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Table 1 Calculated results of regular solution model and experimental data of activity of Pb-Sb alloy at 905 K

XPb VPb,exp VPb,cal App,exp Apb,cal VSb,exp Vsb,cal Asp,exp asp,cal
0.1 0.817 0.817 0.082 0.082 0.998 0.998 0.898 0.898
0.2 0.852 0.852 0.170 0.171 0.990 0.990 0.792 0.792
0.3 0.885 0.885 0.266 0.266 0.978 0.978 0.685 0.685
0.4 0.914 0.914 0.366 0.366 0.961 0.961 0.577 0.577
0.5 0.939 0.940 0.470 0.470 0.939 0.940 0.470 0.470
0.6 0.961 0.961 0.578 0.577 0914 0.914 0.366 0.366
0.7 0.978 0.978 0.685 0.685 0.885 0.885 0.266 0.266
0.8 0.990 0.990 0.792 0.792 0.852 0.852 0.170 0.171
0.9 0.998 0.998 0.898 0.898 0.817 0.817 0.082 0.082

&2 1050 K A GG B IE VAR A TR S S il

Table 2 Calculated results of regular solution model and experimental data of activity of Pb-Sn alloy at 1050 K
XPb VPb,exp VPb,cal App,exp Apb,cal VSn,exp VSn,cal Asn.exp Asn,cal
0.1 2.043 2.554 0.204 0.255 1.004 1.012 0.904 0.910
0.2 1.899 2.098 0.380 0.420 1.017 1.047 0.814 0.838
0.3 1.764 1.763 0.529 0.529 1.042 1.110 0.729 0.777
0.4 1.641 1.517 0.656 0.607 1.084 1.204 0.650 0.722
0.5 1.514 1.336 0.757 0.668 1.156 1.336 0.578 0.668
0.6 1.382 1.204 0.829 0.722 1.293 1.517 0.517 0.607
0.7 1.246 1.110 0.872 0.777 1.571 1.763 0.471 0.529
0.8 1.124 1.047 0.899 0.838 2.151 2.098 0.430 0.420
0.9 1.035 1.012 0.932 0.910 3.458 2.554 0.346 0.255

T3 700 K NEYBA & I B LR OB R T U S S

Table 3 Calculated results of regular solution model and experimental data of activity of Pb-Bi alloy at 700 K
Xpb VPb,exp VPb,cal Apb,exp App,cal VBi,exp VBi,cal ABiexp Agi cal
0.1 0.518 0.518 0.052 0.052 0.994 0.992 0.895 0.893
0.2 0.582 0.595 0.116 0.119 0.974 0.968 0.779 0.774
0.3 0.654 0.672 0.196 0.202 0.937 0.930 0.656 0.651
0.4 0.730 0.747 0.292 0.299 0.882 0.878 0.529 0.527
0.5 0.809 0.816 0.405 0.408 0.812 0.816 0.406 0.408
0.6 0.879 0.878 0.527 0.527 0.773 0.747 0.309 0.299
0.7 0.939 0.930 0.657 0.651 0.649 0.672 0.195 0.202
0.8 0.978 0.968 0.782 0.774 0.574 0.595 0.115 0.119
0.9 0.996 0.992 0.896 0.893 0.518 0.518 0.052 0.052
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Table 4 Calculated results of regular solution model and experimental data of activity of Pb-Ag alloy at 1273 K
Xpb VPb,exp VPb,cal Apb,exp App,cal VAgexp VAg,cal AAg,exp AAg cal
0.1 1.337 1.508 0.134 0.151 0.985 1.005 0.887 0.905
0.2 1.389 1.384 0.278 0.277 0.984 1.021 0.787 0.816
0.3 1.358 1.282 0.407 0.385 0.992 1.047 0.694 0.733
0.4 1.281 1.200 0.512 0.480 1.025 1.085 0.615 0.651
0.5 1.190 1.135 0.595 0.568 1.089 1.135 0.545 0.568
0.6 1.146 1.085 0.688 0.651 1.139 1.200 0.456 0.480
0.7 1.088 1.047 0.762 0.733 1.257 1.282 0.377 0.385
0.8 1.039 1.021 0.831 0.816 1.443 1.384 0.289 0.277
0.9 1.010 1.005 0.909 0.905 1.696 1.508 0.170 0.151

