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The aim of this work is to evaluate the effect of a deep cryogenic treatment (DCT) on the wear behavior and on the microstructure
of an aluminum alloy. In order to compare the level of improvement on the wear resistance provided by the DCT with a more
traditional technique, a test matrix which included DCT, CrN coated specimens, and combinations of both modification methods
was conducted.Thewear behavior was investigated usingmicroabrasive wear tests.The cryogenic treated specimens proved to have
similar low wear rates as the specimens coated with CrN.The most distinct improvement was reached with a combination of both
techniques. In the case of the DCT, the performed microstructural analysis identified the generation of additional GP-zones as the
reason for the improved wear resistance.

1. Introduction

Especially in the automotive sector, the use of aluminum
is steadily increasing in order to reduce the weight of cars,
which improves the efficiency and reduces the emission of
CO
2
. The drawbacks of aluminum are its low yield strength

and the low wear resistance (wear resistance is 1/wear rate).
One possibility to enhance the mechanical properties of alu-
minum is to add alloying elements like silicon, manganese, or
magnesium [1–3]. However, the wear resistance of aluminum
alloys is still insufficient for many applications.

One possibility to improve the wear resistance of alu-
minum alloys is to apply deep cryogenic treatments (DCTs).
One of the advantages of DCTs is that the microstructural
changes occur in the entire bulk material and not just on
the surface (as it is the case for coatings) [4]. DCTs have
been widely used in many industries such as aerospace
and automotive, electronic, and mechanical engineering to
improve the wear resistance and the dimensional stability of
steel components [5]. However, no industrial application of
DCTs for aluminum components has so far been established
and there are just few published works on the effect of DCTs
on aluminum and aluminum alloys.

A first investigation regarding the effect of DCTs on resid-
ual stresses of an aerospace aluminum alloy was carried out
in 2000 [6]. In the following years, several researchers applied
DCTs on different aluminum alloys [7–10]. In most cases, it
was reported an improvement of the mechanical properties
after the application of DCTs. However, these studies did
not try to explain the possible causes associated with such
behavior. More recent work has suggested that the formation
of hard second phases (like Mg

2
Si or AlxFexSix) [11–13],

grain size effects [8], and the generation of dislocations [14]
could be related to the reported improvements, but more
firm conclusions were not provided. In this setting, the aim
of this work is to comprehensively investigate the effect of
DCTs on the wear resistance and on the microstructure of an
aluminum alloy.

2. Methods

To compare the impact of DCTs on the wear behavior, five
different groups of specimens were tested. First, a group of
unmodified specimens, which act as a reference material,
was tested. The second group of specimens was modified
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with a DCT. The third batch consisted of specimens that
were coated with a chromium nitride (CrN) layer. This batch
was added to the test matrix to compare the effect of the
DCT with a more traditional technique known to improve
the wear resistance [15–17]. Zhou et al. showed that CrN
coatings exhibit an excellent sliding wear resistance, when
deposited on aluminum alloys [18, 19]. For this reason, CrN
was chosen as surface coating for this work. The fourth and
fifth batches were modified with a combination of DCT and
a CrN coating. The difference between both batches was the
order of application of the modification methods.

All five batches were tested in comparative microabra-
sive wear tests, and, to identify the effect of DCTs on
the microstructure of the aluminum alloy, a comprehen-
sive series of analysis was carried out. It included classi-
cal metallographic methods supported by light microscopy,
Scanning Electron Microscopy (SEM), Transmission Elec-
tron Microscopy (TEM), hardness tests, energy-dispersive
spectroscopy (EDS), X-Ray Diffraction (XRD) analysis, and
differential scanning calorimetry (DSC). Details on the test
procedures, on the application of these analyses techniques
and on thematerial/specimens considered, are provided next.

2.1. Material. The raw material used for the tests was an
aluminum alloy 6101-T4. To operate as referencematerial, the
alloy was tested as received (further named as AR). More
precisely, the state of the alloy should be defined as naturally
aged, since the aluminum specimens were not tested just
after production. The nominal chemical composition of this
material is given in Table 1.

2.2. Modification Methods. The DCT was applied by the
company Kyros Tecnologia. The process starts at room
temperature and goes down to −190∘Cwithin a period of 12 h.
The temperature of −190∘C is kept constant for further 12 h.
After this dwell time, the temperature is increased to room
temperature within 12 h. Before the liquid nitrogen is injected
in the chamber, it was evaporated to enable a controlled
cooling and to prevent a severe gradient of temperature
between the surface and the core of the specimens. The deep
cryogenically treated specimens are henceforth named CTed.

