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The directional solidification of Pb-Sn alloys

E. CADIRLI
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M. GUNDUZ*
Erciyes University, Faculty of Arts and Sciences, Department of Physics, Kayseri-Turkey

Directional solidification experiments have been carried out on different Pb-Sn alloys as a
function of temperature gradient G, growth rate V and cooling rate GV. The specimens
were solidified under steady state condition with a constant temperature gradient

(50 °C/cm) at a wide range of growth rates ((10-400) x 10~* cm/s) and with a constant
growth rate (17 x 10~* cm/s) at a wide range of temperature gradient (10-55 °C/cm). The
primary dendrite arm spacing, 11, and secondary dendrite arm spacing, 1., were evaluated.
This structure parameters were expressed as functions of G, V and GV by using the linear
regression analysis. The results were in good agreement with the previous works.
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1. Introduction for different temperature gradients and constant tem-
Dendritic structures are very frequently observed durperature gradient, for different growth rates, in Pb-Sn
ing the solidification of alloys. The presence of den-alloys. In order to obtain relationships between struc-
dritic structures during solidification with concomitant ture parametersif, A,) and solidification parameters
microsegregations is of interest since these solidifica¢G, V andGV) for each Pb-Sn alloy and each evaluated
tion features are commonly found in many engineeringemperature gradient and growth rate, the primary den-
materials and furthermore, greatly influence the medrite arm spacings and secondary dendrite arm spacings
chanical behavior [1]. Many studies have been made ofvere measured and also linear regression analysis were
the “as-solidified” microstructures of binary alloys in carried out fori;, A». The results are compared with
order to determine experimentally the interdependencthe previous works.
structure parameters, primary dendrite arm spacing
(11), secondary dendrite arm spacirig), and solidi-
fication parameters, temperature gradiggy, (rowth o Experimental procedure
rate N) and cooling rate(BV). In directional solidi- Pb-Sn aIons (pb_ 5, 10, 20, 35, 50, 95 wt.% Sn),
fication experiments poth_ the gr_owth veIocM,_and were prepared by melting weighed quantities of Pb
the temperature gradient in the liqui@, may be inde- 54 sn of high purity elements (99.99%) in a graphite
pendently controlled, so that one may study the depenyyciple inserted in the vacuum melting furnace [9].
dence of structure parametefg (12), on eitherG (at  agter allowing time for melt homogenisation, molten
constantV) or V (at constanG). Most of the studies g6y was pored into the prepared graphite crucibles
[2-7] have shown that the primary dendrite arm SPact250 mm in length 4 mm ID and 6.35 mm OD) in
ing and secondary dendrite arm spacing decreases gg; filling furnace [9]. Then each specimen was posi-
the growth rate, temperature gradients and cooling rat@yned in the Bridgman type furnace [10]. After holding
are increased. In the last four decade there have begg siapilize the thermal conditions, the specimen was
several studies of steady state directionally SO|IdIflca—grown under argon atmosphere by moving downwards
tion applied to dendritic growth in alloy systems. Thesey; yarious constant rates by means of different speed
ob;ervatlons have_ led to the establishment of relatlonh,;ﬁ‘ynd1r0nous motors. Specimens were solidified under
ships of the following general type steady state conditions with a constant growth velocity
(approximately 1um/s) and different temperature gra-
(A1, 22) =Kk(G,V,GV)™" (1)  dients (10-55C/cm), with a constant temperature gra-
dient (approximately 50C/cm ), and different growth
where k is a constant. These structure parametersates (10-40@:m/s). After steady state growth of 10—
(A1, 22) control the mechanical properties of the so-12 centimeters the samples were quenched by lowering
lidified alloys [8]. In the present work, directional so- them rapidly into the water reservoir. Also in order to
lidification experiments have been carried out to obtairfind out the composition effect on structure parameters,
data on dendritic growth under constant growth ratedirectional solidification experiments were repeated for
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Figure 1 Definition of microstructure parameters (a, b) Schematic and photographic (SEM) illustration of primary dendrite arm spacing for Triangle
Method (c, d) Schematic and photographic (OM) illustration of primary dendrite arm spacing for Area Counter Métmoagnification factorA:

total area,N: number of primary dendrites) (e, f) Schematic and photographic (SEM) illustration of secondary dendrite arm spacing for Intercept
Method (: length,n: number of secondary arms).

