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The use of Mg as an alloying element in copper alloys has largely been overlooked in scientific
literature and technological applications. Its supposed tribological compatibility with iron
makes it an interesting option to replace Pb in tribological alloys. This work describes the
casting process of high-quality thin slabs of Cu-Mg-Sn alloys with different compositions by
means of conventional methods. The resulting phases were analyzed using X-ray diffraction,
scanning electron microscopy, optical microscopy, and energy dispersive X-ray spectroscopy
techniques. Typical dendritic a-Cu, eutectic Cu2Mg(Sn) and eutectoid non-equilibrium micro-
structures were found. Tensile tests and Vickers microhardness show the excellent hardening
capability of Mg as compared to other copper alloys in the as-cast condition. For some of the
slabs and compositions, cold rolling reductions of over 95 pct have been easily achieved. Other
compositions and slabs have failed during the deformation process. Failure analysis after cold
rolling reveals that one cause for brittleness is the presence of casting defects such as micro-
shrinkage and inclusions, which can be eliminated. However, for high Mg contents, a high
volume fraction of the intermetallic phase provides a contiguous path for crack propagation
through the connected interdendritic regions.
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I. INTRODUCTION

Cu-Pb alloys with low Sn content have been used
for the last 100 years as the functional material in
journal bearings. The mechanical resistance comes from
the Cu-Sn matrix, while the Pb phase provides the
higher tribological compatibility with iron. Considering
that these alloys have served their purpose quite well
during this time, research, and development of high
strength triboalloys has received very little attention.
However, the actual trends to reduce energy costs by
raising machine efficiency and lowering friction and
wear, as well as the concern about the toxicity of Pb,
create demand for higher strength and environment-
friendly triboalloys.[1]

Based on Rabinowicz’s[2] tribological compatibility
studies and considering that either steel or cast iron are
used for the crankshaft and other components that may
come in contact with the journal bearing’s functional
alloy, the possible elements that could replace Pb are In,

Cd, Ag, Zr, Bi, Sn, and Mg. The first two are toxic, Ag
and Zr are relatively expensive and Bi does not look to
be a very promising solution.[3] Cu-Mg alloys are
already used in similar applications,[4–8] which means
that Mg may be another alternative to substitute Pb in
leaded tin bronzes for improved tribological properties
and environmental safety.
The preferred method to manufacture Al-Sn alloys

used for journal bearings is thin slab casting followed by
cold rolling.[9,10] This process is relatively simple and
cost-effective. Powder metallurgy is used to manufacture
Cu-Pb journal bearings. However, the latter is more
difficult to accomplish in Mg containing alloys due to
this elements high oxygen affinity at high temperatures.
This affinity also affects the casting process. For Mg
castings, there has been an enormous amount of
research to find an efficient melt protection alternative
to SF6 which is highly contaminating.[11]

The amount ofMg used in commercial Cu-Mg alloys is
usually less than 1 pct in weight.[4–8] This results in a very
small volume fraction of the second phase due to the
solubility of Mg in Cu. In Cu-Sn alloys, the formability is
limited for Sn contents above 10 pct.[12] Even though the
Cu-Snbinary phase diagramhas beenwell studied and the
thermodynamic assessment recently done by Liu et al.[13]

appears to be themost reliable,[14,15] slight differences still
appear in the literature. The most recent experimental
study was done by Fürtauer et al.[16] in which they report
the latest version of theCu-Sn binary phase diagram. This
study was backed up by Li et al.[17] with a thermodynamic
assessment. However, it is well established that the
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solubility of Sn in Cu is highly temperature-dependent
and that Cu-Sn alloys rarely follow an equilibrium
solidification route.[15,18,19] Furthermore, very little infor-
mation about the ternary Cu-Mg-Sn phase diagram is
available. A review of this ternary system was given by
Rokhlin and Lysova,[20] confirming the stability of a
ternary Cu4MgSn phase. This study does not present
thermodynamic datawhich allow to calculate its enthalpy
of formation or any other data required to introduce this
phase in the thermodynamic assessment of the phase
diagram. The experimental data which they considered
were relatively old; the most recent ones published by
Vicente et al.[21,22] from the 1990s, while the oldest date as
far back as the 1920s. A thermodynamic optimization of
the ternary system was recently done by Miettinen and
Vassilev.[23] They found a reasonable correlation between
the calculated and previously reported experimental data
using the assessed binary sub-systems and considering the
Cu4MgSn phase as stoichiometric. The experimental
results presented in this work will contribute further to
the understanding of the metallurgical aspects of the
Cu-Mg-Sn system in the Cu-rich corner and, more
specifically, on the appearance of the Cu4MgSn phase.
As the solidification processes reported here are non-
equilibrium, care should be taken when interpreting the
data in relationship with proposed phase diagrams.

