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Abstract: In the present work, the partial and integral enthalpies of mixing ternary Bi-Ni-Sn liquid
alloys were measured at 1000°C using the drop calorimetry method. The measurements were performed
along five binary isopleths BixSnl-x by addition of nickel and three binary isopleths BixNil-x by
addition of tin. These same thermodynamic quantities were also calculated using three geometric
models. A zone of non-miscibility was identified. The study showed that the integral and partial
enthalpies are exothermic, particularly for nickel-rich sections (F, G, and H sections). On the other hand,
this work has indicated the possible presence of a domain of immiscibility as reported in other works.
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1. Introduction

Due to its good physical, chemical, and mechanical properties and low cost, traditional
Sn-Pb solder (eutectic or near eutectic) have been widely used in the electronics industry to
assemble electronic components. However, the use of lead has become very limited due to its
toxic nature and therefore, its harmful effects on the environment and health. Since the
introduction of the European directive [1] requiring the limitation of the use of lead, several
binary, ternary, and quaternary alloys... have been developed and studied as lead-free solders.
In this regard, substantial research was recently conducted to develop new lead-free solders [2-
16].

Sn-Bi and Sn-Ni-containing solders may be promising candidates. On the other hand,
Bi and Ni can be used as additional components and/or contact materials (substrate).
Information on thermodynamic properties such as enthalpy of mixing in the Bi-Ni-Sn system
is considered an indispensable contribution to the systematic design of lead-free solders. To
the authors' best knowledge, only one experimental result of enthalpies of formation of Bi-Ni-
Sn liquid alloys has already been reported [17]. The measurements of Vassilev et al. [17] have
been realized for the ternary liquid phase at different temperatures using direct drop
calorimetry.

This paper studies experimental enthalpies of mixing in the liquid Bi-Ni-Sn alloys in a
large compositional range at 1000°C. Measurements have been done along eight sections
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xgilXsn = 0.34/0.66; 0.50/0.50; 0.65/0.35; 0.74/0.26; 0.89/0.11 by adding nickel, and
xgi/Xni = 0.70/0.30; 0.76/0.24; 0.80/0.20 by adding tin. The objective of this study is to have an
idea of the interaction between a Bi-Sn solder and a nickel as a substrate. On the other hand,
this work is carried out to verify the existence of a possible domain of non-miscibility (liquid-
liquid). Additionally, the enthalpies of mixing were estimated using Kohler [18] as a symmetric
model, Toop [19] as an asymmetric model, and Chou [20] as a general solution model. The
estimated and measured values are compared to each other.

2. Literature data

Predel and Ruge [21]determined the enthalpy of formation of intermetallic compound
BiNi by calorimetric technique. The heat capacities of BiNi in the temperature range of 37-
577°C were measured by Perring et al. [22] using differential scanning calorimetry. Vassilev
et al. [23] have published thermodynamic assessments and reported this intermetallic
compound's enthalpy of formation using the CALPHAD method. Samui et al. [24]have
determined the enthalpy of decomposition of BisNi and BiNi intermetallic compounds.
Recently, the enthalpy of mixing of liquid phase at different temperatures was measured at low
compositions of Ni (xni < 0,2)[25]. More recently, ElI Maniani et al. [26] and Fima and
Flandofer [27]have measured this thermochemical function in the binary Bi-Ni liquid alloys.
The results of both calorimetric measurements are nearly similar at 12000°C.

Hultgren et al. [28]reported a review of all thermodynamic values available for Bi-Sn
from investigations performed until 1965. The investigation of thermodynamic properties by
calorimetric measurements are determined by Yazawa et al. [29]and Sharkey and Pool [30],
while the emf method was carried out by Seltz and Dunkerley [31]. The results of the different
measurements show a large scatter and some contradictions. In 1990, Cho et al.
[32]reinvestigated this system using the same method. More recent experimental results by emf
measurements given by Asryan and Mikula [33] have shown that the enthalpy of mixing versus
composition was asymmetric.

Calorimetric methods have investigated the thermodynamic parameters in the Ni-Sn
system several times. The results published until 1971 were compiled by Hultgren et al. [28].
The enthalpy in the liquid Ni-Sn alloys was investigated experimentally [34-36]. According to
Luck et al. [35], the enthalpy of mixing depends on temperature between 1387 and 1502°C,
while such independence has been reported in the temperature range 594-1306°C by Haddad
et al. [36]. According to Luck et al. [35], the enthalpy of mixing depends on temperature
between 1387 and 1502°C, while Haddad et al. [36] reported independence between 594 and
1306°C. The same behavior was observed by Flandorfer et al. [37] during the experimental
study at three temperatures (1173, 1250, and 1500 °C) using the drop calorimetric technique.
This thermodynamic quantity was calculated at 1307 °C by Glibin et al. [38]using a modified
quasi-chemical model. Several thermodynamic assessments have been reported [39-41].

