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Characterization of elastic modulus and yield strength of metals by Knoop hardness
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Abstract; To characterize the elastic modulus and yield strength of metallic materials by Knoop hardness, the
modified Marshall model and Conway model were proposed to characterize the elastic modulus, and the modified
Lockett, Yu, Marsh, Johnson and Vandeperre models were proposed to characterize the yield strength, broadening
the new application of Knoop hardness to the characterization of mechanical properties of metallic materials. Knoop
hardness tests were carried out on 35 metals. The positive indentation size effect of Knoop hardness ( hardness
increases with the decrease in load) was analyzed by Meyer’s law, elastic-plastic deformation (EPD) model, Hays-
Kendall model, and proportional specimen resistance ( PSR) model. It was found that the hardness under large
loads can be approximated to be constant, and can be used to represent true hardness of the material. For the first
time, the influence of pile-up around the short diagonal of Knoop indent was considered to modify Marshall model
and Conway model as follows: the constant parameter « in the original Marshall model was modified as a quadratic
function of b/d (the ratio of the short diagonal to the long diagonal of the residual Knoop imprint) , and a correction
coefficient B linearly increasing with the square of b/d was introduced to Conway model. By comparing the values of
yield strength in the literature and those calculated by original models, a correction coefficient £ was introduced to
modify Lockett, Yu, Marsh, Johnson and Vandeperre models for the calculation of yield strength of metals for the
first time. The results showed that except for Ti6Al4V and Sn, values of elastic modulus obtained from the modified
models were consistent with those from instrumented indentation, with a confidence degree no less than 0. 94.
Similarly, except for spring steel 60Si2Mn, values of yield strength obtained from the modified models were
consistent with those in the literature, with a confidence degree no less than 0. 90.
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Tab.1  Mechanical properties of 35 metals (E, v, o) [21-21 " Knoop hardness H, , long diagonal d, and b/d under maximum load

B P/N d/pm b/d Hy/GPa E/GPa E,/GPa v i/ MPa
Mo 4.900 158.78 0.163 1 2.77 400 320.0 0.320 450.0
W 9.800 173.56 0.173 9 4.62 442 410.0 0.280 750.0
Sn 0.245 202. 60 0.145 6 0.08 28 23.0 0.330 6.8 ~10.0
Al 2.940 184.30 0.1572 1.22 69 69.0 0.330 220.0
Fe 4.900 192.40 0.172 8 1.88 251 217.0 0.300 142.0
DD5 9.800 210. 80 0.148 5 2.14 244 128.0 0.300 —
DD6 9.800 190. 70 0.118 8 3.84 254 227.0 0.300 770.0
DDI1 9.800 195.70 0.1377 3.54 230 130.0 0.300 950.0
GH4169 9.800 197.80 0.1370 3.57 236 219.0 0.298 650.0 ~718.0
FGH96 9.800 203. 80 0.129 0 3.36 238 180.0 0.317 900.0
T2 copper 2.940 204.20 0.181 3 1.01 140 116.0 0.326 75.0
H59 brass 2.940 180.50 0.141 2 1.29 110 98.0 0.360 135.0
H62 brass 2.940 170.70 0.154 0 1.44 129 105.0 0.360 193.0
H68 brass 2.940 179.40 0.152 3 1.30 117 113.0 0.360 270.0
AZ31 0.980 199.40 0.127 0 0.73 49 43.8 0.350 94.0
AZA1 0.980 153.70 0.126 2 0.59 39 — 0.350 184.0
AZ61 0.980 183. 00 0.128 0 0.86 50 41.5 0.350 200.0
20# 4.900 218.70 0.155 2 1.46 259 223.0 0.260 280.0
454 4.900 163.90 0.159 2 2.60 274 210.0 0.260 355.0
8 4.900 177.80 0.1532 2.20 253 203.0 0.260 290.0
TI0 4.900 166.70 0.153 4 2.51 270 200.0~220.0  0.260 319.0