After considering the available options, casting fol-
lowed by cold rolling was chosen to produce and
characterize the proposed Cu-Mg-Sn alloys. Mg is used
as an alloying element and must be put into the liquid
bronze bath just before pouring. A good melt protection
is necessary as the solid Mg tends to float up to the
surface and completely oxidize. A detailed description of
the casting technique to obtain thin slabs with very low
porosity and the desired compositions is presented. This
process was designed to use only the most simple and
conventional tools and still provide a good protection
against Mg loss due to oxidation. An analysis of the
resulting microstructures using optical and scanning
electron microscopy, X-ray diffraction (XRD), and
energy dispersive X-ray spectrometry is shown. The
fracture zones of thin slabs that failed during cold-
rolling and of tensile specimens of the as-cast material
are analyzed as well.

II. EXPERIMENTAL PROCEDURE

As a starting point, the four basic compositions
shown in Table I were chosen. To produce the alloys, a
graphite crucible was used in a gas furnace. Thin slabs
were cast in a permanent horizontal steel mold. Elec-
trolytic Cu and industrial purity Sn with Pb impurities
were used as the starting materials. Electrolytic Mg was
covered with graphite powder. The molten bronze metal
was also covered with a thin layer of graphite powder
and the Mg was plunged to the bottom of the melt using
a graphite tube and a steel plunger. This minimizes Mg
loss due to the oxidation by direct contact with air. The
melt was degassed using commercial CaCO3 tablets for 1
to 2 minutes. All tools were preheated to ~773 K
(500 �C). Cooling curves were obtained using type-K
thermocouples and cross-checked with an optical
pyrometer as described in a previous paper.[19]

The resulting phases after casting were determined
using a Siemens D5000 diffractometer using cobalt-Ka-
radiation and an Oxford energy dispersive X-ray spec-
troscopy (EDS) spectrometer. Metallographic samples
for scanning electron microscopy (SEM) and optical
microscopy (OM) were prepared using standard tech-
niques. Etching of specimens for OM was done using
Keller’s reagent, immersing for ~30 seconds. Tensile
specimens of the as-cast thin slabs were machined in a
numerically controlled vertical mill according to ASTM-
E8. Sub-size specimens were used, resulting in gage
lengths of 25 mm, widths of 6 mm, and variable
thickness of ~2 mm. Tensile tests were performed in a
Shimadzu universal test machine, using an initial strain
rate of 3.33 9 10�3 s�1. Vickers hardness was measured
using an Instrumented Nanovea Microhardness Tester
using a load of 10 N and a dwell time of 10 seconds and
between 25 to 40 indentations per sample. The defor-
mation process was carried out at room temperature
using reductions of 2, 4, 6, and 8 pct in the first four
passes and a series of subsequent reductions of 10 pct
per step. The initial thickness of the slabs was ~2 cm
with variable length and width. A rolling speed of
7.62 m/min and 127 mm diameter rolls were used. This
cold rolling procedure minimizes material loss due to
rolling defects in other commercially used triboalloys.[9]

Table I. Nominal Compositions, Measured Compositions and Number of Slabs

Alloy Designation

Composition (Wt Pct)

Slab

Measured Composition* (Wt Pct)

Cu Mg Sn Mg Sn Pb Fe Al V

Cu-1Mg-1Sn 98 1 1 1 1.07 1.09 0.26 0.02 — —
2 1.05 1.12 0.25 0.01 — —

Cu-1Mg-5Sn 94 1 5 1 1.09 4.16 0.20 — 0.06 0.18
2 0.98 4.90 0.21 — 0.04 —

Cu-5Mg-1Sn 94 5 1 1 5.37 0.30 0.24 0.10 — —
2 5.54 0.81 0.23 0.03 — —

Cu-5Mg-5Sn 90 5 5 1 5.17 4.34 0.21 — — —
2 5.33 3.71 0.20 — — —
3 5.33 4.82 0.21 — — —
4 5.88 4.26 0.22 0.04 — —

*Cu balance.

