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Investigation of the structure parameters
according to the solidification
parameters for pivalic acid
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Pivalic acid was unidirectionally solidified in a temperature gradient stage. The
microstructure parameters; the primary dendrite arm spacing, A1, secondary dendrite arm
spacing, A, dendrite tip radius, R and mushy zone depth, d, were measured for five
different growth rates in a constant temperature gradient, G and for five different
temperature gradients in a constant growth rate, V. The depending of the microstructure
parameters to the solidification parameters (V, G and GV) for pivalic acid were determined
by linear regression analyze. The stability constant, o* was calculated by using the
experimental values of R and V. The results were compared with the previous works.
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1. Introduction 2. Experimental details
A dendrite structure is the most frequently observedn the present work, the organic material “pivalic acid”
structure when a materials is solidified. Dendritic was solidified in a horizontal directional solidification
growth may be brought out by imposing either atemperapparatus to directly observe microstructirsitu us-
ature gradientin a pure materials [1] or a solute gradiening a transmission optical microscope. The details of the
in an alloy system [2]. A dendrite structure is charac-apparatus and specimen preparation given in Ref. [4].
terised byag, A2, Randd (Fig. 1). For directional solid- The temperatures of the heating and cooling systems
ification of pure materials, the experimental variableswere constant during the solidification. As shown in
are the imposed temperature gradigdtand growth  Fig. 3, the temperature gradient at the solid-liquid in-
rate, V. Therefore the microstructure parameters argerface on the specimen during the solidification was
controlled by the temperature gradient and growth rateobserved to be constant.
In the directional solidification, the dependency of the The pivalic acid was slowly melted until the solid-
solidification parameters to the microstructure paramiiquid interface passed through the second thermocou-
eters are investigated. ple by driving the specimen cell toward to the heating
While the most non-metallic materials grow with system. When the solid-liquid interface was between
faceted morphologies a few organic materials undergéhe second and third thermocouple (0.05 mm tick K-
non-faceted dendritic solidification [3]. These materialstype), the motor was stopped and the specimen was left
have been studied as transparent analogous for metate.reach thermal equilibrium.
A thin layer of organic materials may be sandwiched
between two glass slides to form a specimen cell which
rests across the gap between the hot and the cold plat8s Temperature gradient, growth rate and
of a temperature gradient stage on an optical micro- structure parameters
scope (Fig. 2). After the specimen reached the steady state condi-
The aim ofthe presentwork is to examine the effect oftions, the solidification was started by driving the spec-
solidification parameters on the microstructure paramimen toward to cooling system by synchronous motor.
eters. In order to do this, the pivalic acid has been growWhen the interface was passing through to the sec-
unidirectionally in a thin cell to observe the structure ond and first thermocouples, the solidification time be-
for five different growth rates in a constant temperaturgween the two thermocouples and the temperatures at
gradient and for five different temperature gradients inthe points of the fixed thermocouples were recorded si-
a constant growth rate. multaneously with a stopwatch and a Hewlett Packard
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Figure 1 Definition of microstructure parameters: (a,b) schematic and photographic illustration of primary dendrite arm spacing; (c,d) schematic and
photographic illustration of secondary dendrite arm spacing; (e,f) schematic and photographic illustration of dendrite tip radius; (g, aotiemat
photographic illustration of mushy zone depth.

34401 A Model multimeter, respectively. The solidifi- ing the solidification. The thermocouple’s positions
cation was carried out for five different growth rateswere also photographed using x0ens. From the

in a constant temperature and for five different gra-photographs, the distances between the thermocouples
dients in a constant growth rates. The photographand structure parameters were measured. Therefore
of the solidification microstructure were taken dur-the temperature gradients, growth rates and structure
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Figure 2 (a) Temperature gradient stage; (b) schematic illustration of the experimental set up.

