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Structural aspects of α/β transformation in hot

deformed CuZn-39Pb3 alloy
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Hot compression tests were performed on commercial CuZn39Pb3 alloy deformed at strain
rate of 0.0007 s−1 and 0.02 s−1 within temperature range of 923 K–1023 K. Flow stress vs.
deformation temperature and strain rate dependence was found to follow the relation:
ε̇ =1.23 · σ 3.79 exp(−212/RT ). Both dynamic recovery and dynamic recrystallization have
operated in the presence of fine lead particles being responsible for effective flow stress
reduction with increasing deformation temperature. Transformation of α- to β phase above
the temperature approx. 1000 K and the following fast cooling of hot deformed samples
produced fine, plate-like structure of α-grains, within retained β-matrix. Moreover, coherent
fine Fe-particles were observed within α-grains being not detected at any area of β-matrix.
The last effect was supposed to result from lower solubility of iron in α-phase than that for
β-phase. C© 2001 Kluwer Academic Publishers

1. Introduction
Hot deformation procedures are commonly used in in-
dustrial practice in order to reduce the final cost of prod-
ucts. The load reduction with temperature and an in-
crease of material ductility may efficiently increase the
total output and save the energy for shaping of the mate-
rial. However, except of the product cost, the customers
are also interested in the structure and mechanical prop-
erties of the material. Because of that, it is important
to know how deformation conditions affect the total
material properties and how to control the deformation
conditions in order to produce the desired structure of
the material. Leaded brass is widely used in industrial
practice mainly due to pretty good machinability, wa-
ter resistance and good mechanical properties. Addition
of lead during casting results in dispersed distribution
of lead particles in the matrix that effectively reduces
grain coarsening during annealing and increases both
the hardness and the strength of the material. However,
because of very low ductility at room temperature, the
material must be shaped at high deformation temper-
atures in order to avoid brittle cracking and fracture
of the product. Both low strain rate and high temper-
ature of deformation promote the structural softening
processes, which reduce strain hardening and cavity
growth during hot deformation of the alloy. For met-
als and single phase alloys of low stacking fault energy
(SFE), dynamic recovery and dynamic recrystalliza-
tion are responsible for the flow stress reduction during
high temperature deformation [1]. However, alloying
elements and impurities, which are practically always
present in industrial-type alloys, may effectively retard
the softening processes and result in limited ductility
of the hot deformed material. The most effective retar-
dation of the dynamic softening processes may result

from grain boundary pinning by fine particles [2]. In
the presence of dispersed second phase particles, dy-
namic recrystallization can be completely retarded and
dynamic recovery becomes the sole softening process.

During hot deformation of commercial α–brasses
above the solvus temperature, α → β phase transforma-
tion was observed. At low strain rates, the nucleation
and growth of β-grains at pre-existing grain boundaries
and highly recovered substructure, effectively reduced
dynamic recrystallization. In result, any detectable flow
stress peaks preceded the steady state flow range. Dy-
namic recovery was found to operate very effectively
at high deformation temperatures and highly recovered
substructure was created within the matrix. Overlap-
ping of β-grains growth and structural dynamic restora-
tion processes affected the flow stress value as well as
the final properties of a hot deformed material [3, 4].

Dynamic precipitation during hot deformation of Cu-
Ti and Cu-Ni-Cr-Si-Mg alloy was observed for solution
treated samples deformed below the solvus temperature
[5–8]. Continuous precipitation of metastable and fine
particles at the initial stage of aging resulted in intense
strain/aging hardening of the hot deformed material. At
larger strains and high enough temperature, an inter-
action of shear banding and continuous precipitation
process resulted in the particles dynamic coarsening
within shear bands. In result, the flow stress value was
effectively reduced during hot deformation.

