
Mechanical Testing

Tanju Teker*, S. Osman Yılmaz and Ercan Bulus

Effect of alloying elements on mechanical
behaviour of Cu-Zn-Sn bronzes
https://doi.org/10.1515/mt-2022-0433

Abstract: The effect of Fe, P and Mn on microstructure and
fatigue properties of CuZnSn bronzes investigated with
optical microscopy and scanning electron microscopy,
energy dispersive spectroscopy, X-ray diffraction, hard-
ness, tensile and fatigue tests. The addition of Fe, Mn and P
to Cu-Zn-Sn bronzes formed Cu31Sn8, Cu6Sn5, ZnSn2, PbSnS2,
ZnS, Cu2S, FeZn9 and FeZn21 phases. These phases were
deposited between the dendrite arms andwere dissolved in
the matrix in small amounts. Especially, these precipitated
phases were effective in fatigue properties. The formation
of Cu-Sn, Cu-Zn and Zn-Sn intermetallic phases emitted due
to the addition of Fe, Mn and P increased the fatigue
strength. The spread of ferrous phases caused an increase
inmechanical properties. The beneficial effect of P addition
on the fatigue life far surpassed that of Mn and Fe additives.

Keywords: fatigue life; hardness; microstructure; Sn-Cu
bronzes; tensile strength.

1 Introduction

Sn-Cu bronze’s self-lubricating, high strength, wear and
corrosion resistance properties made it preferred in
various tribological areas. Sn-Cu bronze is used in the
chemical industry, shafts, machine production, gears and
crankshaft bearings. Additives such as Sn and Cu are used
in a ratio of 4–6wt% and 2–3wt% ranges, respectively [1–3].
In addition, the reason for adding Zn is to increase fluidity
during casting. However, it is preferable to use Cu addition
in applications where fatigue is affected by corrosion.

Cyclic loads affect the wear surface more than static loads.
Generally, fatigue cracks the nuclei where stress levels are
high. The process in these places creates fatigue lines that
characterize the behaviour of crack formation depending on
the loading conditions and environment [4–7]. In addition,
the parameters increasing tensile strength also increases
fatigue life. Abrasion resistant alloys contain intermetallic
phases reinforced with soft matrix. Therefore, good results
can be obtained from the energy absorption properties of the
soft phase and the corrosion resistance of the hard metal
phases. The hard particles in these alloys carry the shear
energy to the soft matrix. On the contrary, the energy
consumed for wear is reduced. As a result, these materials
exhibit high wear resistance. On the other hand, these
structures are not preferred for applications subject to
conditions with cyclical loads [8–12]. Hebesberger et al. [13]
reported that they deformed pure copper by high pressure
torsion. As the stress increased, the size of the elements
decreased and the steady state value was reached. The
steady state size decreased with increasing pressure and
decreasing temperature. Misdirection between neighbour-
ing structural elements increased with tension and eventu-
ally reached an almost random distribution.

The aim of this study was to create a structure with hard
phases in the soft matrix by adding Fe, Mn, P elements as
intermetallic phase formers with different content. After-
ward, effect of alloying elements on the fatigue life and
microstructure of Cu-Zn-Sn bronzes was examined.

2 Experimental

High purity Cu, Sn and Zn (99.99%) powders were chosen
for this study. The elemental powders for the alloy were
melted in a high-frequency induction furnace under argon
atmosphere. The melts were then poured into a cylindrical
mold 10 mm in diameter. Their chemical compositions are
shown in Table 1. The intersection surfaces of the samples
for metallographic examinations were etched with nital.
Microstructures of the samples were examined by optical
microscopy (OM: LEICA DM750), scanning electron micro-
scopy (SEM: ZEISS EVO LS10). Element contents of the
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sampleswere determined by energy dispersive spectroscopy
(EDS). The phases and compounds formed in the samples
were determined by X-ray diffraction (XRD: Bruker). Tensile
samples were made according to ASTM E8-78 L0 = 4D and
testing was done on a Shimadzu testing machine at a speed
of 0.5 mm min−1. In addition, yield, tensile strength, elonga-
tion and toughness values were determined by performing
the tensile test. Low cycle fatigue tests were performed using
an MTS hydraulic testing machine operating at a voltage
ratio of 0.1 and a frequency of 10 Hz. Microhardness rates
were detected using a 50 g load at 0.5 mm intervals on the
Brinell scale on the QNESS Q10M hardness device.