Physical vapor deposition was used to apply the CrN
coating by an external contract. As target, a 99.9% pure
chromium was used. The deposition was carried out in
a N
2
atmosphere. Besides a thoroughly cleaning of the

specimens with alcohol in an ultrasonic bath, no further
treatment was applied before the coating process. Due to
the microstructural changes, which can be generated in
aluminum alloys, a low temperature during the coating
process is important. CrN was selected for the tests as it
could be deposited at comparable low temperatures. These
specimens are henceforth named CrNC.

To investigate if a combination of both modification
methods could lead to a superposition of effects, two addi-
tional test series were carried out. One was a series where
the CTed specimens were subsequently coated (combination
of DCT and coating-1, Comb-1) and the other consisted
of coated specimens that were later submitted to DCT
(combination of coating and DCT-2, Comb-2). To improve

Table 1:Nominal chemical composition of the aluminumalloy 6101-
T4.

Elements Al Si Mg Fe Cu Mn Cr Zn
Percentage 98.8 0.3–0.7 0.3–0.8 0.5 0.1 0.03 0.03 0.01

Table 2: Specimens abbreviations.

Treatment applied to the specimens Abbreviation
As received AR
Deep cryogenic treatment CTed
Coated with a CrN layer CrNC
Cryogenically treated and afterwards
coated with CrN Comb-1

First coated with CrN and afterwards
cryogenically treated Comb-2

the readability of the paper, a list of abbreviations for the
specimens in reported in Table 2.

To guarantee equal surface conditions, all specimenswere
polished under equal conditions (before the coating process
and the DCT). The polishing was carried out with abrasive
paper (grit 1200), until the surface was optically equal.

2.3. X-Ray Diffraction. X-Ray Diffraction (XRD) spec-
troscopy was used to investigate the effect of the DCT on
the aluminum alloy. For the measurements, a high resolution
Rigaku Ultima IV, with a Cu K𝛼 source and a wavelength of
1.54A was used. The scan was performed with a step size of
0.5∘/min from an angel of 0∘ to 120∘. The voltage and current
settings were 35 kV and 15mA, respectively.

2.4. Hardness Measurements. To examine the effect of the
cryogenic treatment on the hardness, Vickers indentations
were carried out (Zwick ZHU 250). Ten indentations were
performedwithHV1 (10N).The forcewas applied for 10 s and
measures were taken with an optical microscope.

For coated specimens, the coating was removed to con-
duct hardness tests.This was done by polishing the specimens
with an abrasive aluminum suspension (mean particle size
0.5 𝜇m). The polishing process was executed by hand with
very low forces to avoid the creation of residual stresses. The
process was frequently interrupted and visually controlled
to remove only the surface coating and maintain the near
surface substrate material.

To avoid that microstructural differences between the
specimens affect the hardness analysis of the CTed and the
AR specimens, the hardness measurements were carried out
on the same sample. This means that the hardness was
first examined in the AR state. The same sample was then
treated cryogenically. Subsequently, the hardness was mea-
sured again close to the previously performed indentations.

2.5. Microstructure Analysis. To investigate the microstruc-
ture of the specimens before and after the DCT, polished and
etched surfaces were photographed. The polishing process
was executed using different diamond suspensions down to
a grain size of 1 𝜇m. For the final polish, an oxide polishing
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suspension was used (Struers). The etching was carried out
using a Barker etchant. The microscopic images were taken
with an optical microscope using polarized light.

The TEM was performed in the material engineering
department in the Pontifical Catholic University of Rio de
Janeiro (JEOL JEM 2100F).The acceleration voltage used was
200 kV. The preparation of the specimens was carried out in
two steps. First, the specimens size was reduced to a thick-
ness of 100 𝜇m. Subsequently, a common electropolishing
process was applied to reduce the specimens height to the
needed thickness. The electrolyte consisted of nitric acid and
methanol in amass fraction of 30% and 75%, respectively.The
used voltage was 20V at a temperature of 20∘C.