Concerning Bi-Ni-Sn ternary system, the enthalpies of the formation of three liquid
alloys were measured by Vassilev et al. [17] at 560, 600, and 660 °Cusing direct drop
calorimetry.

3. Experiments

The calorimetric measurements and the equations for calculating the partial and integral
enthalpies were made according to the same method used in our previous work [26]. The
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enthalpies of mixing were determined at 1000°C along eight isopleths (Figure 1) with BixSnix
+ Ni (A, B, C, D, and E sections) and BixNiix + Sn (F, G, and H sections).
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Figure 1. Measured sections (A-H) in the ternary Bi-Ni-Sn system at 1000°C.
4. Theoretical Study

Three different extrapolations models such as Kohler [18], Toop [19], and Chou [20]
have been used, and the predicted enthalpy values were compared with the measured ones.

The equations representing the three models used are given below where ApixHi23 ,
X1, X, and x5 are the integral enthalpy and the mole fractions of a ternary 1-2-3 alloys.

Kholer's model [18]:

2 X1 X2
AmixHi2z = (X14 X%2)“AmixH12

X1 X3
) + (1 4 x3)*AmixH1s ( )

X1+ X x1 + xy X+ X3 % + x3

+ (X34 x3)?ApixH ( 2 _ 5 )
2+ 13 mix*123 x2+x3'x2+x3

Toop's model [19]:
AmixHizz = (%24 X3)*AmixHzs (

X3
+ T=x) )AmixH13(x1 ;1—x1)
1

X X3 ) Xz

; + AnixHio(x1;1 —x
x2+x3 x2+x3 (1—x1) mix 12(1 1)

Chou's model [20]:
AmixHi23 = x1x; Z L(lvz) (x1 — x2)V + x2%3 Z L(zvg) (2 — x3)V + x3x1 Z L(gvl) (x3 — x1)V
v

\% \%
+ x1x,x3f

where,
f= (28, — 1)[L212((2§12 — Dxz +2(xq — xz)) + L112]
+ (253 — 1) [L223((2§23 =Dy +2(x; — x3)) + L123]
+ (28, — 1) [L%1((2§31 — Dxy + 2(x3 — x1)) + Ll31]
L(i}’)are the interaction parameters of binary "ij". §;; is the similarity coefficients for three
binaries defined by the deviation sum of squares n;:
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£, = N1 £,y = N1 £, = N
12 m+ N 23 N+ N 3 N+ i
1 1
n = I(Amilez - AmixH13)2dX17111 = J(AmixH21 - AmiXH23)2dX2
0 0

1
N = f(AmixH31 — AmixHz2)?dX;
0

and

X1(12) = X1+ X3812X2023) = X2 + X1823X3331) = X3+ X283
AnixHj; is the enthalpy of mixing in binary ij system expressed as:
\%
AmixHjj = XinZngV) (Xi— X;)
\%

X; and X; are the mole fraction of component "i"* and "j" in "ij" binary system.

5. Results and Discussion

5.1. Experimental results.

Measurements have been done along eight starting binary sections A-H (Table 2) by
adding nickel to xgi/xsn = 0.34/0.66; 0.50/0.50; 0.65/0.35; 0.74/0.26; 0.89/0.11, and by adding
tin xgi/xni = 0.70/0.30; 0.76/0.24; 0.80/0.20.

Table 1. Starting binary sections.
A | B | C | D | E | F | G | H

Bi34Snoss | BigsoSnoso | BioesSnoss | Big7aSngas | BiggoSngir | BiggoNigag | Big76Nigas | Big7oNig30

All experimental calorimetric results of the investigated Bi-Ni-Sn system are collected
in Table 2, which contains the experimental information such as starting amounts (Bi,Sn;_,
and Bi,Ni;_,), added amounts of Sn or Ni (drop metal), corresponding heat effects (Q),
experimental A, H of the liquid alloys, and partial quantity of mixing (AHy,) of the added
metal M (M= Ni or Sn).

The enthalpy values of the starting binary BixSni.x and BixNiix alloys are taken from
the works of Asryan and Mikula [33] and El Maniani et al. [26], respectively.