S 1473 K MY G eb B R R R A S SR A

Table 5 Calculated results of regular solution model and experimental data of activity of Pb-Cu alloy at 1473 K
XPb VPb,exp VPb,cal App,exp App,cal YCu,exp YCu,cal ACuexp Acu,cal
0.1 4.166 3.926 0417 0.393 1.013 1.017 0.912 0.915
0.2 3.148 2.947 0.630 0.589 1.065 1.070 0.852 0.856
0.3 2.278 2.287 0.683 0.686 1.188 1.164 0.832 0.815
0.4 1.772 1.836 0.709 0.734 1.359 1.310 0.815 0.786
0.5 1.472 1.525 0.736 0.763 1.581 1.525 0.791 0.763
0.6 1.273 1.310 0.764 0.786 1.883 1.836 0.753 0.735
0.7 1.143 1.164 0.800 0.815 2.304 2.287 0.691 0.686
0.8 1.060 1.070 0.848 0.856 2.884 2.946 0.577 0.589
0.9 1.015 1.017 0914 0.915 3.702 3.926 0.370 0.393

R 6 905 K FHYEH G Bl BE L IE RV MRS A T S0 5 S

Table 6 Calculated results of sub-regular solution model and experimental data of activity of Pb-Sb alloy at 905 K
XPb VPb,exp VPb,cal App,exp Apb,cal VSb,exp Vsb,cal Asp,exp asp,cal
0.1 0.817 0.819 0.082 0.082 0.998 0.998 0.898 0.898
0.2 0.852 0.855 0.170 0.171 0.990 0.990 0.792 0.792
0.3 0.885 0.887 0.266 0.266 0.978 0.978 0.685 0.685
0.4 0.914 0.916 0.366 0.366 0.961 0.962 0.577 0.577
0.5 0.939 0.941 0.470 0.471 0.939 0.941 0.471 0.471
0.6 0.961 0.962 0.577 0.577 0914 0.916 0.366 0.367
0.7 0.978 0.979 0.685 0.685 0.885 0.888 0.266 0.267
0.8 0.990 0.990 0.792 0.792 0.852 0.857 0.170 0.171
0.9 0.998 0.998 0.898 0.898 0.817 0.823 0.082 0.082
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Table 7 Calculated results of sub-regular solution model and experimental data of activity of Pb-Sn alloy at 1050 K

Xpb VPb,exp VPb,cal Apb,exp App,cal VSn,exp VSn,cal Asn.exp Agn,cal
0.1 2.043 1.834 0.204 0.183 1.004 1.008 0.904 0.907
0.2 1.899 1.732 0.380 0.347 1.017 1.035 0.814 0.828
0.3 1.764 1.607 0.529 0.482 1.042 1.091 0.729 0.764
0.4 1.641 1.474 0.656 0.590 1.084 1.188 0.650 0.713
0.5 1.514 1.346 0.757 0.673 1.156 1.346 0.578 0.673
0.6 1.382 1.231 0.829 0.739 1.293 1.596 0.517 0.638
0.7 1.246 1.135 0.872 0.795 1.571 1.994 0.471 0.598
0.8 1.124 1.063 0.899 0.850 2.151 2.642 0.430 0.528
0.9 1.035 1.016 0.932 0915 3.458 3.738 0.346 0.374

F8 700 K AT U6 G G M AR B 5 550018

Table 8 Calculated results of sub-regular solution model and experimental data of activity of Pb-Bi alloy at 700 K
XPb VPb,exp VPb,cal App,exp Apb,cal VBiexp VBi,cal ABiexp agical
0.1 0.518 0.536 0.052 0.054 0.994 0.992 0.895 0.893
0.2 0.582 0.604 0.116 0.121 0.974 0.969 0.779 0.775
0.3 0.654 0.674 0.196 0.202 0.937 0.930 0.656 0.651
0.4 0.730 0.744 0.292 0.298 0.882 0.877 0.529 0.526
0.5 0.809 0.811 0.405 0.405 0.812 0.811 0.406 0.405
0.6 0.879 0.872 0.527 0.523 0.773 0.734 0.309 0.294
0.7 0.939 0.924 0.657 0.647 0.649 0.651 0.195 0.195
0.8 0.978 0.965 0.782 0.772 0.574 0.565 0.115 0.113
0.9 0.996 0.991 0.896 0.892 0.518 0.478 0.052 0.048