2.6. Differential Scanning Calorimetry (DSC). Due to the
difficulties to observe ultrafine precipitates like Guinier-
Preston-zones (GP-zones) by using SEM or TEM, DSC was
used to analyze the microstructural differences generated by
the DCT (Perkin Elmer, DSC 8500). The measurement was
executed with a constant Argon purge, to avoid oxidation
reactions. After an initial dwell time (2min, 20∘C) to homog-
enize the samples temperature, a heating rate of 20K/minwas
considered. A further 2min dwell timewas applied at the final
temperature of 330∘C. As usual for DSC measurements, an
empty specimen container, made of aluminum, was used as
a reference. The test was carried out with two samples. Both
samples (AR and CTed) had the same mass of 28.5mg. To
better visualize the differences between the CTed and the AR
aluminum alloy, the DSC signals were subtracted one from
the other.

2.7. Abrasive Wear Tests. The abrasive wear tests were per-
formed with a Calowear testing machine (CSM Instruments
SA) (Figure 1). The samples were mounted in an angle of
80∘ versus the horizontal. As rotating sphere, a steel ball
(Inox 420) with a diameter of 20mm was used. The ball
was preroughened by preliminary wear tests to enable a
good entrainment of the slurry in the contact zone [20]. The
rotation direction of the steel ball was adjusted so that the
abrasive slurry was directly fed in the abrasive contact. The
tests were executed with a ball speed of 0.1m/s. The contact
force between the contact parts depends on the weight, the
distance, and the angle between the ball and the specimens.
Those parameters were kept constant for all tests. In order
to archive three-body wear, the contact force was kept at a
comparable low level of 0.05N for all tests [20, 21]. As abrasive
medium, a mixture of deionized water and Al

2
O
3
was used

(weight% 31 : 69, resp., Al
2
O
3
: H
2
O). The specification of the

ceramic powder given by the manufacturer is D20-0.35 𝜇m,
D50-0.6𝜇m, and D90-1.4𝜇m (CR6, Baikowski).

To investigate the volume loss as a function of the sliding
distance, six craters were generated on each sample. After
a predefined sliding distance was reached, the tests were
interrupted. The defined sliding distances were 22, 32, 49,
65, 81, and 105m. To avoid interaction between the single
spheres, a distance of at least 3mm was maintained.

The diameter of the crater was measured with an optical
microscope using a circular caliber whose size was adapted

5mm

Figure 1: Microabrasive wear test.

250𝜇m

Figure 2: Crater on an AR sample with scuffed area around the
crater.

until the distinct edges of the crater were congruent (Figure 2,
red line).

Deviating from the common measurement method
where two 90∘ tilled measurements are used, this method
avoids the common problem that one of the distance mea-
surements needs to be done in the scuffed edges, where a clear
definition of the edge is impossible.

In this research, no separate analysis of the wear coef-
ficient of the substrate (𝜅

𝑠
) and the wear coefficient of the

coating (𝜅
𝑐
) was carried out, as only the collective wear

coefficient was used to evaluate the effect on the wear
resistance.Thismeans that the results of the coated specimens
always show amean wear rate consisting of 𝜅

𝑠
and 𝜅
𝑐
(Figures

5, 6, and 7).

3. Calculation

The modified Archard equation was used [22] to calculate
the wear rate of all uncoated specimens. According to this
equation, the wear rate 𝜅 can be calculated by dividing the
removed volume 𝑉 by the sliding distance 𝑆 and the applied
normal load𝑁:

𝜅 =

𝑉

𝑆 ⋅ 𝑁

.
(1)
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The total wear volume, 𝑉, can be calculated using the
diameter of the generated crater 𝑏 and the radius𝑅 of the steel
ball [22]:

𝑉 ≈

𝜋 ⋅ 𝑏

4

64 ⋅ 𝑅

for 𝑏 ≪ 𝑅. (2)

4. Results

4.1. Wear Tests. As described in the methodology, the thick-
ness of the coating was determined using a SEM. One
representative image of a coated sample is shown in Figure 3.
The coated surface can be clearly identified by the bright layer.

A mean coating thickness of 660 nm was measured.
To identify the wear mechanisms generated by the

microabrasive wear test, a surface investigation of the gen-
erated craters was carried out. In Figure 4, two images of
the crater surface are shown to illustrate the arising wear
mechanism. This wear mechanism was observed on the
surfaces of all tested specimens.

Figure 4(a) shows one crater generatedwithmany contin-
uous vertically oriented grooves.The grooves were generated
by the microabrasive wear tests due to microcutting [23].
Their regular and continuous appearance indicates a two-
body wear behavior. In this case, the abrasive wear particles
are attached to the rotating ball and therefore generate
straight grooves. The measured width of the grooves was
between 0.6 𝜇m and 1.5 𝜇m. This fits well to the particle size
of the abrasive slurry (see Section 2.7).