six different Pb-Sn alloys (with different mushy zone curacy of the thermocouples were checked by slowly
depth) which cover the Sn rich side of the Pb-Sn phaseolidifying the Pb-Sn samples (which where thermo-

diagrammes. couples placed parallel to the heat flow and perpen-
dicular to the heat flow direction). The measurgéd
2.1. The measurement of temperature difference was less than O0:& with differently placed
gradient and growth rates thermocouples. All through the experiment, the ther-

The temperature of Bridgman type furnace was conmocouples were placed into the capillary alumina tubes
trolled by Pt/Pt-%13 Rd thermocouple placed betweer{0.8 mm ID, 1.2 mm OD) which were positioned ap-

the heating element and the alumina tube. In the sanmproximately 3 cm apart and parallel to the heat flow
ple, temperature distribution was obtained by measuredirection. All the thermocouple leads were taken to an
ing the temperature during the heating and cooling byice/water cold junction, then to a WPA analog poten-
five chromel/alumel thermocouples (K-type) [11]. Ac- tiometer and Kipp-Zonen recorder capable of recording
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TABLE | The values of structure parametefs (1.,) for different growth rates and temperature gradients for various compositions of Pb-Sn alloys
in this work and other works

Composition G

(wt. %) (°C/cm) V (cm/s)x 104 GV (°C/s) A1 (cm) A2 (cm) Ref.

Pb-5 Sn 8.57-48.56 18.58 0.016-0.090 146.7-327.8 25.4-63.7 This work
48.56 7.08-467.9 0.034-2.72 62.1-272.8 6.7-46.7 This work

Pb-10 Sn 14.49-55.55 16.36 0.027-0.090 143.1-262.4 20.2-53.7 This work
55.55 8.89-417.2 0.049-2.31 40.7-193.7 5.5-34.4 This work

Pb-20 Sn 16.67-52.11 15.29 0.032-0.079 129.3-273.7 26.8-58.9 This work
52.11 7.62-388.3 0.039-2.02 41.7-159.3 8.6-39.4 This work

Pb-35 Sn 17.11-49.50 18.45 0.030-0.091 130.6-182.3 13.8-29.9 This work
49.50 7.23-357.3 0.035-1.77 59.9-164.6 5.3-26.2 This work

Pb-50 Sn 21.66-49.87 17.11 0.040-0.085 132.8-243.0 14.7-30.3 This work
49.87 7.89-438.5 0.039-2.18 57.4-194.8 6.2-25.9 This work

Pb-95 Sn 16.45-55.01 18.75 0.031-0.103 114.6-262.0 24.7-57.1 This work
55.01 8.12-446.1 0.045-2.45 49.9-251.3 8.5-69.1 This work

Pb-33.4 Sn 75 8 0.06 166 - [2]

Pb-34 Sn 17 30 0.051 172 - [2]

Pb-23.7 Sn 81 24 0.19 164 - [2]

Pb-23.4 Sn 77 6 0.11 185 - [2]

Pb-27 Sn 59 64 0.38 155 - [2]

Pb-30.3 Sn 20 6 0.012 208 - [2]

Pb-27.1 Sn 17 1 0.0017 240 - [2]

Pb-10 Sn 110 10 0.11 115 - [3]

Pb-16.5 Sn 101 6 0.06 172 - [3]

Pb-23.2 Sn 77 4 0.03 185 - [3]

Pb-54.7 Sn 105 10 0.10 234 - [3]

Pb-57.9 Sn 67 40 0.27 177 - [3]

Pb-10 Sn 72-545 9.96-207.1 0.071-11.28 73.5-162.5 - [4]

Pb-20 Sn 49-369 1.67-207 0.008-7.63 80.8-163.9 - [4]

Pb-40 Sn 18-356 0.38-408.2 0.0007-14.53 35-245 - [4]

Pb-10 Sn 110 4.5-20 0.05-0.22 115-130 - [5]

Pb-10 Sn 365-392 9.96-204 0.36-8.00 32.1-77.6 - [6]