556—VOLUME 45A, FEBRUARY 2014 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fracture surfaces and cross-sections of both tensile
specimens and low ductility cold rolled samples were
analyzed using a Philips XL-20 SEM with a tungsten
filament and an Oxford EDS spectrometer.

III. RESULTS AND DISCUSSION

Thin slabs of the desired composition were cast under
controlled conditions. Table I indicates the nominal
alloy composition, the number of cast slabs, and the
measured chemical composition. Table II shows the
measured Vickers hardness, the tensile specimens and
the average measured parameters from tensile tests.

A. Casting Process

The presence of Mg makes the melt highly sensitive to
oxidation and consequently high porosity is common. A
series of preliminary tests were useful to avoid the most
severe casting defects. Correct degassing of the melt and
a well-controlled pouring speed are essential to obtain
acceptable results. With an adequate control of the
process, Mg oxidation and micropores can be mini-
mized. Macroscopic observation of the cross-section of
thin slabs reveals a higher porosity towards the top.
Microshrinkage caused by the lack of liquid phase
during solidification appeared in some samples. The low
melting point [505 K (232 �C)] of Sn results in higher
microsegregation for the 5 pct Sn compositions.

B. Microstructural Analysis

Microscopic observation shows a dendrite-type
microstructure, typical of cast bronze and copper alloys,
with interdendritic phases of different types and com-
positions. Elemental chemical analyses confirm that the
compositions are close to the expected ones. Figure 1
shows the resulting microstructures for the four com-
positions studied. Local EDS analyses show a dendrite
composition of Cu with Mg and Sn at the solid
solubility limit. Segregation was confirmed by atomic
number contrast using backscattered electrons, espe-
cially for the 5 pct Sn compositions. Graphite inclusions
were found in some of the samples as well.

1. Cu-1Mg-1Sn
For the Cu-1Mg-1Sn composition, a single phase

should be obtained under equilibrium conditions. A
small fraction of second phase was found in the
interdendritic regions as a eutectic mixture of Cu and
Cu2Mg (Figure 1(a)). The second phase found in binary

copper-tin alloys under non-equilibrium solidification is
usually the BCC b phase.[24] The d phase is sometimes
found for higher Sn content.[14,18] Neither of these
phases was seen in any of the samples.

2. Cu-1Mg-5Sn
For the Cu-1Mg-5Sn samples, the non-equilibrium

solidification results in the coringofdendrites (Figure 1(b))
and a fine eutectoid microstructure, which can be seen in
more detail in Figure 2(a). There is evidence of strong
segregation and a peritectic reaction followed by a eutec-
toid reaction during solidification. This micrograph is
interpreted as presenting a reaction border which would be
characteristic of the presence of a peritectic reaction. In this
case, the very fine, regular, rod-likemicrostructuremust be
interpreted as a eutectoid decomposition of a three-
component analogue of the b or c phase found in the
binary Cu-Sn diagram.[16,17]

The calculated composition of the interdendritic
regions is very close to 6:2:1 (Cu:Mg:Sn). A precise local
composition analysis could not be made because of the
extremely fine microstructure (particle sizes <0.5 lm).
However, considering that these regions consist of
Cu2Mg and an intermetallic phase in a 1:1 ratio, an
estimation of the composition of the intermetallic com-
pound is close to that of Cu4MgSn.
Micropores appear to be randomly distributed in the

interdendritic zones. Figure 2(b) shows a microshrinkage
pattern associated with this phenomenon between two
dendrite arms.

3. Cu-5Mg-1Sn
A homogeneous mixture of (Cu)+Cu2Mg was found

in the interdendritic regions of the Cu-5Mg-1Sn com-
positions. An optical micrograph is shown in Figure 1(c)
(inset), revealing the dendritic microstructure. The Cu-
5Mg-1Sn alloy showed the lowest segregation of all the
compositions studied in this work. A large volume
fraction of the Cu2Mg intermetallic compound results in
a connected interdendritic zone. During cold work,
crack propagation follows this brittle phase and results
in crack growth, eventually leading to failure. By
limiting the connected zones between dendrites, crack
propagation is supposed to be stopped at the ductile
dendrites.