The SEM image in Figure 4(b) shows two types of grooves.
First, the continuous groves which are related to particles
attached to the rotating ball. Second, grooves show the
repetitive occurrence of indentations. An explanation for
the appearance of such indentations can be the combina-
tion of two- and three-body wear mechanisms. The cyclic
indentations in the grooves can be generated by big, rotating
particles. The distance between the indentations is approxi-
mately 1.9 𝜇m, which is in accordance with the specification
of the abrasive powder. It is therefore assumed that the cyclic
indentations are generated by particles which have been
pushed into the substrate. After the particles penetrated in
the substrate, the ball rotation provoked anew displacement
of the particle. The cyclic indentations indicate that such
particles are not moved out of the contact but just pushed
only one revolution further, before a new penetration into
the substrate occurs. Since the particles are not permanently
attached to the rotating ball, the wear mechanism for the
scratches with cyclic indentations can be categorized as a sort
of three-body wear.

Both sorts of scratches were found in all substrate mate-
rials, for which reason a mixed wear regime can be assumed
in all tested specimens.

The results of the wear tests are shown in Figures 5–7.
Each point shown in Figures 5 and 6 represents the average
of three measurements carried out on three different equally
treated specimens after a prescribed sliding distance. The
error bars illustrate the deviation of the single measurement
points. Figure 5 depicts the wear volume versus the sliding
distance, 𝑆, multiplied by the contact force, 𝑁. Since 𝑁 was

1𝜇m

Figure 3: CrN surface coating.

kept constant, the diagram can also be understood as a plot
of the removed volume against the sliding distance. From
this figure, one can notice that the specimens tested under
AR conditions show the highest amount of removed volume,
while the Comb-2 specimens show the lowest one.The curves
for the CrNC, the Comb-1, and the CTed specimens are
similar.

Figure 6 shows the calculated wear rate of the same
tests. One can notice that the AR specimens presented a
relatively highwear rate while allmodified specimens showed
clearly lower wear rates. Focusing on the curve progression
of the AR specimens, the wear rates decrease drastically in
the beginning of the tests. A similar but less pronounced
behaviorwas also found for theCTed specimens at low sliding
distances. At high sliding distances, no further decrease
occurred. In contrast, an increase in wear rate was found for
all types of coated specimens. These comparable low wear
rates were found at the first- or/and the second-measurement
points. After the initial rise of the wear rate, which ends at S⋅N
value of around 2.5 (third checkpoint), the curve remained
constant. The mean wear rate for all tests conducted and the
results for the substrate hardness measurements are shown
in Figure 7.The error bars illustrate the standard deviation of
each test series. The black circles over the columns represent
the substrate hardness of each batch. Since the dispersion of
the hardness measurements was below 2% for all test series,
the error bars do not appear. To compare the results more
precisely, the wear and hardness values of all batches are listed
in Table 3.

The values in Table 3 were organized according to the
wear rate of each batch to make the analysis of the results
easier. The highest wear resistance was found for the coated
specimens. Hence, the first raw (AR specimens) showed the
highest and the last raw (Comb-2 specimens) shows the
lowest wear rate.

Table 3 further displays that the substrate hardness is not
following the pattern of the wear rate. The highest wear rate
was found for the hardestmaterial. Furthermore, it was found
that the DCT did not lead to a hardness increase. It rather
resulted in a slight reduction of the hardness. A significant
hardness reduction varying from 30% up to 36% was found
for all coated specimens. As described in the methodology,
these values represent the hardness of the substrate measured
after the removal of the surface coating.
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Table 3: Wear and hardness results.

Test series Mean wear rate
(10−13m2/N)

Percentage of wear
rate reduction

Hardness
(HV1)

Percentage of
hardness reduction

AR 6.91 — 69.0 —
CTed 5.06 27 66.6 3
Comb-1 4.79 31 44.9 35
CrNC 4.74 31 44.5 36
Comb-2 3.71 46 48.1 30

200𝜇m

(a)

10𝜇m

(b)

Figure 4: (a) Crater in an AR specimen with continuous grooves. (b) SEM image of the grooves in the crater (AR specimen). (b) is a zoom
in the crater shown in (a).
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4.2. X-Ray Diffraction. An X-Ray Diffraction analysis was
carried out to investigate whether secondary phases or
precipitates of the alloying elements could have been formed
by the DCT. The occurrence of such phenomenon was
mentioned by others [11–13] as the cause for an increase in
wear resistance. Therefore, a comparative analysis between
AR and CTed specimens was executed. The results of this
analysis are shown in Figure 8.