parameters were accurately measured and are given &bout 65 dendrite shapes (Figs 4 and 5). The measured
Table I. structure parameters and their standard deviations are
given in Table I. The relationships between microstruc-
ture parameters and the solidification parameters were
4. Results and discussion obtained by linear regression analysis in three differ-
In present work, the measurements of the structurent conditions. The results are given in Table Il and
parametersii, A2, R andd were carried out using Figs 6-8. As can be seen from Figs 6-8, the values of

TABLE | The dependence of structure parametess £2, R, d) for different growth rates and temperature gradients

G V (cm/s) GVx103 21 (cm) 22 (cm)  R(cm) d(cm)

(°Clem) x10~%  (°Cls) ING InV  InGV x10* x1074 x1074 x10~4 6* Inixz Iniz INnR Ind
16.38 6.7 11.07 2.79-7.29 —4.50 209.4-26.2 43.4£2.4 10.2£1.2 445.9-43.1 0.023 —3.86 —5.43 —6.88 —3.11
16.38 11.3 18.50 2.79-6.78 —3.98 151.6t19 31.3:34 7.7:20.9 365.3:t51.6 0.024 —4.18 -5.76 —7.17 —-3.31
16.38 19.6 32.10 2.79-6.23 —3.43 133.0£22.8 22.9%+-2.7 5.44+0.5 259.2-22.5 0.029 —4.32 —6.07 —7.52 —3.65
16.38 55.2 90.41 2.79-5.20 —2.40 108.8£17.9 18.8-1.6 3.6:0.4 207.7427.7 0.022 —4.52 —-6.27 —7.93 —-3.87
16.38 85.8 140.54 2.79-4.75 —1.96 83.3:t18.0 12.9£0.7 2.8+0.2 127.6t12.1 0.024 —4.78 —6.65 —8.18 —4.36
20.50 19.6 40.18 3.02—-6.23 —3.21 122.0t21.6 22.3:2.4 4.9-05 241.8:22.6 — —-4.40 —-6.11 —-7.62 —3.72
26.27 19.6 51.48 3.26-6.23 —2.96 113.0£20.3 21.4+2.5 4.5+04 229.4209 — —-4.48 —-6.15 —7.71 -3.77
37.75 19.6 73.99 3.63-6.23 —2.60 104.0£t19.5 19.14+-2.1 3.9+-0.4 211.9£19.8 — —-4.56 —6.26 —7.85 —3.85
48.64 19.6 95.33 3.88-6.23 —2.35 86.0+16.8 16.41.8 3.2+0.3 175.3:17.3 — —4.75 —6.39 —8.05 —4.04
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Figure 3 The plot of temperature vs. position in the sample.

TABLE Il Relationships between structure parameters and solidifi-rate (196 x 1074 cm/s). In this caserR has again the
cation parameters maximum exponent value bty has the minimum ex-

Structure parameter ponent value. The exponent values fqr Ao, R and
Solidification d were found to be-0.34, —-0.42, —0.50 and—0.44
parameter A1 h2 R d respectively for increaseV values. In this caseR
v V032 y043  y-050 | \/—045 has the maximum exponent value anchas again the
G kG036 kG020 G046 G038 minimum exponent value.
GV ka(GV) 7034 ke(GV) 042 ko(GV) 0% kyp(GV)~044 At the all conditions,R has always the maximum

exponent value. This means that tip radius decreases

k is the regression constant ané correlation coefficient. .
J more rapidly than the other structure parameters as the

Constantk) Correlation coefficientsr§ 4 - .