4. Cu-5Mg-5Sn
The Cu-5Mg-5Sn alloy shows a eutectic microstruc-

ture with some regions enriched in Sn due to higher
microsegregation (brighter zones in Figure 1(d)) embed-
ded in a Cu2Mg matrix (darker zones). EDS line scans
reveal a Cu2Mg composition along the interdendritic

Table II. Measured Mechanical Properties, Average Vickers Hardness (HV), Tensile Specimens (TS) and Average Measured

Parameters (with Standard Deviation) From Tensile Tests

Alloy HV (MPa) TS r0.2 (MPa) rmax (MPa) ehom (pct) emax (pct)

Cu-1Mg-1Sn 689 ± 72 8 69.7 ± 11 194.3 ± 38 14.08 ± 7 14.44 ± 7
Cu-1Mg-5Sn 911 ± 162 3 112.4 ± 13 208.3 ± 4 4.06 ± 0.3 4.18 ± 0.4
Cu-5Mg-1Sn 2239 ± 207 0 — — — —
Cu-5Mg-5Sn 2277 ± 308 0 — — — —
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regions with varying Sn content. This is consistent with
the ternary phase diagram which shows some solubility
of Sn for this intermetallic compound.[20] Considering
that the solidification range becomes larger with increas-

ing Sn content (~100 K for 5 pct Sn compared to 30 K for
1 pct Sn in the binary phase diagram), segregation
becomes more significant. The appearance of phases with
different compositions compared to the ones expected in

Fig. 1—As-cast microstructures for: (a) Cu-1Mg-1Sn, (b) Cu-1Mg-5Sn, (c) Cu-5Mg-1Sn (inset: OM image, scale bar is 400 lm), (d) Cu-5Mg-
5Sn. 1. (Cu) dendrite arms, 2. Eutectic mixture of (Cu) + Cu2Mg, 3. Fine (unresolved) eutectoid mixture of (Cu) + Cu4MgSn, 4. Microshrink-
age, 5. Cored (Cu) dendrite, 6. Homogeneous eutectic mixture of (Cu) + Cu2Mg, 7. Cu2Mg(Sn) with high Sn content, 8. Eutectic mixture of
(Cu) + Cu2Mg(Sn).

Fig. 2—SEM image showing different views of a Cu-1Mg-5Sn sample after a cold-rolling reduction of 4 pct. (a) A fine and regular interdendritic
microstructure with a reaction border along the dendrites suggests a peritectic reaction previous to the eutectoid reaction. Microcracks are
already propagating through the brittle phases. (b) Interdendritic region showing typical patterns associated with the lack of liquid and micro-
shrinkage during solidification. The lack of cohesion between the dendrites favors crack propagation during cold-rolling.
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equilibrium is inevitable for the cooling speed achieved
using this casting process (~300 K/min). However, no
reaction (eutectoid or ordering transition[13,16,17]) near
the 859 K (586 �C) temperature was seen during the
analysis of the cooling curves[19] and again, no b or d
phases were found.

C. X-Ray Diffraction Analysis

The results of the XRD experiments show the charac-
teristic spectrum for the three compositions with higher
Mg/Sn ratio in which two phases are formed, a-Cu and
Cu2Mg (Figure 3(a)). For the Cu-1Mg-5Sn composition
(Mg/Sn ratio = 0.2), a third phase is present. This is
most likely the Cu4MgSn phase which is very similar to
the Cu2Mg phase.[25,26] The diffraction patterns of these
two phases almost completely overlap in the whole
experimental spectrum, except for the (200) reflection,
making the identification of Cu4MgSn somewhat
difficult. This (200) peak was only present for the
Cu-1Mg-5Sn composition (Figure 3(b)). Furthermore,
the Cu4MgSn presence is also evidenced by the (220)
peak, which shows a shoulder, indicating the reflections
of the Cu4MgSn andCu2Mg peaks at 36.04 and 36.07 deg
(2h), respectively. This suggests that the third phase
found in the metallographic analysis of the Cu-1Mg-5Sn
composition is indeed Cu4MgSn, confirming the assump-
tion of a Cu2Mg+Cu4MgSn eutectoid mixture. This is

shown by the characteristic reflection of Cu4MgSn (200)
alongside the Cu2Mg phase in Figure 3(b). The absence
of a (200) reflection and a shoulder in the (220) peak in
Figure 3(a) further suggests that the phase formed in the
Cu-5Mg-5Sn compositions is Cu2Mg(Sn).
The binary phase shows significant solid solubility for