Figure 2 shows the curves A,,;xH versus Ni-compositions for all investigated isopleths.
As it can be seen, a decrease in the enthalpy of mixing is observed as the amount of Ni
increases. The mixing enthalpy curves show a kink for all sections except in section A. The
coordinates of this Kink (xnjkink), AmixHkink)) depend on the studied section. As the amount

of Bi increases, the composition of Ni(XNi(kink)) decreases and the corresponding enthalpy of
mixing (AmixHkink) iNCreases (Table 3).

Table 2. Partial and integral enthalpies of mixing in the liquid Bi-Ni-Sn alloys; initial state A,,;, H: pure liquid

metals at 1000°C.
Mole dropped Heateffect Partial enthalpy Integralentlzal;l));l ol
ny; (mmol) QM) Xy AHy;(3.mol™) XNi mx o '
Section A; starting amount : n(Bi) = 3.1574mmol ; n(Sn) = 6.0912mmol
0 94.07
0.4723 4639 0.0243 -35711 0.0486 -1645
0.4740 4766 0.0707 -35479 0.0928 -3218
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Mole dropped Heateffect Partial enthalpy Integralenthalp;;{
i (mmol) QW) X RHy@mol®) | xy,  Omix .1()J'm°'
0.4788 4772 0.1132 -35568 0.1335 -4670
0.4998 2763 0.1529 -40007 0.1723 -6250
0.5204 9195 0.1907 -27865 0.2091 -7212
0.5283 9321 0.2262 -27891 0.2433 -8106
0.5312 10490 0.2590 -25790 0.2748 -8843
0.5384 8884 0.2895 -29035 0.3042 -9661
0.5486 6134 0.3180 -34355 0.3318 -10639
0.5519 11566 0.3446 -24581 0.3574 -11174
0.5578 7588 0.3694 -31932 0.3814 -11949
0.5661 7376 0.3927 -32504 0.4039 -12698
0.5681 12615 0.4145 -23329 0.4250 -13074
0.5770 7989 0.4349 -31689 0.4449 -13719
0.6168 9200 0.4548 -30620 0.4647 -14322
0.6279 11102 0.4741 -27853 0.4835 -14796
0.6300 7294 0.4923 -33957 0.5010 -15448
0.6337 14349 0.5093 -22891 0.5175 -15694
0.6616 6188 0.5256 -36183 0.5336 -16377

Section B; starting amount : n(Bi) = 4.2434mmol ; n(Sn) = 4.3384mmol

0 105
0.3554 5374 0.0199 -32252 0.0398 -1182
0.3563 5365 0.0582 -32320 0.0766 -2376
0.3919 6191 0.0953 -31576 0.1139 -3557
0.4260 7390 0.1326 -30028 0.1513 -4673
0.4352 7467 0.1688 -30215 0.1863 -5727
0.4808 5683 0.2040 -35555 0.2218 -7027
0.4869 6818 0.2382 -33371 0.2547 -8141
0.5310 8235 0.2711 -31864 0.2875 -9187
0.5358 7189 0.3027 -33955 0.3179 -10242
0.5420 5372 0.3320 -37462 0.3460 -11366
0.5527 2952 0.3593 -42033 0.3725 -12605
0.5724 1878 0.3851 -44092 0.3977 -13870
0.5921 4937 0.4097 -39036 0.4217 -14874
0.6221 4361 0.4334 -40364 0.4450 -15900
0.6262 2304 0.4558 -43695 0.4666 -16982
0.6412 14862 0.4768 -24195 0.4870 -17258
0.6431 17600 0.4965 -20005 0.5060 -17360
0.6751 21052 0.5153 -16189 0.5245 -17316
0.6813 20976 0.5331 -16585 0.5418 -17290
0.6879 21015 0.5499 -16825 0.5580 -17273
0.7224 -16689 0.5660 -16689 0.5739 -17252

Section C; starting amount : n(Bi) = 5.0393mmol ; n(Sn) = 2.6557mmol

0 94.56
0.4387 10049 0.0270 -22627 0.0539 -1131
0.4973 9570 0.0812 -26291 0.1084 -2581
0.5076 7068 0.1332 -31612 0.1580 -4193
0.5265 5409 0.1809 -35262 0.2038 -5886
0.5405 6304 0.2249 -33872 0.2460 -7368
0.5578 8020 0.2655 -31157 0.2851 -8601
0.5623 3769 0.3028 -38832 0.3206 -10102
0.5863 -4741 0.3373 -53622 0.3540 -12244
0.5978 10146 0.3694 -28563 0.3849 -13023
0.5981 13679 0.3989 -22666 0.4130 -13463
0.5997 7688 0.4258 -32714 0.4386 -14306
0.6080 22174 0.4506 -9065 0.4625 -14083
0.6082 19340 0.4734 -13737 0.4844 -14069
0.6094 18897 0.4945 -14525 0.5046 -14087
0.6116 18899 0.5140 -14634 0.5234 -14108
0.6228 19966 0.5322 -13476 0.5411 -14084
0.6255 19822 0.5493 -13844 0.5576 -14076
0.6346 19774 0.5654 -14377 0.5732 -14086
0.6407 20243 0.5805 -13940 0.5878 -14081
0.6595 20687 0.5948 -14166 0.6019 -14084
0.6624 20909 0.6085 -13968 0.6151 -14080
0.6636 20890 0.6212 -14056 0.6274 -14079