Pb-20 Sn 352-380 10.1-205.3 0.36-745 38.3-87 - [6]

Pb-30 Sn 30.1-372 9.96-204 0.060-7.58 39.7-183.3 - [6]

Pb-40 Sn 25.8-390 1.02-409 0.052-15.95 31.3-2155 - [6]

Pb-50 Sn 11-355 9.96-202.8 0.022-6.42 45.2-263.1 - [6]

to 1 V. The position of the thermocouples were mea-the polished sample) were measured. The ratio of the
sured after the quench and temperature of the thermalistances to the times were measured to obtain the
couples were recorded during the run, and when thgrowth rates and for both methods the growth rates were
second thermocouple at the solid-liquid interface, temsimilar.

perature of the second and third thermocouples were

recorded simultaneously for measuremen@Gaio ob-

tain the temperature gradients on the solid/liquid inter2.2. Metallographic examination

face.V andG can be controlled independently. Cooling The unidirectionally grown quenched specimen were
water (with the constant temperature) level was alwaysemoved from the graphite crucibles, then ground to ob-
at the same position and the furnace temperature i.e theerve the solid-liquid interface and longitudinal section
sample temperature was constant so@es can be  which included the quenched interface was separated
changed by changing the sample temperature and tHfeom the specimen. This partwas ground, polishedto re-
distance between the cooling water level and the hoteal the quenched interface. Furthermore the longitudi-
stage.G can be kept constant because during the runpal and transverse sections of the grinded specimen was
temperature of the cooler and heater part of the furcold-mounted with epox-resin. The microstructure of
nace was constant. The sample was pulled down to thihe specimen was determined by metallographic anal-
water cooling tank with constant speed with the syn-ysis. Mechanical and electropolishing techniques were
chronized motors. It was found that the pulling speedused to prepare transverse and longitudinal sections for
was similar to the growth rate, that may be because oboth optical microscopy (OM) and scanning electron
the metal sample holder and the graphite crucible whictmicroscopy (SEM).

has good thermal conductivity. The growth rate was cal-

culated with two different methods. In the first method,

the values for the growth rate were calculated from the2.3. Measurement of primary dendrite
measurements of the time taken for the solid/liquid in- arm spacings

terface to pass the thermocouples separated by a knowks can be seen in Fig. 1, the primary dendrite arm
distance. In the second method, solidification time andpacings measured on the transverse section gave more
solidification distance (on the longitudinal section of accurate results than the primary dendrite arm spacings
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Figure 2 Dendritic structures of directionally solidified Pb-5wt.%Sn al-
loy for different growth rates and temperature gradients (a) Longitudinal ;=
section (b) Transverse sectioB:(18.67°C/cm,V: 18.58x 10~ cm/s)
(c) Longitudinal section (d) Transverse secti@b: 48.56°C/cm, V:
7.08x 10~ cm/s) (e) Longitudinal section (f) Transverse sectiéh (

48.56°Clcm,V: 81.02x 104 cm/s). Figure 4 Dendritic structures of directionally solidified Pb-20wt.%Sn

alloy for different growth rates and temperature gradients (a) Longi-
tudinal section (b) Transverse sectidB:(16.37 °C/cm, V: 15.29x
104 cm/s) (c) Longitudinal section (d) Transverse sectid®: (
52.11°C/cm,V: 15.29x 10~* cm/s) (e) Longitudinal section (f) Trans-
verse section (G:52.19C/cm, V: 388.39x 104 cm/s).

