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1. Introduction

Copper-manganese alloys with mechanical properties superior to the conven-
tional aluminum alloys used in the aeronautical industry can be of great interest
nowadays to fabricate resistant but ductile components. There is limited infor-
mation related with the mechanical properties of this kind of alloys. S. Zuo [1]
studied the orientation dependence of damping behavior in a Mn-Cu shape
memory alloy in different crystal orientations by applying tensile stress. W. You
[2] analized the effect of semi-solid solution and aging on microstructure and

properties of Mn-Cu alloy showing that the microstructure of solid solution
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treated alloy is composed of a single y-MnCu phase, while that of the semi-solid
solution treated may contain Mn-rich and Mn-poor y-MnCu phases. Other au-
thors studied the Mn-Cu alloys using different obtaining methods [3]-[6]. C. Ma
[7] reported the effects of solution aging on the microstructure, phase transfor-
mation and mechanical properties of MnCuNjiFe alloys reporting that increasing
solution temperatures enhances the mechanical resistance and ductility of the al-
loy. Also relative new technologies such as laser engineering net shaping system
and directed energy deposition has been applied to produce Mn-Cu alloys [8] [9].
K. Tsuchiya [10] investigated the aging response of shape memory behavior in y-
MnCu alloys and S. Shi [11] reported a thermodynamic study on Mn-Ni antifer-
romagnetic shape memory alloys. Other authors have worked on the analyses of
phase transformations of Mn-Cu alloys from the microstructural point of view
[12]-[14]. Several works have been developed based on the Mn-Cu system, evalu-
ating the mechanical properties, phase transformations with the additions of dif-
ferent elements as reinforcement [15] [16], inclusive, the incorporation of rare
earth elements [17]. This Cu-Co-Mn alloy is proposed as structural alloy due to
the expected ductility offered by copper, together with the hardness provided by
cobalt and manganese, with the finality to obtain structural components. There-
fore, this paper present an extensive investigation of Cu-Co-Mn alloys, focusing
on the design, synthesis and characterization of the alloy, from the microstruc-
tural and mechanical point of view, to generate complete information of these Cu-
Co-Mn alloys, furthermore to provide a direction of the thermal treatment used
to improve its microstructure for developing advanced materials. This paper also
generates information of the tribological behavior based in the relationship be-
tween microstructure and hardness to obtain the best performance of these Cu-
Co-Mn alloys to be used in different aeronautics applications in parts exposed to

a constant friction (structural load-bearing components).

2. Experimental Procedure

Alloys containing different concentrations of Copper, Cobalt and Manganese
(99.99%) were synthesized using an induction melting unit (see Table 1 for alloy
designation and composition). Alloys were melted using quartz crucibles under a
vacuum atmosphere in chamber of 107 torrs. Thermal treatments were conducted
by heating the samples to 500°C for 15 minutes, followed by water quenching and
a second heating treatment at 180°C for 2 hours was applied, followed by air cool-
ing to complete the ageing treatment. Cubic specimens (1 x 1 x 1 cm) were cut
and prepared by sanding up to 600 grit, followed by polishing with 0.03 um alu-
mina (AL O;) paste. The samples were etched for 20 seconds using 12.5 FeCls, 12.5
mL HCI, 50 mL distilled water. Microstructural characterization was performed
using a Leo VP450 scanning electron microscope (SEM), Porosity measurements
were performed using the IPA (Image Processing Analysis) software of the equip-
ment by measuring the area fraction of the superficial area. Microhardness meas-

urements were carried out on the polished surfaces using the Vickers method,
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with a 0.1 kgload and a dwell time of 15 s, on a Leco 300 MT microhardness tester.

Wear evaluations were carried out using cylindrical samples (6 mm diameter x

8 mm length), tested under a rotational speed of 200 rpm, with zero lubrication,

using a conventional pin-on-disk wear machine, applying a constant load of 0.5
kg and a sliding distance of 4 km. An AISI 4140 steel disk (oil quenched, 51 + 3

HRC) was used as the counterpart. Worn surfaces were analyzed by SEM to dilu-

cidate the wear mechanisms.

Table 1. Average grain size of the samples with heat treatment and without thermal treat-

ment and porosity measurements average.

Elemental composition [wt. %]

Alloy designation Avejrage grain  Porosity

Cu Co Mn size [pm] (%)

M1 70 30 0 193.2 4.12

M2 70 25 5 131.28 3.83

M3 70 20 10 102.2 3.34
MITT 70 30 0 129.5 4.25
M2TT 70 25 5 106.6 3.94
M3TT 70 20 10 85.4 3.42

3. Results and Discussions

3.1. Microstructural Analyses

The microstructure obtained from the surface of the M1 sample, thermal treated

is shown in Figure 1, where, in zone 1 are observed enlarged second phases with

a different length, while zone 2 exhibits a considerable amount of precipitates dis-

tributed within the matrix, with an average of 85 % of area fraction.

Figure 1. Microstructure of sample M1 with heat treatment showing the

position of the two main phases precipitated.