https://biointerfaceresearch.com/ 5 of 18


https://doi.org/10.33263/BRIAC133.276
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC133.276

Mole dropped Heateffect Partial enthalpy Integralenthalp;;{
iy (mmol) Q) X BHy@molY) | xy  mix .1()J'm°'
0.6646 20594 0.6332 -14549 0.6390 -14094
0.6774 21058 0.6446 -14449 0.6502 -14105

Section D; starting amount : n(Bi) = 5.3367mmol ; n(Sn) = 1.8679mmol
0 80.27
0.4573 11714 0.0298 -19920 0.0597 -1113
0.4656 9579 0.0866 -24963 0.1136 -2480
0.4817 5085 0.1384 -34979 0.1632 -4298
0.4879 5520 0.1856 -34222 0.2080 -5903
0.4888 4540 0.2282 -36247 0.2484 -7451
0.5171 -5786 0.2677 -56726 0.2869 -9973
0.5239 -442 0.3045 -46379 0.3221 -11767
0.5359 8589 0.3383 -29506 0.3546 -12619
0.5359 12978 0.3694 -21316 0.3842 -13017
0.5387 20534 0.3977 -7416 0.4113 -12771
0.5413 16140 0.4237 -15719 0.4362 -12896
0.5427 16596 0.4477 -14954 0.4592 -12979
0.5429 17296 0.4698 -13676 0.4804 -13007
0.5431 17283 0.4901 -13712 0.4999 -13033
0.5460 20306 0.5091 -8343 0.5182 -12862
0.5552 18355 0.5268 -12475 0.5354 -12848
0.5555 17064 0.5435 -14818 0.5515 -12916
0.5556 18006 0.5590 -13126 0.5665 -12923
0.5562 17308 0.5735 -14414 0.5805 -12972
0.5680 17633 0.5873 -14491 0.5940 -13020
0.5933 18138 0.6005 -14962 0.6071 -13083
0.6001 18500 0.6133 -14707 0.6196 -13135
0.6139 18896 0.6255 -14753 0.6315 -13185
0.6288 19371 0.6372 -14731 0.6430 -13233
0.6540 20212 0.6486 -14628 0.6542 -13277
Section E; starting amount : n(Bi) = 6.2364 mol ; n(Sn) = 0.7652 mmol
0 39.81
0.3630 6275 0.0635 -24767 0.0430 -578
0.4019 2012 0.1029 -33542 0.0840 -1615
0.4086 2351 0.1394 -45282 0.1219 -2934
0.4247 9834 0.1732 -36618 0.1569 -4624
0.4394 15021 0.2047 -31599 0.1894 -5859
0.4501 18241 0.2342 -18697 0.2200 -6828
0.4555 13331 0.2618 -10028 0.2484 -7261
0.9369 32091 0.3263 -13122 0.2752 -7360
0.5236 22034 0.4260 -15527 0.3566 -7754
0.5310 22177 0.4506 -16177 0.3861 -7641
0.5345 17022 0.4736 -15926 0.4134 -7550
0.5574 17388 0.4950 -16007 0.4386 -7892
0.5579 17544 0.5149 -16028 0.4626 -8247
0.5661 17758 0.5335 -16571 0.4846 -8562
0.5744 18007 0.5509 -17298 0.5053 -8860
0.5771 17775 0.5671 -17227 0.5246 -9139
0.5837 17554 0.5823 -16147 0.5593 -9709
0.5864 17679 0.5965 -15771 0.5750 -9977
0.5866 18318 0.6098 -15827 0.6033 -10376
0.5904 18660 0.6224 -16856 0.6163 -10554
0.5960 18801 0.6344 -16615 0.6403 -10941
0.5979 18248 0.6464 -15724 0.6524 -11101
Section F; starting amount : n(Bi) = 4.5965mmol ; n(Ni) = 1.1591mmol
0 -1149
0.3484 -7961 0.0285 -57832 0.0571 -4384
0.3957 -13390 0.0858 -68816 0.114 -8306
5
0.4024 4451 0.1403 -23915 0.166 -9216
1
0.4065 12981 0.1893 -3043 0.2125 -8873
0.4073 15901 0.2333 4060 0.2541 -8190
0.4130 17498 0.2730 7392 0.2919 -7399
0.4162 19044 0.3092 10782 0.3264 -6513
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Mole dropped Heateffect Partial enthalpy Integralenthalp;;{
iy (mmol) Q) X BHy@molY) | xy  mix .1()J'm°'
0.4467 20824 0.3432 11642 0.3599 -5611
0.4539 22013 0.3753 13517 0.3907 -4692
0.4592 21874 0.4048 12655 0.4189 -3888
0.4669 15190 0.4320 -2444 0.4451 -3823
0.4670 15256 0.4570 -2308 0.4690 -3757
0.4728 15480 0.4801 -2236 0.4912 -3694
0.4757 15743 0.5014 -1886 0.5117 -3621
0.4898 16204 0.5214 -1896 0.5312 -3552
0.4915 16355 0.5402 -1702 0.5492 -3481
0.4961 16450 0.5577 -1821 0.5661 -3419
0.4976 16576 0.5739 -1670 0.5818 -3356
0.5024 16275 0.5891 -2581 0.5965 -3328
0.5163 17415 0.6036 -1250 0.6106 -3256
0.5232 17783 0.6173 -987 0.623 -3178