measured on the longitudinal section. There might be
two reasons for this, firstlya; depends on the pol-
ished plane; secondly at least five times more primary
dendrite arm spacing can be measured from the trans-
verse section than the longitudinal section, this might
give more accurately results. The measurements of
A1 were carried on the transverse section rather than
on the longitudinal section because of these reasons.
Two different method were used for measurement of
the primary dendrite arm spacings on transverse sec-
tions (Fig. 1a—d). The first method is the area counting
method [12]. In this method, primary dendrite arm spac-
ings were measured on the crossection (perpendicular
to the growth direction) at least four different region
for the each specimeny is equal to (YM) (A/N)%>
whereM is the magnification factoA is the total spec-
imen crossection area (transverse section)Muiglithe
number of primary dendrites on the crossection [12].
Depending on the growth conditions, 50—800 primary
dendrite arm spacings were observed and counted on
the corresponding specimen crossections. The second
Figure 3 Dendritic structures of directionally solidified Pb-10wt.%Sn method is the triangle method [13]. The triangle oc-
zgﬂf’;ﬂiﬁ;ﬂ"g;z\:::zz 22&&?‘(223‘;Z‘*C/Q(’:ﬁdi\‘jf“fe(gé'X-°"9i'curred by joining the three neighbour dendrite centers
104 cm/s) (c) Longitudinal section (d) Transver:se sectidB: ( and sides of the triangle ar_e CorreSponqeﬂltdn_thls
44.37°Clcm,V: 16.36x 10-4 cm/s) (e) Longitudinal section (f) Trans- Method at least 50-200 primary dendrite spacing were
verse section®: 55.55°C/cm,V: 417.24x 104 cm/s). measured for the each specimen.

3840



Figure 6 Dendritic structures of alloy directionally solidified Pb-
50wt.%Sn for different growth rates and temperature gradients (a) Lon-
Figure 5 Dendritic structures of directionally solidified Pb-35wt.%Sn gitudinal section (b) Transverse sectid®: (21.66°C/cm, V: 17.11x

alloy for different growth rates and temperature gradients (a) Longi-10~* cm/s) (c) Longitudinal section (d) Transverse sectid®: (
tudinal section (b) Transverse sectio®:(17.11°C/cm, V: 18.45x 44.74°Cjcm,V: 17.11x 10~ cmis) (e) Longitudinal section (f) Trans-
104 cm/s) (c) Longitudinal section (d) Transverse sectidd: ( Verse sectionG: 49.87°C/cm,V: 119.23x 104 cm/s).

49.50°C/cm,V: 18.45x10~4 cm/s) (e) Longitudinal section (f) Trans-
verse section@: 49.50°C/cm,V: 76.76x 10~ cm/s).

2.4. Measurement of secondary dendrite
arm spacings

Secondary dendrite arm spacings were measured by av-
eraging the distance between adjacent side branches or _
the longitudinal section (parallel to growth direction) ) F§§

of a primary dendrite as function of distance fromden-
drite tip as can be seen in Fig. 1e and f. Each of the .
side branch spacing data reported here is the average of
secondary dendrite arm spacings from 30-40 primary

dendrites for each of the specimen.

3. Result and discussion
The measured primary dendrite arm spacings and sec-
ondary dendrite arm spacings for each composition and
the previous results were given in Table I. In particu-
larly A, values were obtained in this work are in good
agreement with; values which were obtained by other
workers [2—6] on various compositions at the simiar

V, andGV values. The photographs of structures for
unidirectionally solidified samples are given in Figs 2—
7. The relationship between solidification parameters
and structure parameters are shown in Figs 8-13. The
mathematical relationships between solidification pafigure 7 Dendritic structures of alloy directionally solidified Pb-
rameters and structure parameters were obtained by "ﬁ.‘?ﬂﬁ.ZﬁfZlii.gfﬁéf'}triﬁiwsrzfi ;:g_t‘(ezfgpoegi‘gfn?r\";“?"fgféi‘) Lon-
ear regression analysis for each composition and glve?tr“ cm/s) (c) Longitudinal section (d) Transvers‘e sectidd: (

in Table Il. Primary dendrite arm spacings changedss o1-cjcm,v: 18.75x 10 cmis) (€) Longitudinal section (f) Trans-
inversely proportionally to the temperature gradient,verse sectionG: 55.01°C/cm,V: 153.06x 10-4 cm/s).

) I
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Figure 8 The plot ofA1, A, versus temperature gradieBt growth rateV, and cooling rat&V for Pb-5wt.%Sn alloy (a) The plot 6f;, A» versusG
(b) The plot ofr1, A2 versusV (c) The plot ofi1, A2 versusGV.
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Figure 9 The plot ofi, A, versus temperature gradigdt growth rateV, and cooling rat&V for Pb-10wt.%Sn alloy (a) The plot ofi, A, versus
G (b) The plot ofi1, A2 versusV (c) The plot ofi1, A2 versusGV.

