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Effect of Ternary Addition
on Discontinuous Precipitation Kinetics in Pb-Sn Alloys
BY
I. MANSA and S. K. PABI
An attcmpt is made to identify the precise origin of the effect of alloying additions on thc discontinuous
precipitation kinetics with tracc additions of Sb (0.26 at%) and Cd (0.16 at%) to a Pb-9.87 a t % Sn
alloy. Extensive resistomctric rneasuremcnt of the precipitation kinetics, duly substantiated by
microstructural observations a t appropriate stages, evidences that the drastic reduction (> 50%) in
the reaction ratc can be attributed ncither to the atomic size nor the valence clectron differcncc caused
by the Sb or Cd addition. Segregation of the ternary clcmcnts at the sweeping reaction fronts appears
to retard and ultimately terminatc the discontinuous precipitation proccss at a prematurc stage.

Es wird versucht, die gcnaue Ursachc fur dcn EinfluD von Lcgicrungszushtzen auf die diskontinuicrliche
Prizipitationskinetik der Pb 9,87 At% Sn-Lcgicrung mit Zusatzcn von Sb (0,26 At%) und Cd
(0,16 At%) aufzufinden. Ausfiihrliche Widerstandsmessungen zusammcn mit entsprcchcnden Mikrostrukturuntersuchungen zeigen, daD die drastische Kcduktion ( > 50%) dcr Kcaktionsrate wcdcr auf
die AtomgroDc noch auf die Valcndcktrondiffercnz infolge Sb- oder Cd-Zusatz zuruckgefiihrt werden
kann. Moglicherweise wird durch die Scgrcgation des drittcn Elcmcnts an der fortschreitenden
Keaktionsfront der diskontinuierliche PrHzipitationsprozcD in cinem friihzeitigcn Stadium zucrst
verzijgcrt und schlieDlich gestoppt.

1. Introduction
Discontinuous precipitation (DP) is deleterious to the mechanical, physical, and chemical
properties of a large number of cornmcrcially i m p o r t a n t alloys [l,21. Addition of alloying
element has bcen one of the most effective means for complete or partial suppression of
such undesirable reaction [ 13. Alloying additions may interfere with the nucleation event
by changing the precipitate characteristics and/or boundary properties. On the other hand,
segregation of the added element at the reaction front (RF) or interlamellar spaces may
significantly alter the D P growth kinetics. Earlier studies have attempted to correlate the
influence of alloying additions on D P with the segregation behaviour of the ternary element
[l, 3 to 51. In this connection, the difference in atomic size [I, 4, 6 to 81 and valence electron
number [l, 8 to 111 between the solvent and ternary vis-a-vis that between the solvent and
solute elements have also been considered to be important factors. However, a systematic
effort to identify the precise origin of the effect of ternary addition on D P is still wanted [l].
Pb-Sn is one of the earliest and most well-documented systems for the D P studies [12
to 181. However, no investigation on the role of a ternary element in Pb- Sn alloys has
been reported so far. Addition of trace amounts of Sb and Cd to a Pb-Sn alloy may
significantly change the valence electron diffcrcnce (in opposite senses) without effecting
any considerable atomic size mismatch in the ternary alloys. Effects of such Sb and Cd
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additions, if any, should indicate whether the valence electron difference alone may change
the D P kinctics provided Sb and Cd exhibit opposite influences. On the other hand, absence
of any noticeable effect would clarify that the atomic size difference is essential to control
the D P reaction by ternary addition. Therefore, the present study aims to investigate which
of the existing theories may adequately explain the effect of ternary addition on the D P
kinetics.
2. Experimental

A Pb-9.87 at% Sn alloy was preparcd from high purity Pb and Sn by mclting and casting
in an evacuatcd pyrex tube. Measured amounts of a Pb-17.5 at% Sb master alloy and pure
Cd were remeltcd scparately with the Pb -9.87 at% Sn alloy in a similar manner to prepare
the Pb Sn-Sb and Pb-Sn Cd ternary alloys containing 0.26 at% Sb and 0.16atY0 Cd,
respectively. The alloys were homogenized at ‘523 K for 50 h. About 1 m long wires,
hot extruded at 433 K from 8 mm diameter ingots, were mounted on bakelite sheets
to form four-probe samples for the resistivity measurements. Thin strips of approximately
1 mm thickness were also prepared by rolling with intermediate anncaling at 343 K for
metallographic studies. Prior to every isothermal precipitation at thc temperature T,,
the samples wcrc solution treated in oil bath at 433 K for 12 h, quenched in distilled water
(298 K), and transferred to a water bath controlled within k0.5 K. After prccipitation at
T, 2 298 K for time f, the instantaneous resistance R , was recorded with a General
Radio 1666 DC Kelvin bridge to yield the fractional change in resistivity, ARJR,,
as follows:

