and 2. [19].
(1)

(2)
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Where:
V… Worn volume (removal of material) [mm3]
L… Normal load (Fn) [N]
s… The total length of the path of movement of the indenter [m]
The last analysis was the change in the corrosion resistance of the processed alloy. This analysis was performed in 5%
aqueous NaCl solution. A BioLogic SP-150 potentiostat was used for sample analysis.
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3. Experiment results

3.1. Metallographic analysis
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Two types of precipitates were identified in the structure of the aluminium alloy before the heat treatment, see Fig. 2.
The first were precipitates of the Al-Cu-Mg type (the dark particles in Figure 2). The second type of precipitates identified
were Al-Mn-Fe-Cu precipitates (the light particles, see Fig. 2). It can be seen from the image that the first type of
precipitates is finer and occurs more often in the structure of this alloy than precipitates of the Al-Mn-Fe-Cu type. The
coarser particles of Al-Cu-Mg precipitates then accumulate in certain areas of the material volume, in the so-called ‘lined’
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areas, which were formed during the forming of the semi-finished product of this alloy. The Al-Mn-Fe-Cu type additives
then occurred in this alloy due to its contamination by iron during the production of the semi-finished product. The
distribution of both types of precipitates, their roughness and their volume representation then to a large extent affect the
mechanical properties of the alloy, i.e. its hardness, abrasion resistance and, for example, fracture toughness.

Fig. 2. EN AW 2024, without heat treatment
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During the heat treatment process, the precipitates gradually dissolved into the aluminium alloy matrix. Because the
elements dissolved into a solid solution, the hardness of the alloy decreased after its heat treatment, see Fig. 5. A
comparison of the microstructure in the image, see Fig. 3 and 4, shows a difference in the precipitation of precipitates in
the structure of the samples after the boriding process and after the long-term annealing process.

kin

When comparing the distribution of precipitates in the structure of the samples with the original microstructure, it is
further apparent that the precipitates are more evenly distributed in the matrix of the EN AW 2024 alloy due to both heat
treatment methods. It can be seen from figures 3 and 4 that the structure of the matrix after boriding is formed by a higher
proportion of small precipitates of the Al-Cu-Mg type, compared to the samples which were annealed for a long period
of time. This may be due to the fact that during the process of their dissolution into the alloy matrix, they stabilized due
to their interaction with boron, as boron binds to the free interstitial positions in the crystal lattice of the precipitate and
thus increases the stress at its boundary. This increases the energy required for further diffusion of the substitution
elements and thus reduces the rate of their diffusion and re-precipitation to coarser precipitates, resulting in more stable
precipitates. The method of precipitation could be further influenced by a slightly different rate of cooling of the long-
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Fig. 3. EN AW 2024, borided V2
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term annealed samples in the furnace, which is slower than in the borided samples, and thus the diffusion of the elements
could take place over a longer period of time. However, this would result in re-coarsening of the Al-Cu-Mg precipitates,
which was not observed.

Fig. 4. EN AW 2024, annealed V2
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For Al-Mn-Fe-Cu type precipitates, the change in their morphology was not so significant and corresponded to their
state before heat treatment. This is associated with their chemical composition, where the presence of iron increases their
thermal stability. Despite the recorded differences in the microstructure of the samples, the measurement of the hardness
HV0.1 did not show a fundamental difference in the hardness of the matrix of the samples after their heat treatment by
long-term annealing and boriding. Significant differences were recorded for samples that were further cured, where the
largest difference was recorded for samples that were aged naturally, i.e. at room temperature of 20 °C, see Fig. 5.
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20

0

Inicial state

T6

T4

Without heat treatment

151

115

129

Boriding V1 (240 min.)

77

86

128

Boriding V2 (3600 min.)

73

92

119

Annealing V1 (240 min.)

73

86

98

Annealing V2 (3600 min.)