300 - 300 - 300
E —— G-} 250 —— V- ]
250 4 ~&- G-A” 200 —— VoA 250 4
L 200 3 —a= Gohy 150 M'“ 200 4
= E 100 ]
» - 3
g 150 3 50 150 E
2 El
& 100
~ zo—T 30 ]
< 20 50 3
10 10 0
- 0 e R
10 20 30 40 50 60 0 100 200 300 400 500 0 1 5
a) G(°Clem) b)  Viems)x10¢ ¢) GV(Cls)

Figure 10 The plot ofi1, A2 versus temperature gradight growth rateV, and cooling rat&V for Pb-20wt.%Sn alloy (a) The plot of;, A, versus
G (b) The plot ofiA1, A2 versusV (c) The plot ofi1, A2 versusGV.
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Figure 11 The plot ofi1, A2 versus temperature gradigbt growth rateV, and cooling rat&V for Pb-35wt.%Sn alloy (a) The plot of;, A, versus
G (b) The plot ofi1, A2 versusV (c) The plot ofi1, A2 versusGV.

growth rate and cooling rate. The exponentvalueifor Pb-10wt.%Sn, and Pb-35wt.%Sn alloys. The depen-
changed for each of the solidification paramet&s ( dent of A; to relateG is approximately twice higher
V,GV), 0.32-0.71, 0.29-0.40, and 0.29-0.40 range rethan V. The primary dendrite arm spacings were in
spectively. The exponent values are similar in the regood agreement with the values obtained by Klaren
lationships among.; and G andV in Pb-5wt.%Sn, et al. for similar GV values at the same composition
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Figure 12 The plot ofA1, A2 versus temperature gradigbt growth rateV, and cooling rat&V for Pb-50wt.%Sn alloy (a) The plot af;, A, versus
G (b) The plot ofi1, A2 versusV (c) The plot ofi1, A2 versusGV.
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Figure 13 The plot ofA1, A2 versus temperature gradight growth rateV, and cooling rat&V for Pb-95wt.%Sn alloy (a) The plot @f;, A, versus
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Figure 14 The plot of 11 versus cooling rateGV for different compo-
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sition in the Pb-Sn alloys.

arm spacings were in good agreement with the primary
dendrite arm spacings calculated by Hunt model in all
growth rates for Pb-5wt.%Sn, Pb-10wt.%Sn and Pb-
20wt.Sn alloys. The experimental primary dendrite arm
spacings were in fairly good agreement with primary
dendrite arm spacings calculated by Hunt model in low
growth rates for Pb-35wt.%Sn, Pb-50wt.%Sn and Pb-
95wt.Sn alloys. However, it was found that the differ-
ence increases between experimental primary dendrite
arm spacings and the primary dendrite arm spacings
calculated by Hunt model for the higher growth rates
Fig. 15. The similar results were found by other workers
[16-20].

The relationships between the results which were ob-
tained in this work and by previous workers for simi-
lar composition alloys are given in Table Ill. The rela-
tionships which were obtained betweenandV for
Pb-5wt.%Sn, Pb-10wt.%Snh and Pb-95wt.%Sn compo-
sitions in this work aligns with the relationships ob-
tained by Masoret al.[4], with similar G, V, andGV
for Pb-10wt.%Sn alloy. Besides, relationships which
were obtained between andG in this work for Pb-5,

10 and 35wt.%Sn alloys are in good agreement with

Pb-Sn alloys as can be seen in Fig. 14. The comparisorelationship obtained by Klarest al.[6] with nearGV

of experimentally obtained primary dendrite arm spac-values.

ings with the calculated primary dendrite arm spacings Secondary dendrite arm spacing changed inversely
by Hunt model [14] and Kurz-Fisher model [15] are proportional to temperature gradient, growth rate and
given in Fig. 15 (physical parameters of Pb-Sn alloyscooling rate. The exponent values foy changed for
used ink1 calculations for Kurz-Fisher and Hunt mod- each solidification parameteG( V, GV), 0.50-0.82,
els are given in Appendix). The experimental results0.34-0.49, and 0.38-0.51 range respectively. The
were in good agreement with the results calculated bylependence of., to relateG and V approximately
Hunt model, but the results calculated by Kurz-Fisherthe same for Pb-5wt.%Sn alloy and the other alloys
model for all compositions were too large from our ex- Pb-10wt.%Sn, Pb-95wt.%Sn and Pb-50wt.%Sn alloys.
perimental results. The experimental primary dendriteOn the other hand, dependencexgfto relateG is
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TABLE Il The relationships between structure parameters and solidification parameters for various compositions of Pb-Sn alloys