9
0.5249 17598 0.6302 -1449 0.6364 -3121
0.5289 14573 0.6423 -7425 0.6481 -3260
0.5391 17770 0.6538 -2015 0.6594 -3220
0.5420 18276 0.6647 -1255 0.6700 -3159
Section G; starting amount : n(Bi) 3.3582mmol ; n(Ni) = 1.0769mmol

0 -1268
0.1931 -3912 0.0209 -55234 0.0417 -3520
0.2195 -14799 0.0634 -102399 0.0851 -7997
0.2330 -8258 0.1061 -70419 0.1271 -10860
0.2452 794 0.1472 -31741 0.1673 -11821
0.2490 6105 0.1859 -10464 0.2045 -11761
0.2618 9717 0.2223 2134 0.2401 -11137
0.2686 10940 0.2569 5743 0.2736 -10395
0.2737 11757 0.2892 7972 0.3048 -9607
0.2755 12455 0.3191 10231 0.3335 -8785
0.2843 13608 0.3472 12893 0.3608 -7897
0.2849 13348 0.3734 11877 0.3860 -7117
0.2853 14345 0.3977 15297 0.4094 -6266
0.2957 14476 0.4206 13977 0.4317 -5499
0.3080 14617 0.4425 12483 0.4533 -4816
0.3089 10014 0.4633 -2563 0.4734 -4734
0.3197 10336 0.4830 -2648 0.4926 -4657
0.3398 10964 0.5021 -2710 0.5116 -4584
0.3410 11280 0.5205 -1896 0.5293 -4487
0.3428 11141 0.5376 -2481 0.5458 -4417
0.3644 12131 0.5540 -1690 0.5622 -4319
0.3678 12329 0.5698 -1459 0.5775 -4218
0.3716 12232 0.5847 -2061 0.5919 -4145
0.3741 12392 0.5987 -1850 0.6055 -4068
0.3782 12813 0.6119 -1099 0.6184 -3972
0.3788 12671 0.6244 -1526 0.6304 -3894

Section H; starting amount : n(Bi) = 3.8149mmol ; n(Ni) = 1.6367mmol

0 -1365
0.3025 -11616 0.0263 -73375 0.0526 -5151
0.3317 -22107 0.0784 -101632 0.1042 -10409
0.3444 -15165 0.1282 -79010 0.1522 -14083
0.3476 634 0.1739 -48660 0.1957 -15770
0.3585 9561 0.2159 -14152 0.2361 -15690
0.3621 13450 0.2545 2168 0.2730 -13906
0.3709 15824 0.2901 7691 0.3072 -12889
0.4025 18406 0.3241 10748 0.3409 -11738
0.4120 19439 0.3566 12207 0.3722 -10602
0.4200 20829 0.3867 14619 0.4012 -9439
0.4295 21511 0.4147 15108 0.4281 -8333
0.4393 22953 0.4407 17276 0.4533 -7205
0.4455 22829 0.4650 16266 0.4767 -6201
0.4629 21266 0.4878 10959 0.4990 -5471
0.4694 15048 0.5093 -2922 0.5197 -5366
0.4864 15851 0.5296 -2387 0.5394 -5243
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Mole dropped Heateffect Partial enthalpy Integralenthalp;;{
iy (mmol) Q) X BHy@molY) | xy  mix .1()J'm°'
0.4940 16105 0.5487 -2379 0.5579 -5129
0.4949 16256 0.5664 -2129 0.5749 -5013
0.5051 16554 0.5830 -2202 0.5910 -4906
0.5120 16823 0.5986 -2123 0.6062 -4803
0.5174 17157 0.6133 -1815 0.6204 -4696
0.5347 17730 0.6272 -1820 0.6340 -4593
0.5347 17922 0.6403 -1461 0.6467 -4484
0.5388 18042 0.6526 -1496 0.6586 -4383
0.5405 18100 0.6642 -1492 0.6698 -4288