The surface sample of M2 sample thermal treated is shown in Figure 2, where
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it can be observed a columnar dendritic structure with precipitation of second
phases with sizes of 15 um average. The significant changes in the second phase
shape and size are related to the solidification mechanisms of the alloys. It is well
known that Mn presence as an alloying element may contributes to produce a
grain and particle size refinement [18]. Here the area fraction of matrix result to
be approximately of 75% which can be an important factor in the alloy strength-

ening.

Figure 2. Microstructure of the heat-treated Cu-Co-Mn alloy showing the
two phases precipitated.

Figure 3 shows the microstructure of M3 sample with thermal treatment ap-
plied, where it can be observed a great amount of second phases precipitated on

the surface sample.

Figure 3. Microstructure of M3 sample with thermal treatment applied,
showing the position of the two phases precipitated.

In zone 1, it can be observed that the second phase present the major area frac-

DOI: 10.4236/msa.2026.174007 92 Materials Sciences and Applications


https://doi.org/10.4236/msa.2026.174007

R. Guardian-Tapia et al.

tion, but their growth is restricted in certain directions due to the formation adja-
cent second phases, this accumulation leads to an anisotropic growth of the
phases, which eventually transform into larger structures, furthermore, surface
energy and interfacial energy developed on the interface between the second
phases and matrix, are the necessary parameters to transform a semi-coherent to
a coherent structure. This applied thermal treatment, produce also a free internal
thermal stress structure [18]. On the other hand, precipitation strengthening in
copper alloys, is one of the main strengthening mechanism, where, in this case,
these second phases are randomly distributed, working as obstacles that inhibit
dislocation movement, which may improve the mechanical properties of the alloy
[18]. The area fraction of matrix in this sample is of approximately 48%.

In order to determine the elements’ position in the alloys, in Figure 4, the cor-
responding EDX elemental mapping of the element distribution of the M3 sample
thermal treated is presented, where is clearly observed that manganese is segre-
gated within the copper matrix and is also observed in the dendrite’s surrounding
contour, while Co is present in the dendrite’s interior. This confirms that in the
alloy the second phase is mainly composed of cobalt, although this result does not
exclude the possibility that copper and a small amount of manganese can be pre-

sent in this phase.

Manganese Copper

Figure 4. Elemental mapping on the surface of M3 sample, showing a second phase rich in
Cobalt mainly.

In Figure 5, is presented the linear elemental analysis across two precipitates
found in M3 sample thermally treated, showing the composition of Co, Mn, Cu,

which is consistent with the distribution of elements shown in Figure 4. It can also
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be observed that the precipitate has a high Co content, and the square-shaped pre-
cipitate has a high concentration of Mn, as can be observed in the linear chemical

analysis, while Cu is observed with more intensity along the surface of the matrix.

Cobalt 10um

0 Manganese 10pm Copper 10um

Figure 5. Linear elemental analysis passing through two precipitates.

3.2. Hardness Evaluation

Because metallic parts in machinery are exposed to a constant contact, then, hard-
ness is a parameter that can be controlled to increase the period of useful life of
the components, therefore, an evaluation of this mechanical property in the alloys
in as-cast condition and after thermal treated was carried out. In Figure 6 are
shown the plots of the hardness tests performed on the untreated and treated sam-
ples; in the case of M1 sample, without heat treatment a hardness value of 137 HV
is observed, for M2 sample it gradually increases to 139 HV, while M3 presents a
noticeable increment of its hardness value to 157 HVN. This increase in hardness
is attributed to the lattice disorientation between the copper-rich matrix and the
second precipitated phase, where evidently, there is no coherence between both
phases (different plane orientation) [18], so the plastic flow is inhibited. On the
other hand for heat-treated samples, M1 sample shows a hardness value of 122
HV compared to the treated M2 sample with a value of 133 HV resulted to be
slightly smaller, while M3 sample shows a hardness increase to 136 HV, then, it is
observed that this alloy exhibits a 12.6% increase compared to the treated M1 sam-
ple both with thermal treatment. A similar increment occurs for the untreated M3
sample, with a 12.55% increase compared to the treated M1sample. This increase
in hardness can be attributed to the formation of the observed precipitates in Fig-
ure 1, which were produced after heat treatment [18] [19], allowing the disloca-

tion movement in a lower degree than in as-cast samples. Also is observed for the
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three compositions a small reduction of the hardness in this thermal treated alloys
compared with the untreated samples, which implies for consequence an incre-
ment in the plastic flow [20] [21].
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Figure 6. Shows a plot of the hardness values of the untreated M1
sample and the treated M1 sample.