Composition: Pb-5wt.%Sn

25 =k GT04® ki = 8.73 x 1072 (cmP55 °C045) ry = —0.995
AP = kG044 ka2 = 8.68 x 1072 (cmP56 0C044) r, = —0.997
A5 = kg 7036 ks = 1.67 x 1073 (cm1-36 5~0.36) rz3 = —0.957
A3 = kg 7040 k4 = 1.35 x 1073 (cm-40 s~040) ry = —0.984
2 = ks(GV)~0%7 ks = 6.65 x 1073 (cm°C037 57037) rs = —0.997
A3 = ke(GV) 040 ke = 6.23 x 103 (cm °C0-40 5-040) re = —0.984
A2 = k;G—050 k7 = 1.83 x 1072 (cmP50 °C0.50) r; = —0.990
2o = kg 045 kg = 1.71 x 10~% (cm45 s7045) rg = —0.994
A2 = koGV 045 kg = 9.76 x 104 (cm°C045 5~045) ro = —0.995
Composition: Pb-10wt.%Sn

13 = kyoG 047 k1o = 9.25 x 1072 (cmP-33 °C047) rio=—0.985
AP =k G048 ki1 = 8.12 x 1072 (cmP57 °C043) ri; = —0.995
Af = ko 7036 ki = 1.64 x 1073 (cm?-36 5~0.36) ri, = —0.953
A= k13V—°-3z - kiz = 1.51 x 1crz (cml-38053‘50-38()) - riz = —0.958
A= k14(GV)7 : k14 = 6.90x 10~ (cm°C U sT ) ri4 = —0.966
A%* = ky5(GV)~036 kis = 6.82 x 1073 (cm °C0-36 5~0.36) ris = —0.972
22 = kigG068 ki = 3.21 x 1072 (cmP-32 °C0.68) rig = —0.989
Ao = k17V_0'43 k17 =149 x 104 (le'43 5_0'43) ri7 = —0.985
22 = kig(GV) 046 kig = 8.25 x 10~4 (cm °C046 5~0.46) rig = —0.986
Composition: Pb-20wt.%Sn

15 = kyoG 069 kig = 1.92 x 10~1 (cmP-31 °C069) rig = —0.980
25* = kpoG 055 koo = 1.20 x 10~ (cmP45 °C0-55) ro = —0.964
A = ko1 7032 ko1 = 1.84 x 1073 (cmt32 57032) ro; = —0.936
M= k22V*°-33(’) - ko2 = 1.65 x 1(T§ (cm1*3305;7°‘332) . rao = —0.982
At = ko3(GV) ™ kzz = 6.25x 107° (cm°C%2/ s77°1) roz3 = —0.947
x%* = kog(GV)~037 ko4 = 5.93 x 1073 (cm °C0-37 g~0.37) ro4 = —0.977
Ao = kosG 074 kos = 4.90 x 102 (cmP-26 °C0.74) ros = —0.975
22 = kogV ~0:37 koe = 2.60 x 10~4 (cmt-37 57037) ros = —0.995
Ao = |(27(GV)_0'43 ko7 = 1.09x 10°3 (cm°C0~43 S_0'43) rp7 = —0.974
Composition: Pb-35wt.%Sn

