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Abstract: A Pb-0.08Ca-2Sn alloy was subjected to rolling at room temperature to different final thicknesses. Annealing treatments at
temperature ranging from 80 to 120 °C led to recrystallization of the samples as shown by resistivity and micro-hardness
measurements. The deformation texture determined through X-ray diffraction is qualitatively the Brass type. The measured Lankford
anisotropy parameter R and its evolution are close to the determined one using a self consistent approach. The R value evolution with
angle to rolling direction shows the presence of planar anisotropy and poor drawability. The recrystallization in annealing at 80—120
°C is achieved within time period up to 3x10* s. The recrystallization texture is a retained deformation texture with an emerging

Cube component.
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1 Introduction

During the last decades, the increasing market for
maintenance-free  batteries has  promoted  the
development of Pb-Ca-Sn alloys. These alloys show
better mechanical and electrochemical properties and are
replacing progressively Pb-Sb alloys for the manufacture
of grids. The different processes of the grid production
(gravity casting, continuous casting, rolling expansion
and casting expansion) are capable of imparting large
plastic strain and high dislocation densities to the
material [1]. The overall amount of these lattice defects
is is the key factor determining the evolution of the
morphology and the kinetics of the phase transformations
that can occur during the service life of the grids [2].

Apart old and pioneer works [3—6], very little
consideration has been given to the deformation and
recrystallization kinetics, texture and microstructure of
Pb-based alloys as well as their anisotropy. Recently,
WANG et al [7—8] have determined the microtexture of
Pb-Ca-Sn-Al
composed of strong multiple components including
{011}(211)(Brass), {123}(634)(S) and {112}(111)
(Copper). A more detailed and quantitative study of the

alloy via EBSD analysis as being
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recrystallization kinetics is still lack. For this purpose,

resistivity and micro-hardness measurements were
undertaken to highlight the recrystallization kinetics,
X-ray diffraction analysis was applied to assessing the
deformation and recrystallization kinetics and texture in

commercial Pb-0.08Ca-2Sn (mass fraction, %) alloy.
2 Experimental

Specimens of Pb-0.08 Ca-2Sn alloy were cut from a
block furnished by an industrial company. These
specimens were remelted in quartz sealed tubes and then
subjected to a solution annealing and quenched in liquid
nitrogen. They were immediately cold deformed by
rolling and the ratio of the thickness reduction were 50%
and 75%, respectively (slightly lower than 80% in order
to avoid a dynamic recrystallization [9]). After rolling,
the samples were directly quenched in water.

The texture was determined in the mid-plane of the
as-deformed state and recrystallized state by measuring
incomplete pole figures (5°<a<75°) in the back reflection
mode using Co-K, radiation from an X-Ray texture
goniometer. The measured pole figures were corrected
for defocussing and background,
via orientation distribution function (ODF) determination

and recalculated
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using Harmonic method implemented in popLa package.

The anisotropy parameter R was determined by
tensile test measurements as the ratio of the transverse
strain to longitudinal strain changed.

Samples were prepared for optical, scanning and
transmission electronic microscopy following the
protocols described in Ref. [1-2, 10].

Isothermal annealing treatments were performed in
a four-probe resistivity equipment at temperature ranging
from 80 to 120 °C. Micro-hardness measurements were
carried out in a Shimadzu Vickers facility, an average
value of 5 indentations was obtained under load of
100 N.

3 Results and discussion

3.1 Deformation microstructure and texture

Figure 1 shows the typical elements of defects in
deformed Pb-0.08Ca-2Sn. The structure is typical
deformed polycrystals: dislocation networks on
sub-boundaries and micro-slip lines. The dislocation
density roughly estimated from a set of TEM

micrographs was around (2—5)x10' cm ™. This value is

Fig. 1 TEM micrographs showing typical elements of defects
in deformed Pb-0.08Ca-2Sn alloy: (a) Dislocation networks on
sub-boundaries; (b) Micro-slip lines

smaller compared to that of other FCC alloys; however,
it is consistent with the value reported in Ref. [11].