x*Average value before and after each drop.
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Figure 2. Integral molar enthalpies of mixing at 1000°C in the Bi-Ni-Sn liquid alloys along sections
investigated by dropping nickel to BixSni.x. (Standard states: pure liquid metals).

Table 3. The coordinate values of kink according to investigated section.

Section B C D E
XNi(Kink) 0,47 0,43 0,38 0,25
AmixH (kink) -17000 -14300 -13000 -6730

The curves representing the partial enthalpies show complex shapes, and to obtain a
more visible and clear graph, we give here only the example of three isopleths (Figure 3). The
kink observed in Ap;xH = f(xni) curves (Figure 2) are in agreement with the jump of AHy,
values at the same composition of nickel. This trend could be due to the appearance of the solid
phase of nickel. From this biphasic domain (solid-liquid), the partial values remain almost
constant with a value close to -16 kJ/mol (Figures 2 and 3), which would correspond to that of
the enthalpy of fusion of pure Ni. While the absence of the kink in section A clearly shows that
(Bio,34Sno,66)1-xNix alloys are in the liquid state along with the whole experimental range of
composition at 1000°C.

On the other hand, for sections (F, G, and H) investigated by dropping tin to BixNi1x
alloys, the integral enthalpy decreases highly from the first drops of tin to reach a minimum
increase rapidly (Figure 4). From an approximate composition of 40-50 at. % of tin (depending
on the studied section), the integral enthalpy increases linearly and moderately to reach zero
value corresponding to the enthalpy of formation of pure tin. The minimum observed in the
integral enthalpies reaches the values of about -9000 (section F), -12000 (section G), and -
15000 J/ mol (section H). This shows that as the alloys become richer in nickel, the interactions
between the metals increase, and thus the enthalpies become more negative (exothermic).
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Figure 3. Partial molar enthalpies of Ni in the Bi-Ni-Sn liquid alloys at 1000°C along sections investigated by
dropping nickel to BixSni«. (Standard states: pure liquid metals).
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Figure 4. Integral molar enthalpies of mixing in the Bi-Ni-Sn liquid alloys at 1000°C along sections
investigated by dropping tin to BixNii«. (Standard states: pure liquid metals).
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Figure 5. Partial molar enthalpies of Sn in the Bi-Ni-Sn liquid alloys at 1000°C along sections investigated by
dropping tin to BixNii-. (Standard states: pure liquid metals).

Furthermore, the partial enthalpy curves as a function of tin addition show three distinct
parts: the values start to be exothermic in the range composition 0-22 at.% Sn, then become
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endothermic between 22 and 45 at.% Sn to finally take the value zero (Figure 5), indicating an
almost ideal mixing behavior for additions of Sn to the binary Bi—Ni alloys.

The points of intersection between the different sections make it possible to check the
coherence of our calorimetric results.

In fact, two ternary alloys of the same composition obtained either by adding nickel to
a liquid Bi-Sn binary alloy or by adding tin to a liquid Ni-Sn binary alloy must have the same
values of the enthalpy of mixing. The points of intersection between sections A-E and F-H are
illustrated in Figure 6.

Sn

1.0

: \ ; y , , X , 0,0
Bico o1 Fo2Go3zH o4 05 08 07 08 09 10 Ni

Figure 6. Points of intersection (a-0) between investigated sections. The points where the difference is
significant (d-i, k, and I) are inside the area indicated in the triangle.

The differences observed between A,,;xH values at the intersection point a-c, j and m-
0 remain acceptable and do not exceed 433J/mol (Table 4). However, for other points of
intersection, the difference between the measured values is important and can reach the value
of 7500J/mol (Table 4).

Table 4. Values of the enthalpy of mixing at the interaction points (a-0) (see Figure 6).