In order to visualize both spectra in one diagram, the
signal of the CTed specimens was numerically shifted (by
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Figure 6:Wear rate versus sliding distancemultiplied by the contact
force.

the addition of a constant number to all values). While all
distinct peaks occur in both spectra, the corresponding peak
intensities differ significantly. The peak intensity can be cor-
related to the amount of each material or, more specifically,
to the amount of the crystalline orientation of the material.
The numbers over the peaks in the diagram represent the
orientation of the aluminum crystals. Therefore, it needs to
be mentioned that all identified peaks can be attributed to
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Figure 7: Wear rate and substrate hardness of all specimens types.
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Figure 8: XRD spectrum of an AR and a CTed specimen.

aluminum. No secondary phases could be detected either in
the CTed or in the AR specimens.

4.3. Microstructure. The microstructure investigation was
carried out in order to try to find possible differences between
the CTed and the AR specimens. The initial study included
two basic metallographic methods: first, an analysis using
optical microscopy of the polished surface (Figure 9) and
second an analysis of the polished and etched surface (Fig-
ure 10). As the microstructure of the aluminum is influenced
by the conformation process, it was ensured that the extracted
samples had the same orientation. As a reference, the rolling
direction of the primary aluminum block was taken. All
shownmicrostructure images were taken from surface whose
axial orientation can be described as longitudinal and lateral
to the rolling direction.

In Figures 9(a) and 9(b), the polished surfaces of an AR
and a CTed samples are shown. The bright surface indicates
the aluminum structure. The dark marks are precipitates.

Table 4: Precipitations of the aluminum alloy.

Elements Al (%) Si (%) Mg (%) Fe (%) O (%)
Al
𝑥
Fe
𝑥
Si
𝑥

92.4 3.2 0.5 3.9 —
Mg
2
Si 90.8 4.6 4.3 0.3 —

SiO
2

73.3 7.9 0.1 — 18.7

Two types of precipitates were foundwith thismetallographic
analysis. The gray rod-shaped marks are characteristic for
Mg
2
Si and AlxFexSix precipitates. The smaller round shaped

black precipitates are SiO
2
. Energy disperse analysis (EDS)

executed with a SEM confirmed this analysis. The percent-
age of concentrations found for all elements are listed in
Table 4. Similar particles were also found in other 6XXX
aluminum alloys [24]. As the precipitations are very small,
the EDX beam always incorporated the substrate around the
precipitates. Therefore, aluminum is always present in all the
measurements.The presence ofMg and of Fe in the AlxFexSix
and theMg

2
Si precipitates, respectively, is related to this same

measurement procedure.
In Figure 10, the etched samples are shown. Similar to the

unetched specimens, no distinctly higher or lower number of
precipitates were found. The etched specimens further allow
an evaluation of the grain size. Neither the orientation of the
grains nor the grain size itself showed remarkable differences.
Therefore, it can bementioned that the DCT did not have any
visually detectable effect with optical investigation methods.

4.4. Transmission Electron Microscope. To complete the
microstructure study, a TEManalysis was carried out. Besides
the big precipitates, detectable with the optical microscope,
which have been identified via SEM/EDS, smaller precipitates
with a size of approximately 50 nm and 4 nm were found
using TEM (Figure 11(a)). The EDS/TEM analysis showed
a concentration of copper in the bigger particles (CuxAlx
50 nm, Figures 11(b) and 11(c)). Copper precipitates have also
been found by others [25, 26] in a 6XXX aluminum alloy.

Furthermore, a large number of GP-zones (4 nm) were
found arbitrarily distributed in the treated and the untreated
specimens (Figures 12(a) and 12(b)).

Due to the very low size of the GP-zones, their chemical
elements could not be distinctively identified.The EDX anal-
ysis revealed a random distribution of all alloying elements.
The GP-zones were found in the AR and CTed specimens. A
statement regarding the quantitative appearance of GP-zones
could not be done once the distribution and the size of such
zones were very disperse.

4.5. Differential Scanning Calorimetry (DSC). The graph in
Figure 13 represents the difference of the DSC measurements
between the CTed and the AR specimens. To obtain such
a curve, two separate measurements were carried out. In
both of them, an empty specimen container was taken as
reference. Afterwards, the two curves were subtracted from
each other to emphasize the differences between themodified
and unmodified sample.