RO 1273 K A T HVER G i B IR RV R A 1 555 SE (i

Table 9 Calculated results of sub-regular solution model and experimental data of activity of Pb-Ag alloy at 1273 K
XPb VPb,exp VPb,cal App,exp Qpp,cal VAg.exp VAg,cal AAg,exp AAg,cal
0.1 1.377 1.228 0.138 0.123 0.985 1.003 0.887 0.902
0.2 1.389 1.226 0.278 0.245 0.984 1.013 0.787 0.810
0.3 1.358 1.207 0.407 0.362 0.992 1.035 0.694 0.725
0.4 1.281 1.176 0.512 0.470 1.025 1.075 0.615 0.645
0.5 1.190 1.137 0.595 0.569 1.089 1.137 0.545 0.569
0.6 1.146 1.097 0.688 0.658 1.139 1.232 0.456 0.493
0.7 1.088 1.060 0.762 0.7419 1.257 1.372 0.377 0.412
0.8 1.039 1.029 0.831 0.823 1.443 1.577 0.289 0.315
0.9 1.010 1.008 0.909 0.907 1.696 1.876 0.170 0.188
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Table 10 Calculated results of sub-regular solution model and experimental data of activity of Pb-Cu alloy at 1473 K
XPb VPb,exp VPb,cal App,exp App,cal YCu,exp YCu,cal ACu,exp Acu,cal
0.1 4.166 4.152 0.417 0.415 1.013 1.018 0.912 0.916
0.2 3.148 3.043 0.630 0.609 1.065 1.072 0.852 0.858
0.3 2.278 2.323 0.683 0.697 1.188 1.167 0.832 0.817
0.4 1.772 1.845 0.709 0.738 1.359 1.313 0.815 0.788
0.5 1.472 1.523 0.736 0.761 1.581 1.523 0.791 0.761
0.6 1.273 1.305 0.764 0.783 1.883 1.820 0.753 0.728
0.7 1.143 1.160 0.800 0.812 2.304 2.239 0.691 0.672
0.8 1.060 1.067 0.848 0.854 2.884 2.831 0.579 0.566
0.9 1.015 1.016 0914 0.915 3.702 3.675 0.370 0.368
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Table 11 Required parameters for calculation of coordination number

i

AH,,/(kJ-mol ™)

V,,/(cm*mol ™)

7,/(10%cm)

Pl (10 8cm)

Pb 4.81 19.4[1+1.24 X 10™4(1-600)] 2.76 3.26
Sb 39.70 18.8[1+1.30 X 10™*(7-904)] 2.58 3.26
Sn 7.07 17.0[1+0.87 X 10™*(7-505)] 2.68 3.14
Bi 10.88 20.8[1+1.17 X 10~4(7-544)] 2.78 3.34
Ag 11.09 11.6[1+0.98 X 1074(T-1234)] 2.34 2.82
Cu 13.00 7.94[1+1.00 X 10"4(7-1356)] 2.06 2.50
R 12 CIRMERE R EOET RIS Z, BSH
Table 12 Parameters of Z and B obtained by infinite dilute activity coefficient method
i T/K yi i Zi Z By Bj;
Pb-Sb 905 0.779 0.779 10.29 8.74 0.5908 1.6236
Pb-Sn 1050 2.195 6.816 9.61 8.82 0.5198 1.2204
Pb-Bi 700 0.467 0.496 10.13 7.07 0.5036 1.6659
Pb-Ag 1273 0.994 2.031 9.55 11.19 0.475 1.5474
Pb-Cu 1473 4.872 5.271 8.90 10.61 0.7657 0.8678
13 905 K 56F N HYEE G Gif B 70 7 A ELAE P AR AU Y o 50 5 S 004
Table 13  Calculated results of MIVM and experimental data of activity of Pb-Sb alloy at 905 K
Xpb VPb,exp VPb,cal Apb,exp apb,cal VSb.exp VSb,cal Asb,exp asp,cal
0.1 0.817 0.812 0.082 0.081 0.998 0.998 0.898 0.898
0.2 0.852 0.845 0.170 0.169 0.990 0.991 0.792 0.793
0.3 0.885 0.877 0.266 0.263 0.978 0.979 0.685 0.685
0.4 0.914 0.907 0.366 0.363 0.961 0.961 0.577 0.577
0.5 0.939 0.935 0.470 0.467 0.939 0.938 0.470 0.469
0.6 0.961 0.958 0.577 0.575 0914 0.910 0.366 0.364
0.7 0.978 0.977 0.685 0.684 0.885 0.877 0.266 0.263
0.8 0.990 0.991 0.792 0.793 0.852 0.824 0.170 0.165
0.9 0.998 0.998 0.898 0.898 0.817 0.808 0.082 0.081
14 1050 K K AF R 8 & eid BT AR ELAT A RIS TS B 5 S a0 8
Table 14 Calculated results of MIVM and experimental data of activity of Pb-Sn alloy at 1050 K
Xpb VPb,exp VPb,cal Apb,exp App,cal VSn,exp Vsn,cal Agn,exp Agn,cal
0.1 2.043 2.084 0.204 0.208 1.004 1.003 0.904 0.903
0.2 1.899 1.956 0.380 0.391 1.017 1.014 0.814 0.812
0.3 1.764 1.816 0.529 0.545 1.042 1.040 0.729 0.728
0.4 1.641 1.668 0.656 0.667 1.084 1.090 0.650 0.654
0.5 1.514 1.517 0.757 0.758 1.156 1.178 0.578 0.589
0.6 1.382 1.370 0.829 0.822 1.293 1.336 0.517 0.534
0.7 1.246 1.234 0.872 0.864 1.571 1.624 0.471 0.487
0.8 1.124 1.119 0.899 0.895 2.151 2.189 0.430 0.438
0.9 1.035 1.035 0.932 0.931 3.458 3.441 0.346 0.344
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Table 15  Calculated results of MIVM and experimental data of activity of Pb-Bi alloy at 1050 K
Xpb VPb,exp VPb,cal Apb,exp App,cal VBiexp VBi,cal ABiexp agi cal
0.1 0.518 0.529 0.052 0.053 0.994 0.993 0.895 0.894
0.2 0.582 0.597 0.116 0.119 0.974 0.972 0.779 0.778
0.3 0.654 0.669 0.196 0.201 0.937 0.936 0.656 0.655
0.4 0.730 0.743 0.292 0.297 0.882 0.885 0.529 0.531
0.5 0.809 0.815 0.405 0.408 0.812 0.820 0.406 0.410
0.6 0.879 0.882 0.527 0.529 0.773 0.744 0.309 0.298
0.7 0.939 0.937 0.657 0.656 0.649 0.665 0.195 0.199
0.8 0.978 0.976 0.782 0.781 0.574 0.589 0.115 0.118
0.9 0.996 0.996 0.896 0.896 0.518 0.527 0.052 0.053