3 Results and discussion

3.1 Effect of Fe on microstructure

Optical and scanning electron micrographs of the micro-
structures of S1 and S2 samples are given in Figure 1a–c. The
main matrix of these samples was α-Cu. As seen in Figure 1,
large blocks of Cu-Sn and Cu-Zn phases were formed be-
tween the arrows of the dendrites and (Zn, Cu) S (black)
phases were detected in these phases. In addition, EDS
analysis of these samples (Figure 2) represented the pres-
ence of Zn, Sn and S elements in the matrix.

The SEMmicrographs of S3 are given in Figure 3. In this
microstructure, Fe was detected in the matrix except Zn, Sn
and S elements. Cu-Sn and Cu-Zn phases were formed
between the dendrite arrows of the S2 Sample. In this phase
mixture, Cu3Sn8 (light gray), and (Cu, Fe)3P + CuSn5 phase
mixture were formed. As seen in Figure 4a–b, the phases
formed in S2 and S3 were detected by XRD. In addition,
Zn, Sn and S elements were determined in all samples
(Figure 2a–d). The difference between the microstructure

Table : Chemical compositions of samples.

Sample no Element (wt%)

Cu Sn Zn Pb Fe Mn P S

S Bal. . . . – – – .
S Bal. . . . . – . .
S Bal. . . . . – . .
S Bal. . . . – . – .
S Bal. . . . – – . .
S Bal. . . . – – . .
S Bal. . . . – – . .

Figure 1: a) Optical image of S1, b) optical image of S2 and c) SEM
micrograph of S1.
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of S1 and S2 came out due to the formation of ferrous and
(Cu, Fe)3 phase. Because, these phases hindered (Zn, Cu)S
phase in S3 as seen in Figure 3.

3.2 Effect of Mn

SEM micrograph of S4 is given in Figure 5. As seen in this
figure, the matrix of this sample was α-Cu. The phase
different from the matrix and placed between the dendrite
arrows had more Sn and less Zn than the matrix. Also, the
third phase, containing more Sn than the other phases, was
an intermetallic compound of Cu-Sn and was located in the
middle of the phase between the dendrite arrows [14]. EDS
analysis of MnS phase in S4 is illustrated in Figure 6. MnS
phases detected at the matrix. The difference between the S1
and S5 samples was that manganese prevented (Zn, Cu)S
formation in the S5 Sample and the MnS phase was formed.

3.3 Effect of P

The SEM micrographs of S5, S6 and S7 are given in
Figure 7a–c. The microstructures of S5, S6 and S7 were
similar to each other. As can be seen from this figure, many
different stages were identified. The first phase was the
phase between the dendrite arrows and different from the
matrix. The second was the phase containing Cu3P pre-
cipitates and (Zn, Cu)S compounds settled in the first phase.
However, small SnPbS2 precipitates were seen in spherical
form both in the matrix and between the dendrite arrows
(Figure 7a–c).

On the other hand, insoluble Zn and Sn elements in the
matrix were pushed by the dendrite arrows, causing the
formation of Cu-Sn, Cu-Zn and Zn-Sn intermetallic phases.

Figure 3: SEM micrograph of S3.

Figure 2: a) EDS analysis of S2 for Pb particles, b) EDS analysis of S2 for
(Zn, Cu)S phases, c) EDS analysis of S1 for surface and d) EDS analysis of S3
for interdendritic area.

T. Teker et al.: Effect of alloying elements 315



However, Sn that could not be solved in the dendrite arrows
diffusing towards the center of the second phase caused
the formation of Cu-Sn intermetallic phases, which finally
solidified in the second phase [15, 16]. Also (Cu, Zn)S phases
solidified around Cu-Sn intermetallic, and the Cu3P phase
solidified around (Cu, Zn)S. EDS analysis of Cu-Zn, Zu-Sn
and Zn-Sn intermetallic phases in S5 Sample are given in
Figure 8. XRD analysis of these structures is presented in
Figure 9.

3.4 Analysis of mechanical behaviour

S-N diagrams of S1–S7 samples are shown in Figure 10. As Fe
and Mn formed intermetallic phases, it decreased fatigue
resistance. The increase in wt% P increased the fatigue life.
The fatigue life of Sn-Cu bronze material was optimally
affected by phosphorus. The positive effect of P on tensile

Figure 4: X-ray analysis results of a) S2 (1. α-Cu, 2. Cu31Sn8, 3. Cu6Sn5, 4. ZnSn2, 5. PbSnS2, 6. ZnS, 7. Cu2S), b) S3 (1. α-Cu, 2. Cu31Sn8, 3. Cu6Sn5, 4. ZnSn2, 5.
PbSnS2, 6. Cu2S, 7. FeZn9, 8. FeZn21 and 9. Cu5FeS4).