The experimental {111} pole figures of the cold
rolled samples to thickness reduction of 50% and 75%
are respectively shown in Figs. 2(a) and (b). Weak
texture of multiple components including essentially
Brass {011}(211), S {123}(634) and Goss {011}{100)
orientations is developed. The result is in agreement with
the study by WANG et al [7—8] which evidenced that the
texture of cold rolled Pb-Ca-Sn belongs to the commonly
observed cold deformation texture of FCC alloys. It is
known that the value of the stacking fault energy (ysrg)
determines the type of texture of the material. It is
estimated the value of pspg of Pb-Ca-Sn alloy in
deformed state from the results of X-ray line profile
analysis results. In Ref. [12] ysppis given as:

Hayp
VSFE 24Bma (D
where u, ag, p and o are respectively the shear modulus,
the cell parameter, the dislocation density and the net
stacking fault probability. The dislocation density value
is estimated from an X-ray line profile analysis
(XRDLPA) using a procedure called convolutional
multiple whole profile fitting [13—14] while the net
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Fig. 2 {111} pole figures of cold rolled Pb-0.08Ca-2Sn
samples to thickness reduction of 50% (a) and 75% (b) (White
filled square represents {211} (011) shearing texture

component)
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stacking fault probability is determined from the relative
shifts of neighbouring X-ray diffraction reflections using
Eq. (1). The values of p and « range around 5x10' cm™>
and 5x107°, respectively. The deduced value of ysp is
around 20 mJ/m’ which indicates that Pb-Ca-Sn alloy
has an intermediate value of yspr. HOFMANN [15]
reported the value of ysgg of pure lead to be 25 mJ)/m?,
that is of the order of magnitude of the yspg of silver and
lower than that of aluminium. This explains the texture
type in part, and in other part, the fact that deformation
and recrystallization twins are abundant in lead alloys as
observed in Refs. [7—8] after iterative thermomechanical
processing of Pb-Ca-Sn-Al alloy.

3.2 Deformation anisotropy

Figure 3 shows the stress —strain plot for a
Pb-0.08Ca-2Sn alloy, which was cold rolled to a
thickness reduction of 70% under tensile deformation
with a strain rate of 2x10* s™'. It evidences a short
elastic domain and a very weak work hardening of lead
alloys.
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Fig. 3 Stress—strain plot for Pb-0.08Ca-2Sn alloy cold rolled

to a thickness reduction of 75% with strain rate of 2x10™* s~

Figure 4 presents the planar Lankford anisotropy or
R value that was measured and averaged from strain
values at true strain of 0.075, 0.125 and 0.175,
respectively. R value varies with the direction in the
sheet and is the lowest along the rolling direction (RD),
and it increases towards transverse direction (TD),
indicating the presence of planar anisotropy. The average
R and its variation AR is given as [16]:

R R(O)+2R(j§)+R(90) )
AR — R(0)—2R(45)+ R(90) 3)

2

where R and AR are found to be equal to 0.425 and
0.356, respectively. Such values are indicative of a weak
drawability of Pb-Ca-Sn alloys. In comparison,
experimental results obtained from Fe-based alloys are
R =1.7, AR=0.68 [17] and the theoretical ones calculated
in Ref. [18] are in the ranges of R from 0.45 to 25.43,
AR from —0.88 to 49.38. As pointed out in Ref. [16], R
values characterizing face-centered cubic metals are
rarely greater than 1 and often substantially less.
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Fig. 4 Evolution of planar Lankford anisotropy or R value
versus angle (o) to rolling direction for Pb-0.08Ca-2Sn samples
cold rolled to a thickness reduction of 70% (Dotted and dashed
lines represent plots of R value calculated using texture data
with random and that of experimental pole figures)

The calculated R-values on the basis of Taylor
model are plotted together and show very good
agreement with experimental ones. The calculation was
done on the basis of Hosford-Backofen model
implemented in popLA package for two initial texture
taken from experimental pole figures of Pb-Ca-Sn alloys
deformed to thickness reduction of 50% and 75%. The
global evolution of calculated R versus the angle to
rolling direction varies very slightly and is less than
experimental ones. As pointed out in Ref. [18], the
deviation between the experimental and calculated
values can be explained by the dynamic evolution of
texture during the tensile tests.