16 1273 K SR N HTRG S0 B 20 740 B A AR AU T 548 5 200 (8

Table 16 Calculated results of MIVM and experimental data of activity of Pb-Ag alloy at 1273 K
Xpb VPb.exp VPb,cal Ap,exp apb,cal VAgexp VAg,cal AAgexp AAg,cal
0.1 1.377 1.027 0.138 0.103 0.985 0.998 0.887 0.899
0.2 1.389 1.058 0.278 0.212 0.984 0.993 0.787 0.795
0.3 1.358 1.084 0.407 0.325 0.992 0.985 0.694 0.690
0.4 1.281 1.103 0.512 0.441 1.025 0.976 0.615 0.586
0.5 1.190 1.111 0.595 0.556 1.089 0.971 0.545 0.485
0.6 1.146 1.106 0.688 0.664 1.139 0.977 0.456 0.391
0.7 1.088 1.086 0.762 0.760 1.257 1.011 0.377 0.303
0.8 1.039 1.055 0.831 0.844 1.443 1.108 0.289 0.222
0.9 1.010 1.019 0.909 0.918 1.696 1.354 0.170 0.135

AT 1473 K FAF R & i BT AR ELA T A RIS v S B 5 S AR 8

Table 17 Calculated results of MIVM and experimental data of activity of Pb-Cu alloy at 1473 K
Xpb VPb,exp VPb,cal Apb,exp App,cal VCu,exp YCu,cal ACu,exp Acy,cal
0.1 4.166 3.504 0.417 0.350 1.013 1.017 0.912 0.915
0.2 3.148 2.685 0.630 0.537 1.065 1.066 0.852 0.853
0.3 2.278 2.145 0.683 0.643 1.188 1.149 0.832 0.804
0.4 1.772 1.769 0.709 0.707 1.359 1.247 0.815 0.748
0.5 1.472 1.500 0.736 0.750 1.581 1.458 0.791 0.729
0.6 1.273 1.306 0.764 0.783 1.883 1.728 0.753 0.691
0.7 1.143 1.168 0.800 0.817 2.304 2.127 0.691 0.638
0.8 1.060 1.074 0.848 0.859 2.884 2.735 0.577 0.547
0.9 1.015 1.019 1.015 0.917 3.702 3.693 0.370 0.369
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Table 18 Average relative deviations S and average standard deviations S'of activity of components for Pb-based alloys

calculated using regular solution model

ij T/K Q;/(J-mol ™) +S; +S; +S,/% +8; /%
Pb-Sb 905 —1878.5577 0.0001 0.0002 0.0242 0.0628
Pb-Sn 1050 10106.3999 0.0661 0.0630 9.7525 10.5562
Pb-Bi 700 —4727.1853 0.0047 0.0050 1.1748 1.4694
Pb-Ag 1273 5368.4982 0.0234 0.0249 4.2034 4.8779
Pb-Cu 1473 20678.5544 0.0220 0.0183 2.8571 2.3959
Average value 0.0233 0.0223 3.6024 3.8724