Intersection Mole fraction ApixH(I/mol) Difference
points — (J/mol)
XNi Xsn Ni (pieces) Sn
a(E.F) 0.185 0.082 -6334 -6149 185
b(E.G) 0.230 0.080 -6825 -7258 433
c(E.H) 0.270 0.073 -6921 -7056 135
d(D.F) 0.160 0.210 -4217 -8929 4712
e(D.G) 0.200 0.200 -5644 -11746 6102
f(D.H) 0.240 0.190 -7321 -14864 7543
g(C.F) 0.140 0.300 -3961 -7289 3328
h(C.G) 0.180 0.285 -5472 -10159 4687
i(C.H) 0.220 0.270 -6851 -13842 6991
j(B.F) 0.112 0.445 -3659 -3850 191
k(B.G) 0.142 0.425 -4489 -5780 1291
1(B.H) 0.180 0.410 -5526 -8953 3427
m(A.F) 0.080 0.610 -2843 -3268 425
n(A.G) 0.105 0.590 -4010 -4193 183
o(A.H) 0.130 0.572 -4740 -5013 273
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The concerned area (d-i, k, and I) is delimited in the Gibbs triangle, as shown in Figure
6. To explain these differences, we supposed firstly that this phenomenon could be due to a
problem of dissolution of the nickel, which has a very high melting point (1455°C). In order to
overcome this problem, we measured the same sections (A-E) for a second time by adding Ni
pellets instead of pieces. The results obtained are collected in Table 5.

Table 5. Integral enthalpies of mixing in the liquid Bi-Ni-Sn alloys by adding Ni pellets to BixSn;.x alloys at

1000°C.
Section A Section B Section C Section D Section E
XNi Amixl-ll XNi Amixl-ll XNi Amixl-ll XNi Amixl-ll XNi Amixl-ll
(J.mol™) (J.mol™) (J.mol™) (J.mol™) (J.mol™)
0 94.07 0 105 0 94.56 0 80.27 0 39.81
0.0471 -1735 0.0447 -1400 0.0392 -871 0.0388 -760 0.0493 -1444
0.0912 -3389 0.0865 -2934 0.0755 -1555 0.0760 -1547 0.0985 -3562
0.1342 -4915 0.1253 -4500 0.1100 -3724 0.1157 -4691 0.1435 -5464
0.1728 -6567 0.1611 -6384 0.1461 -5638 0.1532 -7532 0.1858 -6391
0.2099 -7597 0.1979 -8341 0.1800 -7702 0.1896 -9596 0.2254 -6721
0.2430 -8553 0.2317 -10265 0.2114 -10025 0.2266 -12737 0.2622 -6727
0.2751 -9348 0.2630 -12254 0.2413 -12201 0.2753 -15008 0.2960 -7248

For comparison, Figure 7 shows the results obtained by adding Ni pellets and those
obtained by adding Ni pieces.
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Figure 7. Integral molar enthalpies of mixing at 1000°C in liquid Bi-Ni-Sn alloys by adding Ni (pieces and
pellets) to the BixNiix alloys. Standard states: pure liquid metals.

As it can be seen from Figure 7 and Table 5, the results obtained for both the Ni pieces
and the Ni pellets are very similar for sections A and E, which are situated outside the area
delimited in the Gibbs triangle (Figure 6). The results for sections B, C, and D show that the
enthalpies obtained by adding nickel pellets are more exothermic than those obtained by adding
Ni pieces. More probably, the fact that using the nickel pellets has increased its dissolution
within the mixture, and thus the enthalpy of mixing becomes more negative. The results
obtained for the nickel in pellet led to a clear improvement of the enthalpies at the intersection
points. However, as can be seen from Table 6, some differences still appear significant. This
difference could probably be explained by the possibility of a miscibility gap in the Bi-Ni-Sn
liquid phase (See the area delimited in the triangle of Figure 6). It is important to note that this
behavior has been reported in the Bi-Ni binary system by Vassilev et al. [23] and in Bi-Ni-Sn
ternary system by Milcheva et al. [42], studying activity coefficients and using the isopiestic
method.

Table 6.Values of the enthalpy of mixing at the intersection points (a-o0) obtained by nickel pellets addition and
by tin addition.