In order to clarify the nomenclature, the precipitation
sequence for this type of aluminum alloy is presented. It is
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10𝜇m

(a)

10𝜇m

(b)

Figure 9: (a) Polished AR sample. (b) Polished CTed sample.

200𝜇m

(a)

200𝜇m

(b)

Figure 10: (a) Etched, AR sample. (b) Etched, CTed sample.

generally agreed that the precipitation process in Al-Mg-Si
alloys can be divided into the following steps [27]:

𝛼 (sss) 󳨀→ GP-zones 󳨀→ 𝛽󸀠󸀠 󳨀→ 𝛽󸀠 󳨀→ 𝛽, (3)

where 𝛼(sss) → is the supersaturated solid solution. GP-
zones occur in form of irregular structures (Figure 12).
𝛽

󸀠󸀠 precipitates are usually needle-shaped and occur along
⟨100⟩Al plane, with amonoclinic structure. 𝛽󸀠 precipitates are
rod-shaped and occur in the same plane. 𝛽 phase (Mg

2
Si) is

usually formed as platelets along {100} plane of aluminum.
A wide endothermic peak (80∘C–160∘C) with the center

at 115∘C can be observed in Figure 13.This peak can be related
to dissolution of GP-zones [28]. At higher temperatures, two
exothermic peaks were revealed at approximately 235∘C and
310∘C. The peak centered at 235∘C indicates the formation of
𝛽

󸀠󸀠 and the one at 310∘C is a sign for 𝛽󸀠 precipitations [28, 29].
The endothermic ramp above 325∘C is attributed to the start
of a dissolution process for just formed precipitates.

5. Discussion

5.1. X-Ray Diffraction. The first method used to determine
the formation of precipitates was XRD. The spectra depicted
that the crystal orientations of the scanned specimens were
different. It is unclear if the different orientations were caused
by the cryogenic treatment or if they are related to the fact
that two different specimens were examined. In this case, the

difference in crystal orientation is related to inhomogeneity
of the material.

However, no other elements nor second phases were
found in the CTed or in the AR specimens. Although
this result may seem surprising, as the substrate contains
alloying elements, the reason for that is associated with the
detection limit of the equipment (between 0.5% and 3%).
Small particles may hence be hindering their detection using
XRD. As shown in Table 1, the maximum alloy element
concentration is specified with 0.5%.

5.2. Microstructure. No significant differences between the
CTed and the AR specimens were found. Difficulties associ-
ated with this microstructural analysis method are the small
sizes of the sections investigated. As the distribution of pre-
cipitates is not homogeneous, differences can be easily found
(or not) depending on the section that was photographed.
Therefore, often-found assumption that Mg

2
Si, AlxFexSix,

or similar precipitates are generated by DCTs could not be
confirmed. It is further unlikely that such big precipitates
are directly generated by the DCT, as precipitates are usually
formed by diffusion. The low temperatures during the DCT
do not favor their formation.

The TEM/EDS analysis showed an appearance of smaller
precipitates (size of 50 nm) with a high concentration of
cupper. This led to the assumption that such precipitates
consisted of metastable Cu

2
Al [29]. Furthermore, small GP-

zones were found with the TEM.
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(a) (b)

(c)

Figure 11: (a) Bright field TEM image of an AR sample (the small dark dots represent GP-zones). (b) Element analysis of the GP-zones (pink
dots indicate the appearance of Cu). (c) Element analysis of the GP-zones (green dots indicate the appearance of Al).

(a) (b)

Figure 12: (a) Dark field TEM image of an AR sample (small, widely distributed white dots in the size of approximately 4 nm are GP-zones).
(b) Dark field TEM image of a DCT sample (small, widely distributed white dots in the size of approximately 4 nm are GP-zones).
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Figure 13: Differential scanning calorimetry (signal of the CTed
sample with the AR material as reference).

The decreasing solubility of the alloying elements at lower
temperatures is likely to be responsible for the generation
of the GP-zones. At low temperatures, the movement of the
atoms, as well as the distance between them, is decreasing.
Therefore, it is energetically more favorable to emit chemical
impurities from the solid aluminum solution, because the dif-
ference in the atomic radius disturbs the crystalline structure.
This can lead to the emission of alloying elements, which
accumulate in nanosized GP-zones. Whether the contraction
of the aluminum structure is strong enough to emit alloying
elements depends on the discrepancy between the atomic
radii of the aluminum atoms and the alloying elements.