X80 4.900 180. 60 0.1523 2.14 216 206.0 0.300 594.0
3041 4.900 188. 80 0.1472 1.96 220 201.0 0.305 177.0
CLF-1 steel 4.900 188.20 0.160 2 1.97 220 214.0 0.330 492.0
65Mn 4.900 155.90 0.149 6 2.87 243 211.0 0.282 735.0
40Cr 4.900 162. 40 0.156 0 2.64 254 210.0 0.285 320.0
HI3 4.900 178.80 0.149 9 2.18 250 215.0 0.300 430.0
GCrl5 4.900 174. 40 0.162 0 2.29 224 200.0 0.300 353.0
Q235 2.940 147. 60 0.157 1 1.92 260 208.0 0.330 235.0
60Si2Mn 4.900 152.70 0.150 3 2.99 232 206.0 0.290 1 180.0
CrWMn 4.900 164.50 0.158 0 2.58 244 210.0 0.300 —
WI18CHV 4.900 159.20 0.167 1 2.75 247 210.0 0.275 —
OT500 4.900 192.10 0.154 1 1.89 211 151.0 ~160.0  0.270 —
HT150 4.900 181.60 0.1227 2.11 195 116.0 0.250 —
Ti6 A4V 4.900 158.30 0.166 1 2.78 144 110.0 0.340 900.0
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Tab.2  Analysis results of indentation size effect
Meyer EPD Hays-Kendall PSR
ok
Ao/ A/ dy/ Hy o/ A/ ws Hy oy’ A3/ Ay Hy psp/
n
(mN-pm™") (mN+pum~™2) um GPa (mN+-pm~2) mN GPa (mN-pm~™") (mNeum~2) GPa
Mo 0.468 1.83 0.179 8.53 2.54 0.191 175.94 2.71 2.289 0.192 2.73
\4 0.669 1.86 0.313 5.04 4.45 0.332 120.92 4.72 3.403 0.311 4.43
Sn 0.022 1.85 0.009 9.39 0.13 0.010 11.01 0.14 0.192 0.009 0.13
Al 0.121 1.93 0.083 3.23 1.18 0.085 24.54 1.21 0.556 0.083 1.18
Fe 0.174 1.95 0.131 2.84 1.86 0.132 50. 84 1.88 0.769 0.130 1.85
DD5 0.264 1.96 0.216 0.51 3.07 0.213 20.50 3.03 0.229 0.216 3.07
DD6 0.447 1.89 0.253 3.35 3.60 0.265 22.38 3.77 1.781 0.252 3.59
DDI11 0.407 1.91 0.250 3.67 3.55 0.255 110.61 3.63 1.918 0.249 3.54
GH4196 0.368 1.93 0.232 5.34 3.30 0.236 193.62 3.36 2.609 0.231 3.29
FGHO96 0.547 1.86 0.240 8.00 3.42 0.248 272.59 3.53 4.183 0.239 3.40
T2 copper 0.143 1.87 0. 066 7.73 0.93 0.069 61.39 0.99 1.090 0.065 0.93
H59 brass 0.258 1.80 0.079 13.57 1.13 0.087 151.74 1.23 2.409 0.078 1.11
H62 brass 0.322 1.78 0.087 14.37 1.23 0.096 161.70 1.37 2.833 0.085 1.21
H68 brass 0.252 1.80 0.083 9.54 1.19 0.090 89.35 1.28 1.692 0.083 1.18
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(mNepm™)  (mNem?) m GPa  (mNepm?) nN  GPa  (mNepm™') (mNepm?) GPa
AZ31 0.157 1.78 0.043 13.25 0.61 0.048 67.25 0.68 1.240 0.043 0.61
A741 0.148 1.75 0.034 15.13 0.49 0.039 63.57 0.55 1.199 0.034 0.48
AZ61 0.167 1.79 0.052 9.40 0.74 0.058 43.67 0.82 0.948 0.053 0.76
204 0.216 1.86 0.097 6.89 1.38 0.101 77.27 1.44 1.145 0.096 1.37
454 0.291 1.91 0.175 3.36 2.49 0.181 48.02 2.58 1.240 0.175 2.48
T8 0.323 1.86 0.141 8.77 2.01 0.150 160. 81 2.14 2.516 0.142 2.02
T10 0.271 1.92 0.169 4.03 2.40 0.174 71.20 2.48 1.420 0.168 2.40
X80 0.229 1.91 0.145 2.46 2.07 0.149 19.42 2.12 0.750 0.145 2.06
304L 0.280 1.87 0.130 8.02 1.85 0.139 96.81 1.98 2.067 0.131 1.96
CLF-1 steel 0.198 1.93 0.134 2.79 1.91 0.137 27.52 1.95 0.751 0.134 1.91
65Mn 0.262 1.95 0.195 2.69 2.78 0.200 56.46 2.84 1.080 0.195 2.78
40Cr 0.282 1.92 0.176 4.56 2.51 0.183 93.82 2.60 1.500 0.179 2.54
HI13 0.275 1.89 0.141 7.24 2.01 0.147 142.15 2.09 2.241 0.141 2.01
GCrl5 0.198 1.96 0.158 1.67 2.24 0.160 22.28 2.28 0.540 0.158 2.24
Q235 0.275 1.86 0.123 6.80 1.75 0.131 79.58 1.88 1. 800 0.122 1.74
60Si2Mn 0.430 1.85 0.193 6.42 2.74 0.205 112.53 2.92 2.680 0.192 2.73
CrWMn 0.230 1.95 0.177 2.25 2.52 0.180 44.79 2.56 0.488 0.180 2.56
W18CrdV 0.290 1.92 0.185 3.83 2.64 0.191 76.61 2.72 1.480 0.185 2.63
QT350 0.455 1.74 0.099 16. 14 1.41 0.111 206. 06 1.58 3.720 0.097 1.38
HT150 0.579 1.73 0.131 12.32 1.86 0.144 165.83 2.06 3.750 0.128 1.82
Ti6 Al4V 0.200 1.98 0.169 1.87 2.41 0.172 29.11 2.45 0.653 0.169 2.40
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