75

87

110

Fig. 5. Comparison of micro hardness of HV0.1 matrix of samples after their heat treatment
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Samples in this state showed higher hardness than long-term annealed samples by about 23 % for samples processed
for 240 minutes and about 8 % for samples processed for 3600 minutes. For samples aged artificially at an elevated
temperature of 190 °C, the hardness of the samples was similar, with the highest hardness shown in samples that were
borided for 3600 minutes. In addition to the changes recorded in the matrix of the aluminum alloy EN AW 2024, a
continuous layer formed on its surface, see Fig. 6.
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Fig. 6. The chemical composition of the surface layer boriding V1
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This layer was formed by a higher proportion of magnesium, which diffused from the volume of material under the
layer and fluoride, from the boriding agent, see Fig. 6. The presence of boron could not be detected in this layer by the
chemical composition method used, the EDX method. The thickness of this layer was in the order of microns. During
boriding for 3600 minutes its thickness reached a maximum value of about 2 µm. In addition to the formation of this
layer, the presence of a passivation layer of Al2O3 was recorded in some samples. The formation of this layer was reduced
by immediately immersing the samples after surface preparation in alcohol or boriding agent. The second method tested,
which also helped to reduce its occurrence on the surface of the samples, was to dust the sample surface with calcium
chloride. The reason for its removal was the fact that the presence of the Al2O3 layer on the surface of the samples
prevents the diffusion of boron into the volume of the material and thus prevents its interaction with the matrix of the
treated alloy.
3.2. Tribology and corrosion resistance

31

The formation of passivation layers and changes in the morphology of the precipitates then affected the tribological
properties of the surface of the heat-treated samples, see Fig. 7.
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16000

8000
6000
4000
2000
0

Inicial state

T6

T4

Without heat treatment

15276

9546

10053

Boriding V1 (240 min.)

8956

7972

8863

Boriding V2 (3600 min.)

9224

5708

10250

Annealing V1 (240 min.)

13442

8053

8864

Annealing V2 (3600 min.)

11268

6546

10215

Fig. 7. Comparison of the wear coefficient of samples after their heat treatment

Abrasion resistance is further dependent on the proportion of alloying elements dissolved in the heat-treated alloy
matrix and the final grain size. It is evident from the graph that both after the boriding process and after the long-term
annealing process, the analysed samples increased their resistance to wear. The surface of the samples in the T6 state after
the boriding process, which lasted for 3600 minutes, can be described as the most resistant. The wear resistance of these
samples was about 40 % higher than the samples in the same condition without heat treatment.
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In addition to increasing the resistance of the surface to wear, the heat-treated alloy increased its resistance to the
selected corrosion environment, see Fig. 8.
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Inicial state

Without heat treatment

Fig. 8. Comparison of polarization resistance in the environment of 5 Wt. % Aqueous NaCl solution
The highest corrosion resistance was shown by samples that were annealed for a long duration. In these samples, a
passivation layer of Al2O3 was formed, which is very resistant to the selected corrosive environment. The samples after
the boriding process also increased their resistance to the corrosion environment. Differences in corrosion resistance
between samples that have undergone different aging and samples that have not been further processed are also associated
with different degrees of dissolved elements in the alloy matrix due to their heat treatment.
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4. Conclusion
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The aim of this study was to assess the effect of boriding in the powder backfill on the microstructure and properties
of the aluminium alloy EN AW 2024. The experimental results can be summarized as follows:
 As a result of heat treatment, the morphology of Al-Cu-Mg precipitates changed in the structure of the samples.
 No significant changes in morphology were observed for Al-Mn-Fe-Cu type precipitates, which are more
temperature resistant.
 In the samples after the boriding process, a higher proportion of small Al-Cu-Mg precipitates was observed in
the structure compared to the samples after long-term annealing.
 As a result of the heat treatment, the hardness of the aluminum matrix decreased, due to the dissolution of the
precipitates in a solid solution, the matrix of this alloy.
 During the boriding process, a passive Al-Mg-F layer was formed on the surface of the samples. This layer
reached a thickness of up to about 2 µm. In addition to this layer, the presence of an Al2O3 layer was noted on
some sample surfaces.
 The Pin on Disk test showed that samples after the boriding process have a higher resistance to wear than samples
without heat treatment and samples that have been annealed for a long time. The highest resistance to this type
of wear was recorded for samples in the T6 state borided for 3600 minutes.
 There was no significant difference in the wear resistance of the T4 samples when comparing the borided samples
and the long-term annealed samples for the same length of time.
 As a result of heat treatment, the corrosion resistance of EN AW 2024 aluminum alloy samples increased, both
for the borided samples and for the samples after long-term annealing.
The above results show the relative contribution of the boriding process to some properties of the aluminum alloy EN
AW 2024. However, to verify the results and the hypothesis, it would be necessary to perform further analyses, especially
analysis using TEM and other techniques to confirm the ability of boron to affect the microstructure of these alloys using
the boride powder backfilling process.
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