As shown with the comparative images in Figure 12,
the small sections scanned with the TEM do not allow a
serious proof that the DCT increases the number of GP-
zones. Anyhow, GP-zones as well as the small precipitates
(size 50 nm) were found in the AR and as well in the CTed
specimens. Their occurrence in both types of specimens is
not surprising, as the natural aging process also generates
GP-zones [29]. A robust and conclusive screening of the
microstructure with the TEM would be too cost- and time-
consuming. For this reason, another analysis method, which
includes a larger volume fraction, was used to confirm the
generation of GP-zones by DCTs.

5.3. Differential Scanning Calorimetry. As explained above,
the curve presented in Figure 13 shows the difference between
the AR and the CTed specimens. The found peaks reveal a
clear difference generated by the DCT. The curve depicted a
wide endothermic peak between 80∘C and 160∘C, which can
be associated with the dissolution of GP-zones. The applied
temperature regime of the DSC analysis dissolved GP-zones
that have been generated by the DCT. The volume under
the peak indicates that the number of dissolved GP-zones is
extensive. Therefore, an improved wear resistance due to the
generation of GP-zones seems reasonable. The peak-width
indicates that the size and presumably the components of the
GP-zones are different, which confirms the assumption that

the GP-zones cannot be related to only one type of alloying
element.

The results illustrated in Figure 13 also showed two
exothermic peaks (235∘C and 310∘C), attributed to the gen-
eration of 𝛽󸀠󸀠 and 𝛽󸀠 precipitates. These peaks indicate an
increased amount of precipitate generation in the CTed
specimens. As explained before, it is unlikely that DCTs are
generating big precipitates. The diffusion-controlled accu-
mulation of alloying elements is not likely to appear at
such low temperatures. It is more probable that the just
ended dissolution process of the GP-zones (in between 80∘C
and 160∘C) supported the generation of bigger precipitates.
Other authors mentioned the possibility that larger GP-zones
might not be dissolved completely due to fast heating rate
of 20K/min. Considering this, not completely dissolved GP-
zones can act as nuclei for the precipitates and accelerate their
formation [28, 29].

5.4. Hardness. To improve the understanding of the hardness
results, it is again mentioned that the hardness of the sub-
strates was measured and compared. The surface coating was
smoothly removed (by polishing) before the hardness tests
were carried out. This procedure was carried out to measure
the hardness of the substrate and thereby uncover changes in
the microstructure of the substrate.

As shown in Figure 7, the hardness measurements
revealed a significant effect of the coating process on the
hardness of the substrate. All coated specimens showed a
significant decrease in the hardness.Therefore, the discussion
of the coated and uncoated specimens is done separately.

5.4.1. Uncoated Specimens. The hardness of the CTed spec-
imens showed a hardness reduction of 3% compared to the
AR specimens. This result was not expected, since the CTed
specimens contain a significantly higher number of GP-
zones. The results of other researchers might explain these
conflicting results. It was found that DCTs reduced residual
stresses in aluminum alloys [6, 30]. An effect of residual
stresses on the hardness ofmaterials is widely known andwas
already proven for similar aluminum alloys [31, 32]. Taking
into account that the reduction of residual stresses decreases
the hardness and that the generation of GP-zones increases
the hardness, the sum of both effects can be either an increase
or a decrease in the hardness of the aluminum alloy.

5.4.2. Coated Specimens. The batches CrNC, Comb-1, and
Comb-2 were coated with CrN. One reason for the selection
of the CrN coating was its comparably low deposition
temperature. As evidenced by these results, the temperature
of the deposition process, even though lower than for other
coatings, affected the microstructure of the alloy. The exact
temperature during the coating process was not provided by
the coating company.The surface temperature was estimated
to be between 100∘C and 150∘C.

As explained in Section 5.3, a wide endothermic peak,
which indicated that the GP-zones were dissolved, appeared
between 80∘C and 160∘C during the DSC measurements.
Assuming the deposition time and the temperature during
the coating process, a dissolution of GP-zones and small
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precipitates in the near surface area is highly possible. Such
behavior was found by other researchers [29], who applied
a preaging process (at 100∘C), that also led to dissolved GP-
zones and a reduced hardness. The fact that the measured
hardness is only slightly higher than the hardness of pure
aluminum supports this assumption [33].

