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Calculations of Surface Stresses in Metals Under Mechanical Strains
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Abstract

We calculate the variation of the surface stresses according to uniaxial and biaxial strains in face-centered
cubic (FCC) metals. In our study, three mainly observed free surfaces of seven representative FCC metals are
considered. Employed method is molecular mechanics, in which the interaction of atoms is described by
empirical interatomic potentials. As uniaxial strain increases to tensile direction, the surface stresses on {100}
and {110} free surfaces decrease monotonously, while those on {111} surface increase. These tendencies are
the same regardless of the species of metals and interatomic potentials employed. However, when the system
is under biaxial strain, surface stresses change different according to the surface directions, the species of
metals, and even interatomic potentials. On {100} and {111} surfaces, heavy metals (Pt, Au) show the
opposite variation to light metals (Ni, Cu). In the cases of Pd and Ag, the surface stresses reveal the opposite

tendency, depending on interatomic potentials used.
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Table 1 Averaged surface stresses on three free surfaces

of FCC metals (unit: J/m?

Surface | Al Ni Cu

Pd

Ag

Pt

Au

1.004 (1.739 |1.297
0.744 |1.532 |1.159
1.27% 11.38°

{100} 131°

1.449
1.317
0.94°
2.80¢

0.964
0.831
0.822
2.80¢
1.429

2.060
1.707
2.69°
8.10¢
1.79¢9

1.185
1.008
1.792
456
1.18"
1.54'

0.774 |0.168 |0.796
0.573 |0.687 |0.483
{111} 0.43% |0.86°
0.79°¢

1.538
0.827
0.93°
3.68°

0.873
0.420
0.64°

2.367
1.404
2.86°
5.60°

1.451
0.889
1.512
2.77F

0.803 |0.898 |1.035

{110} 0.532 |1.006 |0.757

1.133
0.829

0.736
0.529

1.565
1.027

0.866
0.606

®Ref.[13], EAM by Foiles, Baskes and Daw
PRef.[14], Effective medium method
‘Ref.[8], TB-SMA by Cleri and Rosato
9Ref.[15], First-Principles calculation
®Ref.[16], First-Principles calculation
fRef.[2], First-Principles calculation

9Ref.[17], Experimental measure
f‘Ref.[lS], Experimental measure
'Ref.[19], Experimental measure
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2 zAow & kol e Al SukA uniaxial strains along the [100] direction (unit:
¢ JIm?)

{100} EW I} {111} FHL Wl 2 g WE Table 2 Surface stresses of (001) surface according to
=~

(isotropic)e] 574 *x yy ave Strain

Al | Ni |[Cu | Pd | Ag | Pt | Au

o] #AE ztevh kel {110} ¥ AR (%)
o] wjd® <la] H)%" (anisotropic) S5 e} 6.0 1.021 |1.832 |1.340 |1.589 |1.035 (2.283 |1.331
W7 w]Fo] 1® mao] =A5# L= 73_%01]_1]:_ - 1530 |1.144 | - - - -

1.020 (1.865 |1.338 [1.569 |1.026 |2.251 [1.309
ave 0.765 |1.540 |1.154 |1.403 |0.854 |1.883 [1.117

{110} 4‘344 e Hy ausy o= 1.019 [1.902 |1.333 |1.548 |1.015 |2.216 |1.286
l(fxx+fy)4 Ao ek Walo] ZA)E 0.763 |1.546 |1.161 [1.397 |0.855 |1.860 |1.102
1.016 |1.863 |1.328 |1.525 |1.004 |2.180 [1.262

fo ¢f % f_ o @A 9t} Table 1] A~

o
3
o

[SIAE T ogdo H}SE Ad -
i] ‘6‘; {1119} Q;:O]W“] RS X’XOE © 30 10760 1,549 |1.165 |1.384 0.853 |1.830 |1.083
o 9= o] AAko) A ko
o E5 MG stel el ARkel A Stel= 5 o |1013[1834 1320 |L501 0.992 [2.141 [1.237
et ~ 10.756 |1.547 |1.166 |1.367 |0.849 |1.795 |1.061
EE 55 3 AR 0Ekd daA s 1o 1009 [L725 1309 1475 0.978 2101 |1211
e ok ol mHUASo] o AAIH ] = ~ |0.751 |1.541 |1.164 |1.345 |0.841 |1.753 |1.036
158 ouet. TBSMA TaAS AL A