ki = 190 x 104 cmt32s032  , — 0976 growth rate increases. The ratios of the microstructure
ko = 37.0 x 1073 cmP84°C036  r, — _0.976 parameters change with the cooling rate are also given
ks = 429 x 107 Cﬁj‘s‘ S % ra=-0872 in Table I1I. As can be seen from Table I, the statistical
ke =176 107 cm~"s” °°  ra=—0977 error in the measurement of the structure parameters is
ks = 5.25x 1073 cm?71°C02® 5 = —0.975 b 10-15% . The diff b h

ke = 6.13x 104 cP42042 1 — 0977 about 10-15%. The differences between the exponent
k; = 0.26 x 104 cm50 5050 - — _0.992 values foris, A2, Randd given in Table Il are not too

ks = 1.99 x 10-3 cmP34°C046 15 = —0.988 large. Therefore the ratios of the microstructure param-
ko = 1.01x 10 cnP0 57050~ rq = —0.988 eters change with the cooling rate given in Table Il

kip=17.0x 104 cmt*5 57045 1= —0.974
m nstant.
kip = 655 x 103 cm®§7°CO3 1) — —0.962 seem to be constant

kio = 630 x 104 cmP44 5044 1, — 0972 A colmparison _of the present work with previous
works is shown in Table IV. As can be seen from
Table IV, the exponent values fag, A, and R change
between-0.25and-0.50,—0.44 and-0.58 and-0.43
and—0.53 respectively according to composition of al-

A1, 12, Randd decrease exponentially as the value of|oys in the literature. The results obtained in present

G,V andGV increase. work are in good agreement with previous work [5-9].

The exponent values far, A2, R andd were found The stability constant for pure material is given

to be—0.32,-0.43,-0.50, and-0.45 respectively for py [10, 11]

five different growth rates in a constant temperature

gradient, (16.38C/cm). R has the maximum exponent . 2ady

value andi; has the minimum exponent value. The 7 =TVR (1)

exponent values fakq, A2, R andd were found to be

—0.36,—0.29,—0.46, and—0.33 respectively for five whereq is the thermal diffusivitydy is the capillary

different temperature gradients in a constant growtHength,V is the growth rate an® is the tip radius. For
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Figure 4 Solidification of pivalic acid for different growth rates at the constant temperature graeatl6.38°C/cm): (a) planar interface at
equilibrium; (b) dendritic formy/ = 6.7 x 10~4 cm/s; (c)V = 11.3x 10~* cm/s; (d)V = 19.6 x 10~* cm/s; (e)V =56.2 x 10~ cm/s; (f)V = 85.8 x
10~* cmis.
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Figure 5 Solidification of pivalic acid for different temperature gradients at the constant growth kated9.6 x 10~% cm/s): (a) cellular form;
(b) dendritic formG = 16.38°C/cm; (c)G = 20.50°C/cm; (d)G = 26.27°C/cm; (e)G = 37.75°C/cm; (f) G = 48.64°C/cm.
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Figure 6 (a) The plot ofr1, A2, Randd vs. growth rateV; (b) The plot

ofIn iy, In X2, In RandInd vs. InV.
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TABLE Ill The ratio of structure parameters according to solidification parameters

G (°Clcm) V (cm/s)x10™* GV (°C/s)x1073  Aq/A2 r1/R x1/d d/xz d/R r2/R

16.38 6.7 11.07 4.82 20.52 0.47 10.27 43.71 4.25
16.38 11.3 18.50 4.84 19.68 0.42 11.67 47.44 4.06
16.38 19.6 32.10 5.80 24.62 0.51 11.31 48.00 4.24
16.38 55.2 90.41 5.78 30.22 0.52 11.04 57.69 5.22
16.38 85.8 140.54 6.45 29.75 0.65 9.89 4557 4.60
20.50 19.6 40.18 5.47 24.89 0.50 10.84 49.34 4.55
26.27 19.6 51.48 5.28 25.11 0.49 10.73 51.04 4.76
37.75 19.6 73.99 5.44 26.66 0.49 11.09 54.33 4.88
48.64 19.6 95.33 5.15 26.87 0.49 10.50 54.78 5.22

5.45+0.49 2534399 0.50:0.058 10.8H0.51 50.2H4.36 4.64-0.39

TABLE IV A comparison of the experimental results of the structure parametersy(and R) with previous works