3.3 Recrystallization texture and kinetics

Figure 5 presents SEM micrographs showing
features of recrystallization of cold rolled Pb-0.08Ca-2Sn.
In Fig. 5(a), islands of small recrystallized grains can be
depicted by grain with mean size of 2—10 um imbedded
in grains with large grain size probably in initial
microstructure. Figure 5(b) shows a quasi fully
recrystallized microstructure consisting of large non-
equiaxed grains with grain size ranging from 100 to 200
pm.
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Fig. 5 SEM micrographs showing features of recrystallization
of cold rolled Pb-0.08Ca-2Sn alloys: (a) Annealed at 100 °C for
1 h; (b) Annealed at 100 °C for 6 h

Figure 6 presents the {111} pole figures of the cold
rolled samples with thickness reduction of 50% and 75%
and recrystallized at 120 °C for 2.5 h (9x10* s).
Manifestly, the maximum intensity levels in the pole
figure are lower than those of the deformed alloy. The
textures are not fairly flat and some components can be
recognized from the pole figures.

The texture of the recrystallization and annealing
texture at 120 °C is unambiguous and not very different
from the deformation texture. It is depicted any relative
tendency towards a randomization in recrystallization,
but some components that have always been reported in
recrystallization texture of deformed and recrystallized
FCC alloys and metals [19] still exist. These components
are Cube {001}(100), M-Cube {122}¢(221), Brass
{011}(211), S {123}(634) and Goss {011}(100). There
also exist some other components such as
Sh1{114}(131) and Sh2{111}(121) that are typical
shear components. The results are slightly different from
those in Ref. [7] in the fully recrystallized alloy. It is
evidenced that the major Cube component contrasts with
the present results.

The alloy cold rolled and annealed at 120 °C
seems to have a retained deformation texture but with an
emerging Cube component. The difference may be
attributed to the recrystallization conditions. In Ref. [7],
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Fig. 6 {111} pole figures of cold rolled Pb-0.08Ca-2Sn
samples with thickness reduction of 50% (a) and 75% (b)
(White filled circle and triangle represent the Sh1 {114} (131)
and Sh2 {111} ( 121 ) shearing texture components,

respectively)

250 °C was used as recrystallization temperature, at
which no precipitation was expected to occur. A lower
recrystallization temperature is applied in this work
where in the domain of (Pb,Sn);Ca intermetallic
precipitation, the recrystallization process is considerably
hindered.

Figure 7 presents the evolution of the relative
resistivity versus annealing time under isothermal
conditions.  The relative  resistivity  decreases
monotonically without apparition of any peak that may
be inferred to multiple phase transformation in the
material. The monotonous decrease of the resistivity has
already been observed by previous studies for
non-deformed and non-aged Pb-Ca-Sn alloys [20—-21]
and was explained by the precipitation of intermetallic
(Pb,Sn);Ca. The kinetics of precipitation in the present
study upon ageing at 80 °C seems to be in agreement
with the results in Refs. [20—-21]. The resistivity evolution
may be correlated to the micro-hardness evolution versus
ageing time. In Fig. 8, a classical evolution of deformed
and recrystallized material microhardness is depicted.
More or less, the time to reach total recrystallization (full
softening of the material) is close to that determined by
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Fig. 7 Evolution of relative resistivity versus isothermal
annealing time of cold rolled Pb-0.08Ca-2Sn samples (Results
in Refs. [20] and [21] are given for comparison)
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Fig. 8 Evolution of Vickers hardness versus isothermal
annealing time of Pb-0.08Ca-2Sn samples cold rolled to
thickness reduction of 70%

resistivity measurements after full precipitation, which is
around (2—4)x10*s. As pointed out in Refs. [1-2, 9-10,
22], it was established that Pb-Ca-Sn alloys with low
molar ratio of tin to calcium may undergo several kinds
of precipitation reactions. In aging, these alloys with
high molar ratio of tin to calcium are evidenced by a
suppression of all the preliminary transitional
decompositions and the evolution of a continuous
precipitation and subsequent over ageing. For example, a
heat treatment (at 100 °C for 1.5 h) of a Pb-Ca-Sn alloy
immediately after casting and rolling accelerates and
induces a complete precipitation of the ordered L1,
intermetallic phase in a short time which hinders the
recovery and recrystallization [9—10, 22].