0.0

o B- 3L
A -
Axe] wzw, e Z£9 Al NI Cu 0.744 1532 |1.159 |1.317 |0.831 |1.707 |1.008

f

==
h
04
AF 1.004 (1.739 |1.297 |1.448 |0.963 |2.060 |1.185
=
=

0.997 [1.747 |1.282 |1.420 |0.948 |2.017 |1.158

ooy > Ty > Ty o #AF HERAE W, L0 10736 |1.517 |1.150 |1.283 0.817 |1.655 |0.979
A 75 P, Pt AuE fyyn > g > fhig @ o |0-990 1493 11264 1.391 0.931 1973 |1.131
BAS Lheho]. EuMake] ol gmoe gre 0.727 |1.499 |1.139 |1.245 |0.801 |1.598 |0.946
B4 Sl wek 2R E & S S 20 o707 [rare 1123 1203 (072 1538 011
- a0 |0-971 |1.396 |1221 [1329 |0.893 |1.882 |1.075

32 UA=H3 StoA TS0l st 0.705 |1.448 |1.104 |1.156 |0.760 |1.473 (0.874

o] Hox& Alx®lo] HHHIFOZ 5 6%cl 5o (0960 |1.345 11196 |1.296 |0.873 1.834 |1.046
e 9% ¥Y (S, A @1 &) os;47 12-27 11-68 12-62 08-52 17-86 1(;18
S A JS W, H xHSH WEE 39 60 |~ ' [ R A R
th 2 (el " HEWEE As & 0.01%°]
Ao w SF% 0.05%4%-H <17 0.05%7H4 45 W
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-t Aol tial] Wddoe] 1 o r FUteE Fgom FUESE BWHSY gho] FolxH, Pd, Pt,
FE FAsy e Yolx Wk, bE wgor  Aue A$E oy girde @S L‘rEMME‘r.
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Table 3 Surface stresses of (111) surface according to uniaxial
strains along the [110] direction (unit: J/m?)

A4 & &

Table 4 Surface stresses of (110) surface according to uniaxial
strains along the [001] direction (unit: J/m?)