where K O = R, at t , = 0. R, values have been monitored till R, = R , whcn (dRJdt,)
I 0.04 (dR,/dt,),,, so that R, signifies the practical end of the DP process [16].
For metallographic studies at appropriate stages of the isothermal precipitation, thin
strips were electropolished with a 6 vol% solution of HCIO, in ethanol at 233 K with 30 V
(dc). The volume fraction transformed, YM,was estimated by the point counting method
on more than 15 fields of observation with a Versamet-2 microscope.
3. Results

Fig. 1 a reveals the variation of AR,/Ro as a function oft, at T, = 308 K for both thc binary
and ternary alloys. Microstructural evidences (i.c. volume fraction transformed, YM),
superimposed on the reaction isotherms in Fig. 1a, substantiate that the reaction kinetics
determined by resistivity arc truly representative of the D P rate in the present alloys. The
reaction rates in both the Sb and Cd added alloys are considerably lower than that in the
binary Pb-Sn alloy. Thc reduction in precipitation kinetics assumes a significant proportion
with the progrcss of thc reaction. Similar features have also been observed at Tp = 323
(Fig. 1 b), 318, 313, and 303 K. Fig. 2 provides a direct comparison of the extent of the D P
reaction in terms of the factor ARJR, as a function T,, indicating perhaps that thc cffect
of ternary addition is more pronounced at lower T,. It has already been noted that DP in
the ternary alloys remains incomplete by more than 50% in comparison to that in the
binary alloy (Fig. 1).The extent of retardation and ultimately suppression of the prccipitation
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Fig. 1. Variation of A K J R , as a function oft, (open symbols) for the binary
Pb Sn and ternary Pb-Sn Sb and
Pb Sn-Cd alloys at a) T, = 308 and
b) 323 K. Filled symbols represent the
metallographic estimation of the volume fraction transformed (YJ at predetermined t ,

"'"I

/

Pb-Sn-Sb

I

800

7600

I

,.

I

2400
tplmin)

event is evident in Fig. 3, where about 50% of the supersaturated matrix remains
untransformed even after t , = 7 days at T, = 308 K for the Cd containing ternary alloy.
It is relevant to mention that the highest temperatures for DP (TDk.)
in the present alloys,
derived by cxtrapolating AK,/K, to AR,/R, = 0 in Fig. 2 [16], are essentially the same for
both the binary and ternary alloys. Apparcntly, the DP reaction mechanism remains
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Fig. 2. Change in A R , / R , as a function of T, for the Pb-Sn, o Pb-Sn- Sb, and a Pb-Sn-Cd alloys.
Extrapolation to A K J R , = 0 refers to the highest temperature for DP (T',,) [I61
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Fig. 3. Optical microstructure showing
more than 50% of thc matrix phase re-

maining untransformed at T, = 308 K
after t , = 7 days for the Pb Sn-Cd
alloy

unaltered in the ternary alloys despite the considerable rcduction in the growth kinetics
due to Sb and Cd additions. It is significant to note, however, under comparable conditions
D P initiates at similar instances of time in both the binary and ternary alloys (Fig. 1).
Therefore, the effect of the ternary addition appears to be confined mainly to the growth
rather than to the nucleation stage of the reaction in the present alloys.
4. Discussion