1 = kogG038 kog = 4.65 x 1072 (cmP-67 °C-33) rg = —0.944
AT = kogG 032 koo = 4.61 x 102 (cmP-68 ©C032) rag = —0.960
25 = kagV 7020 k3o = 2.14 x 1073 (cm®29 5~0.29 rsp = —0.974
AP = kg V703! k31 = 1.91 x 1073 (cmt-31 57031) ra; = —0.989
25 = ka(GV)~02° kap = 6.47 x 1073 (cm °C029 g~0.29 rsp = —0.980
AT = ka3(GV) 030 kaz = 6.35 x 103 (cm °C030 5030 raz = —0.990
22 = kaaG073 kas = 2.40 x 1072 (cmP-27 °CO-73) ras = —0.998
Ao = kggV 041 kss = 1.16 x 10~ (leAl S_O'Al) rss = —0.974
22 = kag(GV) 043 kss = 5.61 x 1074 (cm °C043 5~043) rss = —0.974
Composition: Pb-50wt.%Sn

Ay =kg7G070 k37 = 2.01 x 10~1 (cm?30 °C0.70) rs; = —0.995
25* = kagG 00 kg = 1.49 x 10~ (cmP-40 °C0.60y rag = —0.997
A= kagV ~0-30 kag = 2.09 x 1073 (cm70 570:30) rsg = —0.957
25* = kagV 03! k4o = 2.04 x 1073 (cm-60 5~0.60y rso = —0.971
A = ka2(GV) 7033 ka1 = 6.70 x 103 (cm °C09-33 5-0:33) rsy = —0.977
A5 = kap(GV) 034 k42 = 6.88 x 1073 (cm°C0-34 5034 rso = —0.984
Ao = kqzG 082 ka3 = 3.52 x 1072 (Cm0‘18 °C0'82) ra3 = —0.990
Ao = kagVv 034 kag = 1.88 x 104 (cmt-34 57034) ras = —0.994
Ao = k45(GV)70'38 kas = 6.91x 1074 (cm°C°'438 570'38) ra5 = —0.995
Composition: Pb-95wt.%Sn

15 = kagG 069 kgs = 2.03 x 10~1 (cmP-31 °C069) rss = —0.915
AP = ka7G 071 kg7 = 2.23 x 101 (cm®22 °C0 7Y rq7 = —0.904
15 = kagV/ 7036 ksg = 1.50 x 10~3 (cm'-36 5~0:36) rsg = —0.951
A% = KagV/ 7038 kag = 1.52 x 1073 (cm-35 570:35) rasg9 = —0.945
15 = kso(G V) 039 ksg = 6.25 x 1073 (cm °C9-39 5-0:39) rso = —0.956
A= ks1(GV)~040 ks1 = 6.28 x 1073 (cm °C940 5-040) rs; = —0.949
Lo = kgpG 066 ks = 4.02 x 102 (cmP-34 °C0-66) rs; = —0.918
Ao = ksgV/ ~049 ks3 = 1.46 x 10°4 (le‘49 570‘49) rsz = —0.930
Lo = ksg(GV) 051 ks4 = 1.02 x 103 (cm °C951 5-051) rss = —0.954

*Triangle method’*Area counting method

twice higher thanV in Pb-20wt.%Sn, Pb-35wt.%Sn 20wt.%Sn alloy, it is possible to state that growth rate
and Pb-50wt.%Sn alloys. The exponent value®82  was higher than the values obtained for Pb-5wt.%Sn
in the relationship betweery andG for Pb-50wt.%Sn  and Pb-10wt.%Sn alloys. The ratiosiaf/ A, with term
alloy. This value is higher than the whole exponent val-of cooling rate increase are given in Fig. 16. As can be
ues in the relationships obtained ands more rapidly  seen from Fig. 16 the ratios af /A, changed approx-
decreasing with term o6 increasing. In relation to imately 4-12 times, values range for various composi-
G and V values obtained foi; and A, in the Pb- tions. The ratios 0f;/A; tend to increase continuously
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Figure 15 The comparison of the experimentally obtaingdvalues with thei; values obtained from Hunt model [14] and Kurz-Fisher model [15]
for different Pb-Sn alloys (a) Pb-5wt.%Sn, (b) Pb-10wt.%Sn, (c) Pb-20wt.%Sn, (d) Pb-35wt.%Sn, (e) Pb-50wt.%Sn, (f) Pb-95wt.%Sn.
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Figure 16 The plots ofi1/A7 ratios versus cooling rat&sV, for different compositions of Pb-Sn alloys.