Sn.[20] There are four available octahedral spaces in
which a Mg atom can be substituted by a Sn atom and,
therefore, the Cu2Mg(Sn) can come close in composition
and lattice parameters to Cu4MgSn but lacks this (200)
diffraction peak. These two phases belong to different
space groups, but they are both Laves phases and so are
very hard and brittle. By controlling their volume
fraction and morphology, their hardening effect can be
very efficient.

D. Mechanical Properties

The mechanical properties show a broad variation
which is common for as-cast materials. The average
Vickers hardness values and standard deviation are
shown in Table II. These values are in the range of most
high-copper alloys and leaded-tin bronzes.[12] There is,
however, a very significant hardness contribution with
higher Mg content. The Vickers hardness for the 5 pct
Mg compositions is very high, in the range of heat-
treated high-copper alloys.[12] The use of these materials
for journal bearings requires a rolling process, which is
impossible due to the presence of the contiguous brittle
phase. However, for other tribological applications,
these materials could also be used in the as-cast
condition, taking advantage of their high strength. It
shall be noted that, even if the materials are described as
brittle, this is with reference to metallic materials. The
typical diagonal cracks observed in truly brittle ceram-
ics[27,28] are not present in the Vickers indents of the
most brittle material studied here (Cu-5Mg-5Sn),
although some cracking of the intermetallic phase does
occur (Figure 4).
Tensile test results are presented in Figure 5. For the 5

pct Mg alloys, no reliable tensile specimens could be
manufactured due to the fragility of the material. For
the Cu-1Mg-1Sn composition, tensile curves from two
different slabs are shown. The variability of the curves is
typical for as-cast materials. In some of the samples,

Fig. 3—XRD patterns for: (a) Cu-5Mg-5Sn alloy showing that only
two phases (Cu and Cu2Mg) are formed. Inset: The (220) reflection
shows a symmetric peak. (b) Cu-1Mg-5Sn alloy showing the (200)
Cu4MgSn reflection. Inset: The (220) reflection shows a typical
asymmetry with a shoulder, indicating the overlapping of the
Cu4MgSn and Cu2Mg peaks at 36.04 and 36.07 deg (2h) respec-
tively.

Fig. 4—Vickers indent for the Cu-5Mg-5Sn composition showing
small cracks in the interdendritic region.
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there is an evident premature fracture caused by the
small casting defects. However, the curves show a
reasonable repeatability within experimental error. A
consistent work hardening is seen for all curves,
resulting in maximum tensile stresses of over 150 MPa

and average ductility of over 14 pct. For the Cu-1Mg-
5Sn, the results shown are only for one of the slabs.
Here, tensile samples tended to break in the clamps of
the testing machine, due to the reduced ductility of the
material and, in one of the slabs, a higher amount of
casting defects. However, the three curves shown in
Figure 5 for this composition indicate that the contri-
bution to the yield strength from Sn is significant and
the 4 pct average ductility is enough to start the cold
rolling process.
The fracture surfaces of tensile specimens show a

combined ductile and brittle fracture. The former can be
seen in Figure 6, where the fracture zone of a Cu-1Mg-
1Sn specimen is shown. The grain distribution is revealed
through the primary dendrite arms (Figure 6(a)). A closer
look shows a dimple pattern typical of ductile fracture
(Figure 6(b)). In other specimens, the shrinkage cavities
resulted in a higher fraction of brittle fracture. The
fracture surfaces for Cu-1Mg-5Sn alloys show necking
and ductile fracture (Figure 7(a)). In some samples,
however, the lack of cohesion between dendrites is
evident, resulting in a higher fraction of brittle fracture
(Figure 7(b)).

Fig. 5—Tensile curves for the Cu-1Mg-1Sn and Cu-1Mg-5Sn com-
positions. (1) and (2) indicate samples obtained from different slabs
of the same composition.