The order of occurrence of the precipitation and
recrystallization reactions and the influence of
temperature, super saturation and annealing time were
discussed qualitatively in Ref. [23]. The Pb-Ca-Sn alloy

seems to obey to the proposed schemes [23] for aging
temperature ranging from 80 to 120 °C for which the
precipitated particles influence both the rearrangement of
dislocations to form recrystallization front and the
migration of the latter. Aging at temperature ranging
from 80 to 120 °C induces a combined continuous
precipitation and recrystallization reactions that are
dissimilar to the second part of the scheme proposed in
Ref. [23], in which the recrystallization is influenced
only by segregation and the precipitation occurs after the
completion of the recrystallization.

4 Conclusions

1) The deformation texture of cold rolled
Pb-0.08Ca-2Sn samples (to 50% and 75% thickness
reduction) determined through X-ray diffraction is
qualitatively the Brass type.

2) The Lankford anisotropy parameter R evolution
with angle to rolling direction shows the presence of
planar anisotropy and poor drawability.

3) Annealing treatments at temperature ranging
from 80 to 120 °C lead to recrystallization within time
periods up to 3x10* s. The recrystallization texture of
Pb-0.08Ca-2Sn samples at 120 °C is retained
deformation texture with an emerging Cube component.

Acknowledgement

The authors are grateful to Professors Michel Vilasi,
Jean Marc Fioani (UHP Nancy, France), Carlos N. Tomé
(Los Alamos National Laboratory, USA), Tamas Ungar
and Dr. Gabor Ribarik (E6tvos Budapest, Hungary) for
their help and assistance.

References

[1]  HILGER J P. Hardening process in ternary lead-antimony-tin alloys
for battery grids [J]. J Power Sources, 1995, 53: 45-51.

[2] HILGER J P. Déformation des alliages de plomb: Compétition
vieillissement—recristallisation [J]. Journal de Physique, Collection
C3, 1995, 5: C3-39. (in French)

[3] HOFFMAN W. Rontgenuntersuchungen an bleilegierungen [J]. Z
Metallkunde, 1937, 29: 266—267.

[4] HOFFMAN W, HANEMANN H. Rontgenographische untersuchung
der rekristallisation von bleilegierungen [J]. Z Metallkunde, 1938, 30:
47-49.

[5] HIRST H. The recrystallization of dilute lead alloys after severe
deformation [J]. J Inst Metals, 1940, 66: 39—44.

[6] BORCHERS H, ASMANN H. Einflu f von auslagertemperatur und
verformung auf das entmischungsverhalten einer PbCa0.06Sn
0.70-legierung [J]. Metallwiss Tech, 1979, 33(9): 936—941.

[71  WANG W, GUO H. Effects of thermo-mechanical iterations on the
grain boundary character distribution of Pb-Ca-Sn-Al alloy [J]. Mat
Sci Eng A, 2007, 445—446: 155-162.

[8] WANG W, YIN F, GUO H, LI H, ZHOU B. Effects of recovery
treatment after large strain on the grain boundary character



1784

[10]

(11]

[12]

[13]

[14]

[15]

F. ABOUHILOU, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1779-1784

distributions of subsequently cold rolled and annealed Pb-Ca-Sn-Al
alloy [J]. Mater Sci Eng A, 2008, 491: 199-206.

MAITRE A, BOURGUIGNON G, FIORANI J M, GHANBAJA J,
STEINMETZ. Precipitation hardening in Pb-0.08wt.%Ca-x%Sn
alloys—The role of the pre-ageing [J]. Mater Sci Eng A, 2003,
358(1-2): 233-242.

DEHMAS M, MAITRE A, RICHIR J B, ARCHAMBAULT P.
Kinetics of precipitation hardening in Pb-0.08 wt.%Ca-x wt.%Sn
alloys by in situ resistivity measurements [J]. J Power Sources, 2006,
159 (1): 721-727.