Contrary to the discontinuous precipitation effect,
foregoing continuous nucleation of metastable fine par-
ticles at the early stage of aging was found to pro-
mote localized flow without any detectable effect of
localized flow on particles nucleation and growth. It
should be stressed that the phase transformation α ⇔ β

at Cu-Zn-Pb alloy does not follow similar sequences to

0022–2461 C© 2001 Kluwer Academic Publishers 3629



those described for Cu-Ti or Cu-Ni-Cr-Si-Mg alloy.
At hot deformed Cu-Zn-Pb alloy, both stable lead
particles and α → β transformation should affect the
structural dynamic processes. Having in mind the spe-
cific differences for the phase transformation pro-
cess at the mentioned alloys, it was interesting to
compare the structural and the mechanical effects of
strain/transformation interaction during hot deforma-
tion of commercial CuZn39Pb3 alloy.

2. Experimental
Experiments were performed on as received industrial-
type leaded brass (CuZn39Pb3). Chemical composition
of the alloy was given in Table I. Cylindrical samples,
9 mm in diameter and 12 mm in height, were cut from
hot extruded and cold drawn rod. The edges, 0.2 mm in
size, were machined at both sides of the sample in order
to maintain the lubricant during the compression test.
Then, the samples were annealed at 1023 K/60 min.
and air-cooled.

Hot compression tests were performed on MTS test-
ing machine equipped with high temperature furnace
and a fast cooling system. Samples were deformed at the
strain rate of 0.0007 s−1 and 0.02 s−1 within the defor-
mation temperature range 723 K–1093 K and quenched
in water within ∼1 s after deformation had stopped.
Flaked graphite was used as a lubricant in order to re-
duce the friction of the sample against the anvils. Details
of the equipment were given elsewhere [9].

Hot deformed samples were cut along the compres-
sion direction and prepared for optical microscopy ob-
servations. Slices for transmission electron microscopy
observations were cut along compression axis from the
central part of the samples. Thin foils were prepared us-
ing the ion beam thinning method on GATAN 691 PIPS.
TEM observations were performed on 200 kV JEOL
2010 ARP electron microscope equipped with a scan-
ning transmission electron microscopy device (STEM)
and OXFORD LINK-PENTAFET X-ray analysis
system.

3. Results and discussion
A typical set of flow stress curves for hot deformed Cu-
Zn-Pb alloy was shown in Fig. 1. Logarithmic scale for
true stress axis was used in order to mark the flow stress
oscillations at high deformation temperatures. Assum-
ing that a steady state flow stress range was reached
within the experimental deformation range, the follow-
ing flow stress-temperature-stress-strain rate relation
can be used [1]:

ε̇ = A · σ n · exp

(
− Q

RT

)

T ABL E I Chemical composition of CuZn39Pb3 alloy

Element: Cu Zn Pb Fe Sn Mn Ni Si Cd Sb

wt. % in balance 38.31 2.89 0.224 0.132 0.006 0.035 0.010 0.039 0.006

Figure 1 True stress–true strain curves received for CuZn39Pb3 alloy
deformed at strain rates of 0.0007 s−1 (full lines) and 0.02 s−1 (dashed
lines). Deformation temperature was marked in the figure.

where: A, n, = constants, Q = activation energy, R =
gas constant, ε̇ = true strain rate, T = temperature.

Mathematical constants (A, n) and activation energy
for the hot deformation, Q = 212 kJ/mol, were calcu-
lated by the statistical least square method. In result,
the formula (1) could be written in the form:

ε̇ = 1.23 · 106 · σ 3.79 exp(−212000/RT)

Zener-Hollomon parameter (Z ) is commonly used to
convert two deformation parameters, i.e. ε̇ and T , into
one parameter, Z :

Z = ε̇ · exp(Q/RT ).

Thus, the flow stress value could be related to Zener-
Hollomon parameter as was shown in Fig. 2.

Structural observations were performed on hot de-
formed samples as well as on samples annealed at the
given temperature for a period of time that was equal
to the sample deformation time. Such approach to the
structural analysis has allowed comparing the material
structure affected by static or dynamic processes. Typ-
ical structure of samples annealed for 3 min (a) and
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Figure 2 Flow stress vs. Zener-Hollomon parameter dependence for hot
deformed CuZn39Pb3 alloy.