Figure 5: SEM micrograph of S4.
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Figure 6: EDS analysis of MnS phase in S4.

Figure 7: Themicrostructureviewofa) S5, b) S6andc) S7bySEMmicrograph.

strength and fatigue life increased with the formation of
Cu3P phase around (Zn, Cu)S phases and the formation of
Cu-Sn phase in the interdendritic area (Figure 7). The sur-
rounding of Cu3P around (Zn, Cu)S was compacted and
nucleated as small particles around S caused higher tensile
strength and higher fatigue life due to their small size
[17, 18].

The relation between fatigue strength and surface
hardness is given in Figure 11. The relation between
fatigue strength and toughness is shown in Figure 12. The
relation between fatigue life and tensile strength is
demonstrated in Figure 13. As seen from the diagrams in
Figures 10, 11, 12, and 13 for S2 and S3, tensile strength and
surface hardness increased and %elongation reduced
because of the dissolution of Fe in matrix and the pre-
cipitation of the phases (Fe-P, Fe-Zn, Fe-Sn and others) in
matrix and between dendrite arrows. Tensile strength and
fatigue life increased with increasing Fe concentration
(Figure 10). In the analysis performed on the fracture
surface of the Fe added samples, PbSnS2 and (Zn, Cu)S
particles were determined on the fracture surface. Tensile
strength and fatigue life values were compared in
Figure 13. It was seen that Mn increased fatigue life,
hardness and tensile strength. In particular, the increase
in fatigue life and tensile strength in the Sample S4 was
due to the formation of MnS and the inhibition of the
formation of (Zn, Cu)S phases, which were harder and
more brittle than MnS [19, 20]. Phosphorus additions
increased the yield strength, surface hardness and elon-
gation percentage of S5, S6 and S7 samples. It did not affect
tensile strength, but reduced toughness. However, fatigue
life significantly increased.

Figure 14 shows SEMmicrograph of the fatigue fracture
surface of Sample S2. This zone was the center of fatigue
crack composed of PbSnS2 particles. The increase in the
amount of PbSnS2 particles in the matrix reduced the fa-
tigue life of the samples under high plastic deformation
[21–24]. This was a result of crack formation that was
propagated between PbSnS2 particles and matrix. In
addition, the expansion of these phases and the separation
of atoms increased the likelihood of cracking at the
interface of these particles and the matrix. Also,
decreasing the distance between particles increased crack
density. However, Fe inhibited Pb decomposition. So,
Sample S2 had a higher fatigue life than Sample S1. The
SEM micrograph of the fatigue fracture surface of S4 is
indicated in Figure 15. Fatigue lines were detected around
the MnS phases and in the matrix. Figure 16 shows SEM
micrograph of the fatigue fracture surface of S7 Sample.
The matrix and dendritic structures showed different
fracture characters, and the part showing the fatigue lines
was dendrite arrows.
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Figure 8: EDS analysis of Cu-Zn, Cu-Sn and Zn-Sn intermetallic phases in S5 sample.

Figure 9: X-ray diffraction of S1 (1. α-Cu, 2. Cu31Sn8, 3. Cu6Sn5, 4. ZnSn2, 5. PbSnS2, 6. Cu2S and 7. Cu3P).

Figure 10: S-N diagrams of S1–S7 samples.
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Figure 11: The relation between fatigue strength and surface hardness.

Figure 12: The relation between fatigue strength and toughness.

Figure 13: The relation between fatigue life and tensile strength.
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Figure 14: SEM micrograph of the fatigue fracture surface of S2 sample.

Figure 15: SEMmicrograph of the fatigue fracture surface of S4 sample.

Figure 16: SEM micrograph of the fatigue fracture surface of S7 sample.

4 Conclusions

The addition of Fe first limited the growth of the (Zn, Cu) S
phase and then affected the Pb decomposition by allowing
the formation of ferrous phases.

The spread of ferrous phases caused an increase in
mechanical properties such as surface hardness and ten-
sile strength. On the other hand, it negatively affected
elongation.

Mn addition prohibited the formation of (Zn, Cu)S phase,
which was a brittle, hard and unwanted phase, and this
limitation increased fatigue life.

Fe, Mn and P elements increased fatigue life. The
beneficial effect of P addition on the fatigue life far surpassed
that of Mn and Fe additives.

Like Mn and Fe, the addition of P affected the (Zn, Cu)S
phase and prevented its growth. It increased tensile
strength, fatigue life.
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