The atomic diameters of Sn (0.3022 nm), Sb (0.2903 nm), and Cd (0.2979 nm) are nearly
equal to each other and are much smaller than that of Pb (0.3499 nm) around room
temperature [19]. Therefore, the matrix strain arising out of the atomic size difference due
to the trace additions (<0.3 at%) of Sb and Cd to the binary alloy may be negligible.
Extrapolation of the high ternpcrature difhsion data to 298 K reveals that the bulk diffusion
m 2s-') [19] is two to three orders of
m2 SKI)or Cd (9.91 x
rate of Sb (1.36 x
m2 s-') [20]
magnitude larger than that of Sn (z
m2 s - I ) [20] or Pb (1.35 x
in Pb matrix. Hence, redistribution of Sb or Cd through the migrating R F during D P in
the ternary alloys is unlikely to be the slowest step of the precipitation process. Moreovcr,
large scale partitioning of the trace elements between the matrix and precipitate phases is
not expected, because the solubility limits of Sb or Cd in Pb as well as in Sn arc about an
order of magnitude larger than the amounts added in the present ternary alloys [21]. On
the other hand, the valencies of Sb (= 5) and Cd (= 2) are different from the valency of the
solvent Pb ( = 2 ) or the principal solute element Sn (=4) [19]. As a result, the ternary
additions of Sb and Cd cause positive and negative deviations, respectively, in the valence
electron difference with respcct to the solute-solvent valcnce electron difference in the
binary alloy. However, the drastic change in the reaction kinetics in both ternary alloys in
comparison to the binary alloy is in the same direction, i.c. precipitation rates are decreased
by about 50% in both ternary alloys (Fig. 1). Therefore, the present investigation appears
to suggest that neither the solute-solvent atomic size mismatch factor [l, 4,6 to 81 nor the
change in valence electron difference [I, 8 to 111 could account for the observed reduction
in the D P kinetics due to trace additions of Sb or Cd to the Pb-Sn alloy.
As a possible explanation for the retardation of the precipitation kinctics due to ternary
additions, it has been proposed [22] that ternary elements may segregate and tie up the
potential nucleation sites like steps or lcdges on the grain boundaries. This is unlikely in
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the present case because the incubation period for precipitation initiation in both the binary
and ternary alloys remains effcctively the same at all Tp (Fig. 1). Also, extensive metallographic investigation during the growth stage does not reveal any large scale dc-activation
of the nucleation sites like grain boundaries in the ternary alloys. Therefore, the effect of
ternary additions on the nucleation stage seems unlikely in the present case.
Fig. 1 shows that the reduction in the reaction rate due to trace addition of Sb or Cd
becomes more evident with the progress of the reaction. In addition, the extent of
precipitation in the ternary alloys seems appreciably lower ( <50%) in comparison to that
in the binary alloy (Fig. 2). Careful scrutiny of the microstructures also corrobordtcs that
a considerable area of the matrix remains untransformed even after prolong ( > 7 days)
isothermal precipitation at 308 K (Fig. 3). Hence, the increasing retardation of the reaction
kinetics cannot be attributed to the edge-impingement of the advancing RFs during the
growth stage of the DP colonies.
While Sb and Cd affect the overall precipitation kinetics in a similar fashion, i.e. the
reaction rate (Fig. 1) as well as the extent of the precipitation (Fig. 2) are diminished by
more than 50% as comparcd to that in the binary alloy, the effects arc more pronounced
at lower Tp (Fig. 2) and with the progress of the reaction (Fig. 1). It is well known that the
extent of grain boundary segregation increases with the decrease in temperature due to
thermodynamic reasons [23]. Grain boundary segregants may raise the activation energy,
thereby, reduce the boundary diffusion rate of the solute atoms [24]. If the transformation
tends to maximisc the rate of decrcase in free energy, a reduction in the interlamellar spacing
may be expected in order to partially compensate for any reduction in the boundary diffusion
rate caused by the trace addition. However, such decrcase in interlamcllar spacing is not
evidenced in the present invcstigation. On the contrary, interlamellar spacing in the ternary
alloys are apparently somewhat coarser (Fig. 4 b and c) in comparison to that in the binary
alloy (Fik. 4a) under comparable conditions of precipitation.
It is well established that the impurities in small concentration can markedly retard the
boundary migration rate in high purity P b by exerting a drag on the boundary [3,25,26].

Fig. 4. Optical micrograph presenting a comparison of thc interlamellar spacing in the a) Pb Sn, b)
Pb-Sn-Sb, and c) P b Sn Cd alloys aftcr DP at T, = 308 K for t, = 850 min
26 physica (a) I U , ?
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The remarkable effects of Sb and Cd on the D P kinetics may be explained by a similar
mechanism involving gradual adsorption of the impurity atoms (i.e. trace additions) at the
moving R F as it sweeps through the untransformed matrix. Under such circumstances, the
RF moves at a rate at which the solute atmosphere can migrate [25,26]. In the wakc of
such inhibited boundary movement, a coarser intcrlamellar spacing, as may be evident from
Fig. 4 b and c, is expected becausc more time is availablc for the solute redistribution through
the boundary.
5. Conclusion

Trace addition of Sb (0.26 at%) or Cd (0.16 at?&)strongly rctards the D P reaction kinetics
in the Pb-Sn alloy. The rcason for such drastic reduction in the reaction rate cannot be
attributed to the size factor or the change in valencc electron difference cffccts. However,
the effects can be best explained by anticipating marked segregation of the ternary elemcnts
giving rise to substantial solute-drag at the moving RFs, and ultimately terminating the
boundary migration, and hence, the D P rcaction itself, at a premature stage.
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