Strain . Strain .
%) Al Ni | Cu Pd | Ag Pt Au %) Al Ni | Cu Pd | Ag Pt Au
6.0 0.787 | - |0.754 [1.714 |0.934 |2.701 |1.693 6.0 1.078 | - |1.858 |1.072 |0.922 (1.204 {0.530
' 0.567 |0.531 |0.357 [0.833 |0.370 |{1.592 |1.023 ' 0.738 |2.153 |1.640 (1.603 [1.109 | - -
50 0.783 | - |0.759 [1.686 [0.924 |2.650 |1.658 50 1.037 | - |1.752 |1.046 |0.879 |1.196 [0.539
' 0.571 |0.560 |0.381 [0.848 |0.384 |1.589 |1.016 ' 0.700 |1.997 |1.523 |1.489 [1.028 |1.515 |0.821
40 0.781 |0.007 |0.765 [1.658 |0.913 |2.597 |1.619 40 0.992 |2.064 |1.638 [1.010 [0.830 [1.180 |0.546
' 0.571 |0.588 |0.403 [0.855 |0.395 |1.570 |1.001 ' 0.658 |1.833 |1.401 |1.364 |0.941 [1.397 |0.760
30 0.778 |0.043 |0.772 [1.628 |0.903 |2.541 |1.579 30 0.945 |1.784 |1.520 |0.967 |0.777 |1.155 |0.550
' 0.572 |0.614 |0.424 |0.845 |0.403 |1.540 |0.979 ' 0.615 |1.665 |1.276 |1.233 |0.852 [1.271 |0.695
20 0.776 |0.084 (0.779 [1.599 |0.893 |2.484 |1.537 20 0.895 |1.510 |1.400 (0.918 |0.721 |1.122 |0.550
' 0.573 |0.640 |0.444 [0.849 |0.410 |1.500 |0.952 ' 0.570 |1.496 |1.150 (1.099 (0.761 [1.143 |0.629
1.0 0.775 |0.111 |0.787 [1.568 |0.883 |2.425 |1.494 10 0.843 |1.249 |1.378 |0.864 |0.663 |1.082 |0.548
' 0.573 |0.664 |0.464 [0.840 |0.416 |1.455 |0.921 ' 0.524 |1.328 |1.025 |0.965 (0.671 [1.014 |0.563
0.0 0.774 10.168 |0.796 [1.538 |0.873 |2.367 |1.451 0.0 0.791 |1.006 |1.159 |0.805 [0.604 [1.036 |0.542
' 0.573 |0.687 |0.483 [0.827 |0.420 |1.404 |0.889 ' 0.478 |1.162 |0.901 |0.834 |0.582 |0.890 |0.498
1.0 0.774 10.209 |0.805 [1.508 |0.864 |2.308 |1.407 1.0 0.738 |0.782 |1.039 |0.744 |0.544 |0.985 |0.534
' 0.572 |0.710 |0.502 [0.812 |0.424 |1.353 |0.856 ' 0.433 |1.000 |0.780 |0.706 [0.495 |0.770 |0.437
20 0.774 10.247 |0.815 [1.479 |0.855 |2.250 |1.365 20 0.685 |0.579 |0.923 |0.681 |0.485 |0.931 |0.523
' 0.572 |0.733 |0.521 [0.795 |0.427 |{1.301 |0.823 ' 0.388 |0.842 |0.663 |0.584 [0.411 |0.657 |0.379
3.0 0.775 |0.295 |0.825 [1.450 |0.846 |2.193 |1.323 30 0.632 |0.396 |0.810 |0.617 |0.426 |0.874 |0.510
' 0.571 |0.755 |0.539 [0.779 |0.430 |1.251 |0.790 ' 0.344 |0.690 |0.549 |0.469 (0.331 |0.552 |0.325
40 0.777 |0.345 |0.836 [1.422 |0.838 |2.137 |1.282 40 0.580 |0.234 |0.701 |0.553 |0.369 |0.816 |0.495
' 0.571 |0.778 |0.558 [0.763 |0.432 |1.203 |0.760 ' 0.301 |0.545 |0.440 |0.361 |0.255 |0.456 |0.275
5.0 0.779 |0.396 |0.848 [1.394 |0.831 |2.083 |1.242 5.0 0529 | - 0.596 |0.490 (0.314 |0.757 |0.479
' 0.570 |0.800 |0.577 [0.748 |0.435 |1.158 |0.731 ' - - - - - - -
6.0 0.782 |0.390 (0.861 [1.367 |0.823 |{2.030 |1.203 6.0 0.479 | - 0.495 |0.429 |0.260 |0.698 |0.462
' 0.572 |0.831 |0.604 [0.743 |0.445 |1.123 |0.707 ' 0.223 |0.283 |0.246 |0.176 (0.122 |0.294 |0.193
TS EUSY o] A& WMol sl T 24 TWY S FobAh [001] FFOR
ztol & Holx| ZAY (EAM A¥) e8] Wy Hud & 45 WES FAS W, Au o TB-SMA
of Aol we} efzk Fleh= A (TBSMA 2 A9w delxor Eugeo gasin
) & Bk pisd =

32.3 YEHYoIM (110) AHFFEHS
Table 4 ¢} 59| (110) A}-fr3EHo] z}
o [110] Mo e AF MPS Ax S W, ®

o
: B A ARG, 48
3 Table 1 9] Fold @t AAskA Y &
0]
AN
A% WHPo] Fo7l ¥ A9 g3, ¥WH
o Wk (001) EWO A5 FAF FFS 0
oln . =, AT WA Aol Aol
BE F3ol o WHel Qg Wgow FaAs
= EueY ghe vold W, 4% wgow 7

33 OlEHE slofMol E2eiol s
o Aol A A2H)
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o

Ae & 0.01%9] Ao = 9
0.05%7t#] GA| o] WP o R 7tste], 1 Fat
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Table 5 Surface stresses of (110) surface according to uniaxial
strains along the [110] direction (unit: J/m?)
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Table 6 Surface stresses of (001) surface according to biaxial
strains (unit: J/m?)