for Pb-5wt.%Sn composition, but this increase carriechent value in Table Ill, both; and A, were shown

on until approximately (0.3—-0.4C/s) cooling rates for

to decrease by approximately same degree, particu-

all other compositions. Also for other compositions, ra-larly for the composition values containing 10, 20 and
tios take approximately a constant value following the50 wt.%Sn. The dendritic structure of Pb-95wt.%Sn al-
evident cooling rate. As can be seen from the expoloy is different than the other alloys, it presents a peeled

3846



TABLE Il Relationships between, 1, andG, V, andGV obtained for different compositions

Composition

Alloy (wt. %) G (°Clcm) V (cm/s)x 104 GV (°Cls) Relationships Ref.

Pb-Sn 10-57.9 Sn 59-110 4-66 0.023-0.73 1y = kG 05y~025025 [3]

Pb-Sn 40 Sn 107 45-400 0.48-4.28 ap = kv 039 [4]

Pb-Sn 10-50 Sn 11-392 1.02-409 0.001-16.03 A3 = k G033y ~045 [6]

Pb-Sn 55Sn 8.57-48.56 7.08-467.06 0.016-2.72 A =kG 045 This work
A =kyv038 This work
r = k(GV)~037 This work
Ao =k G050 This work
Ao =k V045 This work
22 =k(GV)~045 This work

Pb-Sn 10 Sn 14.49-55.55 8.89-417.24 0.027-2.31 A =kG 047 This work
A =kyv038 This work
r =k (GV)935 This work
Ao =k G068 This work
Ao =k V043 This work
22 =k(GV)~036 This work

Pb-Sn 20 Sn 16.67-52.11 7.62-388.39 0.032-2.02 A =k G089 This work
r =k v032 This work
r = k(GV)037 This work
Ao =k G074 This work
Ao =k V037 This work
22 =k(GV)043 This work

Pb-Sn 35Sn 17.11-49.50 7.23-357.38 0.030-1.76 A =kG 033 This work
r =kv029 This work
r =k (GV)029 This work
A=k G073 This work
Ao =k V041 This work
22 =k(GV)043 This work

Pb-Sn 50 Sn 21.66-49.87 7.89-438.55 0.039-2.18 A =k G070 This work
=k y030 This work
r =k (GV)033 This work
Ao =k G082 This work
Ao =k V034 This work
2o =k(GV)038 This work

Pb-Sn 95 Sn 16.45-55.01 8.12-446.16 0.030-2.45 a1 =k G069 This work
=k yv0368 This work
1 =k(GV) 039 This work
Ao =k G066 This work
Ao =k 049 This work
2o =k(GV) 051 This work

corn shape. The liquid phase between dendrites on th@wing to this directional solidification under evident
transverse section is to become small near to interfaceplidification condition of materials, change of mechan-
in the photographs concerning Pb-95wt.%Sn compoical and physical properties of materials plays a very
sition alloy given in Fig. 7, the structure is like a zip important role.
fastener.

. Appendix
4. Conclusion Physical parameters of Pb-Sn alloys usedjrcalcu-

1. Under steady state conditions, primary dendrite ariations for Hunt [14] and Kurz-Fisher models [15]
spacings and secondary dendrite arm spacings were ob-

s_er\_/ed to decrease while the temperature gradientinthe r, =79x10%(Kcm) [22]
liquid the growth rate and cooling rate were observed "
to increase. I'p=48x107"(Kem) [22]

2. Secondary dendrite arm spacing was found to be _ 5 .
more dependent on the temperature gradient, growth D =7>x107°(en?/s) [23-29]
rate and cooling rate rather than primary dendrite arm k=056 [23-25]
spacing.

3. The dendritic structures become small in accor- My = —2.6 (Kiwt%)  [5, 26]
dance with the increase in the solidification parameters. mg = 2.4 (Kiwt%) [27]

4. The primary dendrite arm spacings were found in
good agreement with the values given in Hunt model
[14]; however, in Kurz-Fisher model [15] the experi- Acknowledgement
mental values presented are too large. This project was supported by Erciyes University
Research Foundation. Authors would like to thank to
Change of the structure parameters affects the mechakrciyes University Research Foundation for their finan-
ical and the physical properties of the material [8, 21].cial support.
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