Considering this in the actual discussion, all coated
batches were unintentionally heat-treated during the coating
process, for which reason their hardness is comparably low.
The hardness of the batches Comb-1 and CrNC is nearly
equal. The hardness of the Comb-2 batch increased 6%,
compared with its coated partners. This increase can be
contributed to the increased number of GP-Zones, generated
by the subsequently executed DCT.

5.5. Wear Results. As shown in Figure 5, the AR specimens
had the highest wear rate for all sliding distances. Especially
at a low sliding distances (the first-two checkpoints), the wear
rates are markedly high. The same behavior was found for
the CTed specimens. Some percentage of this initial high
wear rate can be associated with an overestimation of the
removed volume at low sliding distances. It occurs due to
the difficulty in measuring the diameter of the crater [22].
Therefore, a slight overestimation can be considered for the
first points. Notice that all uncoated specimens showed a
pronounced scuffed area around the crater (Figure 2). This
turned the measurement of its diameter and consequently
the determination of the volume loss and of the wear rate
into a less precise task. Other authors found similar behavior
especially for uncoated soft materials [20]. In the case of a
coated surface, the scuffed area around the crater was much
smaller and this type of measurement inaccuracy could be
neglected.

In contrast, a low wear rate was found for the first-
measurement points of all coated specimens. It is easy to
perceive that this effect is generated by the wear resistant
coating. Subsequent tests carried out to detect the sliding
distance necessary to perforate the surface coating indicated a
breakthrough after a sliding distance of 0.3m. Therefore, the
first-measurement point represents a mixture of the surface
coating and the substrate material and does not represent
the wear rate of the pure coating. As the coating is only
present on the surface, the biggest wear resistance can hence
be expected for low sliding distances. After the perforation of
the coating, the volume ratio between coating and substrate is
continuously decreasing. Hence, the wear resistance slightly
decreased with an increase in sliding distance.This effect can
be seen in Figure 6. In general, the wear rate reduction is
relatively high considering that the height of the deposited
coating was only 660 nm (Figure 3).

The CTed specimens led to a similar reduction in wear
rate as the one observed for the CrNC specimens. As shown
by the DSC tests, additional GP-zones were generated due
to the DCT. Such zones are responsible for the improved
wear resistance. As widely known, GP-zones and precipitates
exhibit a higher wear resistance than the pure aluminum. As
reported in Table 1, several alloying elements are present in
the aluminum alloy, for which reason it is expected that the
GP-zones consisted of diverse alloying elements.

In order to generate an aluminum alloy with superior
wear resistance, one batch of specimens was first modified
cryogenically and afterwards coated with CrN (batch Comb-
1). Since the DCT changes the microstructure in the entire
material and the CrN mainly acts in near surface regions,
a superposition of both effects was expected for the spec-
imens treated with both modification methods. However,
such superposition did not occur for the Comb-1 batch. As
explained before, the coating process had a side effect on
the substrate material, which dissolved GP-zones and small
precipitates. It therefore also affected the wear resistance. For
this reason, the results of the Comb-1 specimens were similar
to the CrNC specimens.

To confirm that a superposition of both effects is possible,
an additional test series was carried out. The Comb-2 batch
was first coated with CrN and afterwards DCT. During the
coating process, theGP-zoneswere dissolved in the sameway.
However, the subsequent DCT generated new GP-zones and
therefore reversed the effects of the coating process. Using
this modification sequence, the combination of an increased
number of GP-zones with a surface coating generated a sig-
nificant improvement (of 48%) in wear resistance (Figure 7).

6. Conclusion

The results of the wear tests showed that DCT led to an
improved wear resistance of the aluminum alloy. CrN surface
coating showed a likewise improvement of the wear behavior.
If both modification methods are executed in the correct
order (first CrN coating and second DCT), a superposition
of such effects can be reached. A reversed order does not lead
to similar effects, since the temperature rise, which occurs
during the coating process, eliminates the microstructural
changes and dissolves the GP-zones.

The microstructural analyses revealed that DCT did not
generate large precipitates or other significant microstruc-
tural changes like in the grain size. Such effects are diffusion
controlled and therefore require higher temperatures. How-
ever, a distinct generation of small and widely dispersed GP-
zones was detected with DSC. The results showed a clearly
pronounced dissolution of GP-zones for the cryogenically
treated specimens. The authors claim that the formation of
GP-zones generated during the DCTwas the main reason for
the improved wear resistance.
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