Fig. 6—Fracture surface of a Cu-1Mg-1Sn tensile specimen showing: (a) different grains, characterized by the primary dendrite arm, (b) detail
showing a dimple pattern typical of ductile fracture.

Fig. 7—Fracture surface of a tensile sample for a Cu-1Mg-5Sn alloy showing: (a) necking zone, (b) detail showing a higher fraction of brittle
fracture.

560—VOLUME 45A, FEBRUARY 2014 METALLURGICAL AND MATERIALS TRANSACTIONS A



E. Cold Rolling Process and Failure Analysis

Cold rolling of the thin slabs was only possible for
alloys with low Mg content. Reductions of 95 pct or
more were achieved without any annealing process while
the material remains ductile. For the 5 pct Mg alloys,
after the 6 pct reduction step, the thin slabs had
completely fractured. SEM observation of the fracture
surfaces reveals that the cracks propagate through the
intermetallic phase, shown in Figures 8 and 9. The
ductile dendrites appear intact, while the interdendritic
regions which contain the intermetallic phase are com-
pletely fractured.

For the Cu-1Mg-5Sn alloy, some ingots were still
ductile after a 95 pct reduction, but others fractured
after only a few rolling steps. Closer inspection of the
fractured samples and the corresponding ingots show
that the interdendritic zones fracture during cold-rolling
(Figure 10). Samples that could be rolled presented a
lower amount of this interdendritic structure than the

ones that failed, which presented a contiguous brittle
structure that allows cracks to propagate. A second
factor is that ingots with a high content of interdendritic
structure also show higher porosity and extended
fissures due to microshrinkage along the dendrite arms.
The variation in amount of interdendritic material is
directly related to the amount of segregation and
therefore to the cooling velocity of the ingots. The effect
of cooling speed on segregation and microporosity is
currently being studied.
This shows that the casting process and the quality of

the slabs is a crucial factor for the success of the rolling
process, especially for the Cu-1Mg-5Sn alloy, which
appears to present a limiting condition when cold-
workability is concerned. Technological defects during
the casting process are then the principal causes of
failure during cold-rolling for this particular composi-
tion. Isolated interdendritic regions result in ductile
alloys. An optimal compromise between the hardening
effect of the second phase and its volume fraction and
morphology will result in a resistant, ductile alloy. The
addition of other alloying elements can also be investi-
gated in the future.

IV. CONCLUSIONS

Thin slab casting of Cu-Mg-Sn alloys has been
successfully achieved using conventional equipment at
a low cost. The microstructures consist mainly of two
phases: a-Cu dendrites and a eutectic interdendritic
region with Cu2Mg and, for the Cu-1Mg-5Sn a eutec-
toid interdendritic mixture of Cu2Mg and Cu4MgSn
Laves phases. Mechanical properties show promising
results and an optimized ratio of ductile (Cu) to hard
Cu2Mg and Cu4MgSn with isolated interdendritic zones
could result in high strength, high ductility alloys. Low
Mg contents result in a ductile material and cold-rolling
reductions of over 95 pct. Technological defects such as
inclusions, porosity and microshrinkage are the primary
reason for failure during cold rolling and must be

Fig. 8—Crack propagation along the interdendritic region of a Cu-
5Mg-1Sn alloy after a 6 pct reduction. The connected Cu2Mg phase
allows the cracks to propagate, resulting in material failure.

Fig. 9—Fracture surface of the sample shown in Fig. 8. Interdendrit-
ic regions are completely fractured while the (ductile) dendrites
appear undamaged.

Fig. 10—After a 6 pct reduction the interdendritic regions of one of
the Cu-1Mg-5Sn ingots show fractures perpendicular to the rolling
direction.
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avoided. Cracks initiate along these defects and prop-
agate along the brittle intermetallic phases. For the 5 pct
Mg alloys, the morphology of the second phase impedes
plastic deformation of the alloy. Tensile fracture sur-
faces of the 1 pct Mg compositions show both ductile
and brittle failure.

It can be concluded that the technological aspects of the
casting and cold-rolling processes of these newalloys have
been mastered. To determine the limits, in terms of
composition, which allow cold-rolling of the slabs, amore
complete study of the physicalmetallurgy of these alloys is
being made. The effect of cooling speed on segregation
and casting defects is currently being studied.
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