Strain . Strain .
%) Al Ni | Cu Pd | Ag Pt Au %) Al Ni | Cu Pd | Ag Pt Au
6.0 1.029 |0.534 |1.197 |2.002 [1.173 |2.896 |1.663 50 1.208 {1.194 |1.626 |1.002 |2.417 |1.449
' 0.832 |1.353 [0.984 |1.757 |0.902 |2.555 [1.512 ' - - - - - -
5.0 0.993 [0.517 [1.149 (1.907 |1.121 |2.751 |1.575 4.0 0.971 (1.231 |1.189 |1.593 |0.993 |2.352 (1.402
' 0.789 [1.267 [0.921 (1.586 |0.827 |2.285 [1.356 ' - - - - - - -
40 0.957 |0.408 [1.101 (1.813 |1.069 |2.610 {1.490 3.0 0.977 {1.395 |1.211 |1.558 |0.985 |2.282 (1.350
' 0.747 |1.182 |0.858 [1.419 |0.752 |2.027 |1.207 ' 0.728 |1.359 |1.018 |1.298 |0.767 - -
30 0.921 |0.337 [1.053 [1.721 |1.017 |2.474 |1.409 20 0.985 |1.400 |1.235 [1.521 |0.977 |2.209 |1.296
' 0.705 |1.097 [0.795 [1.258 |0.680 |{1.783 |1.068 ' 0.734 {1.415 |1.064 |1.311 |0.791 |1.792 |1.069
20 0.885 [0.276 [1.005 [1.632 |0.967 |2.342 [1.332 1.0 0.993 [1.622 |1.264 |1.485 |0.969 [2.134 (1.240
' 0.664 [1.013 [0.734 |1.104 |0.610 |{1.558 [0.939 ' 0.739 (1.473 |1.111 |1.316 |0.811 |1.751 [1.039
1.0 0.850 - 0.958 [1.545 |0.918 |2.215 |1.259 0.0 1.004 |1.739 |1.297 |1.449 |0.964 |2.060 |1.185
' 0.625 |0.931 |0.674 [0.960 |0.542 |1.352 |0.822 ' 0.744 |1.532 |1.159 (1.317 |0.831 |1.707 |1.008
0.0 0.816 |0.158 [0.911 (1.461 |0.870 |{2.093 |1.190 10 1.016 |1.855 |1.333 |1.414 |0.960 |1.988 (1.131
' 0.587 |0.850 [0.615 |0.825 |0.478 |1.165 |0.715 ' 0.750 {1.594 |1.210 |1.316 |0.851 |1.663 [0.979
1.0 0.781 |0.100 [0.865 [1.379 |0.823 |{1.977 [1.126 20 1.030 |2.020 |1.375 |1.382 |0.958 |1.918 |1.079
' 0.550 |0.772 |0.557 |0.701 |0.416 |{0.997 |0.619 ' 0.757 [1.662 |1.264 |1.316 |0.872 |1.626 [0.953
20 0.748 - 0.819 [1.301 |0.777 |1.867 |1.065 30 1.046 |2.681 |1.422 |1.352 |0.958 |1.852 |1.029
' 0.514 |0.696 |0.501 [0.587 |0.359 |0.846 |0.534 ' 0.764 |1.734 |1.322 |1.321 |0.895 [1.596 |0.932
30 0.715 - 0.774 |11.226 (0.733 [1.761 |1.008 40 1.064 [2.367 |1.474 |1.326 |0.962 |1.791 (0.982
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40 0.683 |-0.06 [0.729 [1.153 |0.690 |{1.661 [0.955 5.0 1.083 |2.550 {1.532 |{1.304 |0.968 |1.734 -
' 0.447 |0.552 [0.395 [0.390 |0.253 |{0.596 |0.392 ' - - - - - - -
5.0 0.651 |-0.11 [0.685 [1.084 |0.648 |1.567 [0.905
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Table 7 Surface stresses of (111) surface according to Table 8 Surface stresses of (110) surface according to