15 min at 1023 K (b) and a hot deformed one at 1023 K
(c) was shown in Fig. 3. The time for sample heating and
temperature stabilization before hot compression test
was approx. 3 min. Thus, Fig. 3a represents the struc-
ture for the material at the beginning of deformation.
The following deformation time was approx. 12 min.
at the strain rate of 0.0007 s−1. The structure of a hot
deformed sample was displayed in Fig. 3c. For com-
parison purposes, the structure of the sample statically
annealed for 15 min. at 1023 K was shown in Fig. 3b.
The initial grain size of the material was approx. 3 µm
and the volume of β-phase was less than 10%. In result
of grain coarsening during the following 12 minutes of
annealing, the grain size of approx. 10 µm in size was

(a)

Figure 3 Structure of CuZn39Pb3 alloy: (a) annealed 3 min. at 1023 K; (b) annealed 15 min. at 1023 K; (c) hot deformed at strain rate of 0.0007 s−1

and temperature of 1023 K (deformation time: approx. 12 min.) (Continued).

obtained and the β-grains practically disappeared. If
instead of static aging, the hot deformation proceeded
during 12 min. (εt = 0.4 at 0.0007 s−1), the material
structure was changed effectively due to both dynamic
recrystallization and the following water quenching ef-
fect. The grains, coarsened due to dynamic recrystal-
lization, were then refined during cooling because of
β → α phase transformation.

Colonies of elongated grains, 1–2 µm thick, were
created at pre-existing grain boundaries and within
grain interiors. Typical structure of a sample deformed
at 1023 K and water quenched was shown in Fig. 4a.

Structure of the material annealed at 873 K–973 K or
hot deformed in the same temperature range, was sim-
ilar to those displayed in Fig. 3a and b. Grain refining
due to β → α transformation was negligible. However,
for samples annealed and deformed at higher temper-
atures (above ∼1023 K) remarkable grain coarsening
was observed. Fast cooling of coarse-grained material
resulted in needle-like structure growth and grain refin-
ing due to phase transformation was observed.

The analysis of structural components using the se-
lective etching method and optical microscopy was
not successful enough to distinguish β- and α-grains
within fine grained structure (grain size ≤5 µm). In or-
der to determine α and β phases, transmission electron
microscopy analysis had to be performed. Diffraction
patterns from the neighboring fine grains allowed detec-
tion of α and β-grains within the sample structure. An
example of mixed structure of α and β-grains that were
grown within the interior of a pre-existing β-grain was
shown in Fig. 4. Both highly recovered subgrains within
α-grains (Fig. 4a) and fine α or β–grains (Fig. 4b) were
very similar in shape and their size. Thus, they could
not be distinguished by the use of optical microscopy
techniques.

Both fine grained α/β-structure and highly recov-
ered substructure within hot deformed grains, were
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(b)

(c)

Figure 3 (Continued).

responsible for the material hardness increase for sam-
ples deformed at high temperature range (Fig. 6).
Within the temperature range of 723 K–973 K, the
strain hardening of hot deformed material was re-
duced with temperature. At higher deformation temper-
atures α → β phase transformation and effective grain
coarsening were observed. In result of fast cooling af-
ter hot deformation, coarsened β-grains were trans-
formed into fine needle-like α/β grains. Both highly
recovered substructure produced during hot deforma-
tion and grain refining after quenching were responsi-
ble for increased hardening of the material deformed
above ∼1000 K.