3.3. Tribological Analyses

3.3.1. Weight Losses Evaluation

Weight loss analysis of the samples without heat treatment is presented in Figure
7, where is observed that M2 sample showed a notorious wear resistance up to one
thousand meters where a stable plateau is observed, after this distance a pro-
nounced weight loss is observed, for this sample an oxidative-adhesive mecha-
nism is observed. In the case of M3 sample a mixed mode between oxidative an
abrasive wear mechanism is observed, while M1 sample presents a generalized
abrasive wear mechanism. These weight losses are reached when particles pro-
duced from the surface sample and the counterpart (which has greater hardness)
destroy and remove the produced oxide layer during the friction between both
parts of the system in debris form and after a certain period of time; then, these

are detached from de worn interface [22].
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Figure 7. Weight losses as a function of sliding distance of Cu-Co-Mn alloys without treat-

ment.
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On the other hand in Figure 8 are presented the wear curves of the weight loss
for samples thermal treated heat-treated, where is observed that samples M2 and
M3 samples presented similar behavior up to 800 meters, this wear resistance is
due to the surface hardness similar of both samples, after this sliding distance M2
sample suffers significant weight loss where a oxide layer depletion is produced;
while M3 sample presents an stable plateau after this distance and until the end of
the test, these positive behavior is attributed to the formation of an oxide layer due

to the friction heating produced between the sample and the counterpart [22] [23].
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Figure 8. Weight losses as a function of the sling distance of heat-treated Cu-Co-Mn alloys.

3.3.2. Wear Factor Analysis

Because wear in a material is defined as the weight loss and is evaluated as a func-
tion of time and/or sliding distance under an applied load and in relative motion,
hence, is important to evaluate this tribological process to predict the service life
of a component regardless of the type of mechanism involved [22]. One indicative
that supports the interpretation of this weight loss phenomenon is the wear factor,
which describes the wear tendency of the analyzed system, that is, the amount of
weight lost over a certain sliding distance. The results of this process for the heat-
treated and untreated samples are presented in Figure 9, which shows the wear
factor graph obtained from the wear curves of the evaluated samples. For M1 sam-
ple, the untreated sample exhibits a considerably higher wear factor, approxi-
mately 65% higher than the treated sample, being this sample with the highest
regime of weight losses, due to the low hardness presented in both conditions. On
the other hand, M2 sample without thermal treatment shows a 50% higher wear
factor than the treated sample, but significantly lower than M1 sample, these re-
duction in wear factor is attributed to the incorporation of manganese in the struc-
ture of the alloy. For the highest content of manganese is observed in the M3 sam-
ple shows a similar value, in both conditions, showing a noticeable reduction in
their wear factor which is an indicative of the increment in wear resistance pro-
duced for the strengthening of the alloy for the incorporation of the manganese.
These results obtained clearly indicate the advantage of applying a treatment,
where an acceptable value is reached in the wear factor, consequently, a reduction

in wear of the alloys is reached [23] [24].
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Figure 9. Wear factor of the samples without heat treatment and heat-treated samples.

3.3.3. Worn Surfaces Analyses

In Figure 10(a)-(c) are presented the worn surfaces of samples M1, M2 and M3
respectively, with thermal treatment. In Figure 10(a) is observed the worn surface
of M1 sample which presents predominantly a severe wear, identified by the deep
scratches along the observed surface, this type of wear is associated with an abra-
sive wear mechanism where the counterpart presents much greater hardness than
the worn sample, produces this type of morphology. On the other hand, Figure
10(b) shows the worn surface of M2 sample, where the appearance of oxides on
the surface can be observed, which are produced by the heating by friction be-
tween the worn sample and the steel counterpart. It is also possible to observe
some wear lines characteristic of abrasive wear, so that in this sample the mecha-
nism is a mixture of abrasive-oxidative which produces a wear not as severe as in
the previous sample. The worn surface of the M3 sample is presented in Figure
10(c), where a fully oxidized surface is observed, which is produced because this
sample presents an increase in hardness and therefore the resistance to being worn
increases, producing excessive heating on the wear interface which produces the
generation of oxides that act as a lubricating film between the contact surfaces,

thus decreasing the wear of the sample [22]-[24].
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Figure 10. (a) to (c) worn surfaces of samples M1, M2 and M3
respectively, with thermal treatment.

4., Conclusions

Cu-Co based alloys with Manganese additions were obtained successfully by means

of melting in an electromagnetic induction furnace and posteriorly thermal

treated. Hence the following conclusions are obtained:

Microstructures obtained in samples thermal treated with the increment in
manganese addition have shown a slight reduction in their grain size of ap-
proximately 4.5 um each 5 at.% Mn additions, while porosity ranges lies on the
order of 3.2 percent average, being an important parameter to obtain a favor-
able control of weight losses.

Hardness results indicated an important increment of 12% in untreated sam-
ples with high Manganese content compared with treated samples, being the
main cause of this increment the lattice distortion produced by Mn additions,
inhibiting the dislocation mobility while treated samples have shown a dimin-
ishing in hardness value due to the structure homogenization with the conse-
quent defect reduction.

Increment in wear resistance was obtained in samples thermally treated and
with high manganese content, which is attributed to the formation of a stable
oxide layer under an oxidative-adhesive mechanism.

These results were expected to produce an alloy for be used as structural com-

ponent to resolve some problems in the aeronautic industry.
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