DEY S N, CHATTERIJEE P, SEN GUPTA S P. Dislocation induced
line-broadening in cold-worked Pb-Bi binary alloy system in the
a-phase using X-ray powder profile analysis [J]. Acta Materialia,
2003, 51(16): 4669—4677.

KAPOOR K, LAHIRI D, BATRA I S, RAO S V R, SANYAL T.
X-ray diffraction line profile analysis for defect study in Cu-1wt.%
Cr-0.1 wt.% Zr alloy [J]. Mat Charact, 2005, 54(2): 131-140.
RIBARIK G, GUBICZA J, UNGAR T. Correlation between strength
and microstructure of ball-milled Al-Mg alloys determined by X-ray
diffraction [J]. Mater Sci Eng A, 2004, 387—389: 343—347.

SAFI M. Etude de la pré-précipitation et de la précipitation
discontinue daus lesystéme Pb-Sb [D]. USTHB, Algiers, Algeria,
2002. (in French)

HOFMANN W. Lead and lead alloys, properties and technology [M].

Berlin: Springer Verlag, 1970: 181.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

KOCKS U E. Texture and anisotropy: Preferred orientations in
polycrystals and their effect on materials properties [M]. UK:
Cambridge University Press, 1998: 427—130.

YALA F. Découplage des effets de textures cristallographique et
morphologique de deux aciers ferritiques pour emboutissage profond
[D]. Orsay, France: Université Paris-Sud, 1991: 24-26. (in French)
DABROWSKI W, KARP J, BUNGE H J. Development of texture in
low carbon Al-killed sheet steels after uniaxial tensile deformation,
deep drawing and stretching [D]. Arch Eisenhiittenwes, 1982, 53:
361-368.

HUMPHREYS F J, HATHERLY M. Recrystallization and related
annealing phenomena [M]. Oxford, UK: Pergamon, 1995, 48.
BOURGUIGNON G.
electrochimique des batteries plomb-acide a usage photovoltaique
[D]. Nancy I, France: Université Henri Poicare, 2003: 58. (in French)
TSUBAKINO H, TAGAMI M, IOKU S, YAMAMOTO A.
Precipitation in lead-calcium alloys containing tin [J]. Metallurgical
and Materials Transactions A, 1996, 27: 1675—-1682.

MAITRE A, BOURGUIGNON G, MEDJAHDI G, MCRAE E,
MATHON M H. Experimental study of L;, phase precipitation in the
Pb-0.08 wt.%Ca-2.0 wt.%Sn alloy by resistivity and SANS
measurements [J]. Scripta Mater, 2004, 50: 685—689.

HORNBOGEN E, KOSTER U. Recrystallization of metallic
materials [M]. Stuttgart: Haeesnered, Riederer Verlag, 1978: 159.

Amelioration du comportement

Pb-Ca—Sn SENTRS

BLhms

B, WGz HEF

F. ABOUHILOU, H. AZZEDDINE, B. MEHDI, B. ALILI, D. BRADAI

Laboratoire « Physique des Matériaux », Faculty of Physics, University of Sciences and Technology Houari
Boumediene (USTHB) BP32, El-Alia Bab Ezzouar, 16111 Algiers, Algeria

i E.: fEEE N Pb-0.08Ca-2Sn A& LTI BIAS ) B o A BH 2 R0 I i (i 45 SRR B, BF S AE 80~120 °C

(103088 X ) 3 K A A P

Bho XRD KA 2 AX T 4127 0 Brass 7Y,

Fri#3 ) Lankford % 7] 2400 R AR

W T BV 7 T HE R I 5 R o R AERE AL ) #1122 5 < FL A 1 T 48 TS PR AT A2 R A e
Fr4(E 80~120 °C ML EE [ Y IR KIS, 76 3x10% s PS4, B AR B AL TE AL UFAT BT Cube 41T HH .

X§EiA: Pb-Ca-Sn &4 AFL; F4ifh; 4M

(Edited by FANG Jing-hua)