It is worth mentioning that industrial Cu-Zn-Pb al-
loys contain some impurities and an alloying addi-
tion of specific elements. In particular, a small addi-

tion of iron and manganese is usually used in order
to increase the mechanical properties of the alloy. In
practice, Fe-Mn-rich particles are hardly soluble in the
copper matrix. TEM observations performed on sam-
ples deformed within β-range (above 1000 K), revealed
coherent Fe-particles within some grains or subgrains
(Fig. 5). Energy disperse spectrum taken from the par-
ticle and the neighboring Cu-matrix, was displayed in
Fig. 5b. Because of a very small diameter of the pre-
cipitates, quantitative analysis of the particle was not
successful. However, high intensity of Fe-peaks has led
to the conclusion about the dominating Fe-component
of the particle. Basing upon the diffraction pattern
analysis, it was also found that Fe-particles nucleated
within α-grains and α-subgrains while the neighbor-
ing β-grains were free of precipitates. The effect of the
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(a)

(b)

Figure 4 Transmission electron microscopy micrograph for CuZn39Pb3 alloy deformed εt = 0.4 at strain rate of 0.0007 s−1 and 1093 K:
(a) highly recovered substructure within α-grain; (b) area of α and β phase (diffraction patterns were analyzed for subgrains marked in
the Figure).

specific particle distribution mentioned above resulted
most probably from higher solubility of iron at high
temperature within β than within the α-matrix. More-
over, it seems reasonable that Fe-particle nucleation
within α-phase during cooling was faster than that for
β-grains.

Lead addition to Cu-Zn alloys is used practically in
order to improve the machining properties of the mate-
rial. Small Pb-particles may also reduce the final grain
size due to retardation of the grain boundary migration
(recrystallization fronts) during heat treatment or hot
deformation of the material. An example of a typical

particle in a hot deformed sample was shown in Fig. 5a.
Most of the observed lead particles were close to spher-
ical in shape. Lead particles were practically insoluble
in the matrix and their coarsening during heat treat-
ment was very limited. During hot deformation above
the melting temperature of lead, lead inclusions, sur-
rounded by solid matrix, did not practically affect the
hardening of the material. It seems reasonable to con-
clude that it is the lead addition, which improves the
mechanical properties of the material by pinning grain
boundaries and retardation of grain growth, rather than
the precipitation hardening of the alloy.

3633



(a)

(b)

Figure 5 Structure of CuZn39Pb3 alloy annealed 3 min/1143 K and water quenched: (a) lead inclusion and X-ray line analysis taken from the particle
and the neighboring matrix; (b) coherent precipitates of iron within α-grain. XEDS spectrum was taken from the particle marked in the enlarged part
of α-grain.
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Figure 6 Vickers hardness vs. deformation temperature for samples de-
formed εt ≈ 0.4 at strain rate of 0.02 s−1 and 0.0007 s−1.

4. Conclusions
1. Reduction of the flow stress during hot deforma-
tion of CuZn39Pb3 alloy resulted from dynamic recov-
ery and dynamic recrystallization which had operated
above ∼950 K. Fine lead particles did not fully protect
the grain coarsening in the curse of dynamic recrys-
tallization at high deformation temperatures. During
hot deformation above ∼1000 K, α → β phase trans-
formation was found overlapping the mentioned struc-
tural softening process and it resulted in effective grain
coarsening. In result, effective flow stress reduction was
observed.

2. The hardness of hot deformed alloy was reduced
with increasing deformation temperature within the
temperature range of 700 K–950 K. An increase of the
material hardness was observed for samples deformed
above ∼950 K. The hardening effect was ascribed to
grain refining which resulted from partial α → β trans-
formation and fine α/β structure development in result
of water quenching after hot deformation.

3. Coherent Fe-particles were observed within some
α-grains of water quenched samples deformed at
1093 K. Neighboring β-grains were free of Fe-
precipitates. Specific distribution of Fe-precipitates was
ascribed to higher solubility of iron in β than in
α-matrix at high deformation temperature. In result,
β → α transformation during cooling resulted in lo-
cal growth of α-grains of solution oversaturated with
Fe. In result, precipitation of coherent Fe-particles cre-
ated an additional hardening component competitive
to the commonly accepted strain hardening and struc-
tural hardening due to the grain refining mentioned
above.
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