Temperature gradient Growth ratg0—*
System {Clcm) (cml/s) Relationships References
PVA 16.38 6.7-85.8 r = kv—032 Present work
16.38-48.64 19.6 Ap = kG036 ”
16.38-48.64 6.7-85.8 a1 = k(GV)~034 "
16.38 6.7-85.8 Ay = k043 "
16.38-48.64 19.6 Ao = kG029 ”
16.38-48.64 6.7-85.8 A2 = k(GV)~042 .
16.38 6.7-85.8 R = ky—050 y
16.38-48.64 19.6 R = kG046 ”
16.38-48.64 6.7-85.8 R = k(GV)~050 ,
16.38 6.7-85.8 d = kv—045 y
16.38-48.64 19.6 d=kG033 "
16.38-48.64 6.7-85.8 d = k(GV)~04 ”
KCI-5 mol % CsCl 30 13-130 AV 042 5]
KCI-5 mol %CsCI 30 5.2-52 AgaV 053 "
SCN-13 wt% ACE 20 7.25-11.35 AoV —058 [16]
Cbry 70 7-100 AgaV ~055 [17]
SCN-25wt% ETH 48 3-54 A = 470V 042 [18]
SCN-2.5 wt % Benzil 16-95 56-92 A1 = kG050 —025 [19]
SCN-(0.15-5)wt % ACE 38 48-225 Ap = kG050 —0.25 "
SCN-1.4 wt % Water 62.4 140 A G050 [20]
Salol 54 5-75 A1 = k(GV)~050 21
SCN-(0.001-0.004)mol
% Salol 60-150 60-160 A =0.16G7Y3 v -13 x 13 [12]
SCN-(0.001-0.004)mol
% ACE 60-150 60-160 a = 0176713 v -13 x 13
SCN-(0.001-0.004)mol
% ETH 60-180 60-160 a = 0256713 v -13 x 13
SCN-4 wt% ACE 67 3.4-58 r2/V =2 [22]
SCN-5.5 wt% ACE — — AoV 056 23]
Cbry-10.5 wt % GClI 30 0.2-20 Ao/ —044 (6]
Cbry-7.9 wt% GCl 30 0.2-20 AV 045 ;
Cbry-10.5 wt % GCl 30 0.1-100 RV —053 »
Cbry-7.9 wt% GCl 30 0.1-100 RoV —047 ,
PVA-0.82 wt% ETH 8.5-22.6 0.3-80 AoV 058 7
PVA-0.82 wt% ETH 8.5-22.6 0.3-80 RorV —054 "
SCN-1.3 wt% ACE 16-97 1.6-250 JoaV 051 8]
SCN-1.3 wt% ACE 16-97 1.6-250 RorV —053 "
SCN-2 wt % Water 24-33 0.76-105 RV —043 [9]

PVA: Pivalic acid, SCN: Succinonitrile, ACE: Acetone, ETH: Ethanol.

pivalic acid, the value ofly is 111 x 1078 cm [12] 5. Conclusions

and the value of is 0.7 x 10~3 cn?/s [13]. The stabil- 1) The change of the microstructure parametess (
ity constant for five growth rates was calculated fromA2, R andd) according to the solidification parameters
Equation 1. The stability constant vs growth rate was(V, G, GV) for pivalic acid were investigated and the
plotted and are given in Fig. 9. As can be seen fronrelationships between them were obtained by linear re-
Fig. 9, the experimental values @f (0) are very close gressionanalyze. Itwas seen that the values of;, R

to theoretical value. andd decreases as the valuesqfG andGV increase.
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2) In the present work, it was shown that the mi- 14,

crostructure parameters can be controlled by changing

of the solidification parameters. This is a very impor-1°-
16. S. H. HAN andR. TRIVEDI, Acta Metall.42/1(1994) 25.

tant factor for metallic materials because the mechan;
ical properties of the metallic materials depend on the
microstructure parameters [14, 15].

of Rand it was seen that the calculated values{D)
agree with the theoretical value.
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