biaxial strains (unit: J/m?) biaxial strains (unit: J/m?)
SE;Z;” Al | Ni lcu|Pd|Ag | Pt |Au Sg/i;” Al | Ni |cu | Pd|Ag | Pt |Au
5o (0796 | - 0784|1641 0.923 2545 [L572 5o 08833366 1870 | - 1176 - | -
0.524 [0.446 |0.293 |0.591 |0.271 |1.226 |0.814 - - - - - - -
4.0 0.793 |0.012 [0.787 |1.633 |0.916 |{2.539 [1.573 4.0 1.123 |2.838 |1.715 |1.541 |1.103 |1.986 |1.029
0.540 [0.508 [0.341 |0.677 |0.315 |1.337 |0.874 0.853 (2.064 |1.548 |1.886 |1.166 - -
3.0 0.789 [0.043 [0.790 [1.619 |0.908 |2.517 [1.560 3.0 1.047 |2.428 |1.545 |1.455 |1.018 [1.898 |0.991
0.553 [0.563 |0.384 |0.745 |0.352 |1.411 |0.911 0.772 |1.784 |1.339 |1.611 0.998 |1.916 |1.089
o |0-784[0.084 [0.792 |1.508 [0.898 |2.480 1534 o 0967 |L760 1371|1355 0.926 1796 [0.952
0.563 [0.611 [0.422 |0.793 |0.382 |1.446 [0.925 0.690 ({1.510 |1.134 |1.334 |0.833 |1.599 (0.917
1.0 0.779 |0.111 |0.794 |1.571 |0.886 |2.429 [1.497 1.0 0.885 {1.298 |1.199 |1.246 |0.831 |1.683 [0.910
0.570 |0.652 [0.455 |0.820 |0.405 |1.442 |0.916 0.609 (1.249 |0.939 |1.071 |0.675 |1.298 |0.753
0.0 0.774 |0.168 [0.796 (1.538 |0.873 |2.367 |1.451 0.0 0.803 {0.898 |1.035 |1.133 |0.736 |1.565 [0.866
0.573 [0.687 |0.483 |0.827 0.420 |1.404 |0.889 0.532 |1.006 |0.757 |0.829 |0.529 |1.027 |0.606
Lo (0768 (0289 0.797 (1501 0.859 2.296 (1397 Lo |0723 (0557 (0.878 (1020 0.645 (1444 (0.822
0.573 |0.716 [0.507 |0.815 |0.429 |1.342 |0.848 0.460 {0.782 |0.590 |0.614 |0.397 |0.793 [0.480
20 0.762 [0.247 [0.799 (1.460 |0.843 |2.216 |1.339 20 0.646 {0.256 |0.732 |0.910 |0.558 |1.326 (0.778
0.571 |0.739 [0.526 |0.790 |0.431 |1.262 |0.797 0.393 [0.579 |0.438 |0.428 |0.280 |0.599 (0.377
3.0 0.756 [0.295 [0.800 (1.416 |0.826 |2.131 |1.277 30 0.572 {0.008 |0.597 |0.806 |0.477 |1.212 (0.736
0.566 [0.757 |0.541 |0.753 0.428 |1.172 |0.741 0.333 [0.396 |0.301 |0.270 |0.176 |0.444 |0.295
4o 0749 | - 0801|1369 0808 2042 |1.039 4o |0503 |-0.20 0474 |0.708 0402 1105 | -
0.559 [0.769 [0.552 |0.709 |0.420 - - 0.278 {0.234 |0.179 |0.139 |0.087 |0.323 |0.232
5.0 0.743 [0.396 [0.802 |1.320 |0.790 |1.951 - 5.0 0.438 - 0.363 {0.618 [0.334 - -
- 0.777 10.560 - - - - - - - - - - -
6.0 0.736 [0.390 [0.803 |1.270 |0.771 |0.923 |1.119
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