R 19 HEE T ICA T H I LY IE VA VRO Y T i 22
Table 19  Average relative deviations S and average standard deviations S~ of activity of components for Pb-based binary alloys

calculated using sub-regular solution mode

i T/K Q;/(Jmol ™) +S; +S; +8,/% +8; /%
Pb-Sb 905 —1800.0299 0.0006 0.0033 0.1562 0.5269
Pb-Sn 1050 14211.4876 0.0598 0.0785 8.4729 12.6784
Pb-Bi 700 —5401.4777 0.0096 0.0059 2.0890 1.8797
Pb-Ag 1273 8221.1264 0.0273 0.0310 6.4430 6.1428
Pb-Cu 1473 19680.9154 0.0172 0.0185 1.9947 2.0938

Average value 0.0229 0.0274 3.8312 4.6643

20 BT ITAT A S MIVM T 22
Table 20 Average relative deviations S and average standard deviations S~ of activity of components for Pb-based binary alloys

calculated using MIVM

i TIK +S; +S; +8,/% +S; /%
Pb-Sb 905 0.0016 0.0013 0.4356 0.4420
Pb-Sn 1050 0.0084 0.0091 13367 13285
Pb-Bi 700 0.0029 0.0045 1.1184 13103
Pb-Ag 1273 0.0472 0.0472 10.7550 10.6815
Pb-Cu 1473 0.0415 0.0481 4.9523 5.1842

Average value 0.0203 0.0220 3.7196 3.7893

PR F Wilson FIES—PEEETHE T Pb-Cu. Pb-Ag

Al Pb-Sn & 4UTiR L, HPBbsEmZE SR TH 2 HwEETEMNEEENT

TAREAE AR, SRR 70 1A T AR R

RHRA R oo e TR A B A S T Ak Bk B T (S 2
U, MIVM I A A 22 209308 3.7196 A1 3.7893, S 7T E /AR R P I 3 R AR AR 2 2 ik 5
AT IEIERERBE R T W 2, (HR AT T,

PRAEDR 22 Spy B KT IERUABRAER, XFERET N N’

MIVM 7E 51 Pb-Ag A aid M I ZEER, v/ (T.py)=f; (T.p.%) (18)
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Table 21 Evaporation constant and temperature range of

saturated vapor pressure of Pb-based binary alloy

Element Vapor pressure equation/Pa Temperature
range/K

Pb lgp™'= *101307170.9851gT+13.285 601-2022
Sn lgp™=—155007"'+10.355 505-2875
Sb lgp™=—65007""+8.495 9041860
Cu lgpsat:*1752071*1.2llgT+15.33 1083—2570
Bi 1gp*™=—10400T"'~1.261gT+14.47  27-1564
Ag lgp™=—14400T"'-0.851gT+13.82  960.8-2147
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Model prediction of component activity and
vapor liquid equilibrium in lead-based alloy system

GAO Jing-bao" >3, XU Jun-jie"*?, YOU Yan-jun"*?* KONG Ling-xin" >3,
YANG Bin"*? XU Bao-qiang" >, LI Yi-fu">?

(1. National Engineering Laboratory for Vacuum Metallurgy,
Kunming University of Science and Technology, Kunming 650093, China;
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Kunming University of Science and Technology, Kunming 650093, China;
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Clear Utilization in Yunnan Province,

Kunming University of Science and Technology, Kunming 650093, China)

Abstract: the activity of Pb-Sb, Pb-Sn, Pb-Bi, Pb-Ag, Pb-Cu alloys was predicted by the regular solution model, the
sub-regular solution model and the molecular interaction volume model (MIVM).The prediction deviation of the model
was calculated. The results show that the average relative deviation of MIVM is less than 10.7550% and the absolute
deviation is less than 0.0481. The activity of MIVM prediction of the lead based alloy components is reliable. On this
basis, the vapor liquid equilibrium prediction model of binary alloy system was established using MIVM, vacuum
metallurgy and theory of vapor liquid equilibrium. The VLE data of the lead based alloy were calculated by the model,
and the VLE phase diagram (including 7—X—y) and P—X—y) phase diagram) was drawn. Finally, the reliability was tested
by the experimental data of VLE. The results show that the predicted value of the model is in agreement with the
experimental value. The prediction model of the vapor liquid equilibrium of the lead based alloy system established in
this paper is feasible. It provides a reliable model for improvement and process control and optimization of lead based
alloy vacuum distillation equipment.
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