Difference Difference
Intersection AmixH (J/mol) (I/mol) (I/mol)

points Ni pellets *Ni pieces Sn (Ni pellets (Ni pieces

addition addition addition Addition) Addition)
a(E.F) -5708 -6334 -6149 441 185
b(E.G) -7051 -6825 -7258 207 433
c(E.H) 7303 -6921 7056 247 135
d(D.F) -7991 -4217 -8929 938 4712
e(D.G) -10754 -5644 -11746 992 6102
f(D.H) -13389 -7321 -14864 1475 7543
g(C.F) -5406 -3061 7289 1883 3328
h(C.G) -7774 -5472 -10159 2385 4687
i(C.H) -10594 -6851 -13842 3248 6991
i(B.F) -4035 -3659 -3850 185 191
k(B.G) -5550 -4489 5780 230 1291
I(B.H) 7389 -5526 -8953 1564 3427
m(A.F) -2966 -2843 -3268 302 425
n(A.G) -3730 -4010 -4193 463 183
o(A.H) -4791 -4740 -5013 222 273

* The values of nickel pieces are added in table for comparison.

The experimental results for ternary Bi-Ni-Sn alloys have been represented by the
Redlich-Kister-Muggianu polynomial [43].
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The experimental ternary interaction parameters are presented in Table 7.

Table 7. Binary and ternary interaction parameters in the liquid Bi-Ni-Sn system.

Interaction T (°C) 0,0, J/mol Reference
parameter
() 0 442
Lpi sn 400 1 -298 [33]
1 -4792
1000-1300
1) 2 -5916 [26]
3 3135
© 0 -76856
Lyi-sn 1000 1 -36997 [36]
@ 0 -454367
« .
Mg’ viisn 1000 1 -556282 This work
2 324872

Figures 8 and 9 show an iso-enthalpy plot and tridimensional surface of integral
enthalpy values for ternary Bi-Ni-Sn liquid alloys. The values are generally negative, with a
minimum of about -20 kJ/mol.

The second part of this work concerns the estimation of the integral enthalpy of mixing
using geometrical models.

0,00, 1,00 —80

1,00
Bi o0 0,25 0.50 0,75

———— 0,00

: LN

Figure 8. Iso-enthalpy curves (kJ/mol) of the ternary Bi-Ni-Sn system at 1000°C, standard states: pure liquid
metals.

I -0
I <o
I <-4
<8
1=-12
o.ac oao o.ra <-16
x(Sn) B <-20

Figure 9. 3D surface representation of the enthalpy of mixing of liquid Bi-Ni-Sn alloys at 1000°C; standard
state: pure liquid components.
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5.2. Extrapolated models.

Figure 10 shows the calculated enthalpy versus nickel composition for sections A-E
using the models of Kohler, Toop, and Chou and the experimental values for comparison.
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Figure 10. Experimental and calculated integral enthalpy of mixing A,,,;,H = f (xx;)in liquid Bi-Ni-Sn at
1000°C.

The analysis of the results shows that the experimental values are more exothermic than
estimated ones, with the exception of the Sn-rich section (A), where the two results are very
similar. In addition, it is important to note that the more the section is rich in bismuth more
important the difference between the experimental and calculated results (from section B to
section D). In the case of section E, the difference is less significant compared to sections B-
D. Moreover, as we have already suggested, sections A and E alloys are located outside the
area delimited in Figure 6 of the Gibbs triangle (zone assumed to contain an immiscible liquid
phase).
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Figure 11 represents the calculated mixing enthalpy as a function of tin compositions
along sections F-H and using the same theoretical models. It can be seen that for alloys
containing more than 45 at.% Sn, the experimental and estimated results are in good agreement.
This composition domain is located outside the zone indicated in the triangle of Figure 6.
Nevertheless, for alloys with less than 45 at. % Sn, the difference becomes very important.
Indeed, in this range of compositions (0-45 at.% Sn), the presence of the "well of enthalpy” in
experimental values could probably confirm a possible existence of a miscibility gap. The
measured enthalpies, in this case, are very different from those calculated.
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Figure 11. Experimental and calculated integral enthalpy of mixing A,,;xH = f (xs,) in liquid Bi-Ni-Sn at
1000°C.

6. Conclusions

In the present paper, the partial and integral enthalpies of liquid ternary Bi-Ni-Sn alloys
were measured at 1000°C by adding nickel to Bi, Sn, _, and tin toBi, Ni, _,.. Indeed, the integral
enthalpy of mixing has been estimated using Kohler as a symmetric model, Toop as an
asymmetric model, and Chou as a general solution model. All measured and calculated values
are exothermic over the explored domain. However, a difference between the measured and
estimated values has been reported. This difference becomes very remarkable in a limited
region of the Gibbs triangle. As has already been reported in certain previous works, this region
could probably correspond to a zone of liquid immiscibility. Further work remains essential to
confirm this conclusion.
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