~ INDUSTRIAL MEASUREMENT SYSTEMS

ETEK Enhanced Data Files

In order to improve the usefulness of engineering property data for NVH analysis IMS Inc. has formulated
a specific measurement procedure and analysis routine which combines the effects of pre-load and
temperature. This data format is currently being required by several OE’s and first tier brake
manufactures.

Standard ambient temperature measurements are made in accordance with SAE J2725 at a fixed preload.
Subsequently, the preload dependence of the out-of-plane modulus are measured over the range from
0.5 MPa (5 bar) to 4.0 MPa (40 bar) and the temperature dependence of modulus is measure over the
temperature range from 20°C to 325°C. An Excel macro is then used to generate a complete set of
engineering properties as a function both temperature and preload. Representative results are illustrated
below:

The following enhanced ETEK data Excel files contain average ultrasonic velocity data that were measured
on three samples from a single friction material using the ETEK as a function of load and pressure as
outlined in the SAE specification J2725. Density of the three samples was also measured. Young’s, Shear
Modulus, Poisson’s ratios and elastic constants were calculated using these values.

2 or y-axis

This diagram shown above illustrates the coordinate system used for ETEK measurements and the tensor
notation associated with the velocity measurements in relation to a brake pad. The first value indicates
the direction of the sound propagation and the second number the polarization of the wave. A Vi3
measurement is a compressional measurement thru the thickness of the pad whereas a Vs, is a shear
measurement thru-the-thickness with the polarization in the 2-direction.
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Enhanced Measurement in Tabular Format

IMS Pressure Dependence at @ RT (ambient)

Temp. Pressure Rho V33 <V22;V11>| <V31,V32> V12 V45
°C MPa g/cm? mm/us mm/us mm/us mm/us mm/us
23 0.5 2.42 1.16 2.39 0.94 1.42 0.89
23 1.0 2.42 1.18 2.39 0.94 1.42 0.89
23 1.5 2.42 1.20 2.39 0.95 1.42 0.89
23 2.0 2.42 1.22 2.39 0.95 1.42 0.89
23 2.5 2.42 1.24 2.39 0.96 1.42 0.89
23 3.0 2.42 1.27 2.39 0.96 1.42 0.90
23 3.5 2.42 1.29 2.39 0.97 1.42 0.90
23 4.0 2.42 1.31 2.39 0.97 1.42 0.90
23 4.5 2.42 1.34 2.39 0.98 1.42 0.90
23 5.0 2.42 1.36 2.39 0.98 1.42 0.91
23 5.5 2.42 1.39 2.39 0.99 1.42 0.91

The first table in the enhanced data shows average (of 3 samples) Vi3 and Vs, data measured at ambient
temperature as a function of coupling pressure (0.5-5.5 MPa). The in-plane measurements are not
sensitive to load, thus those values remain the same. The load measurements are provided in the
standard ETEK measurement.

Young's Modulus Shear Modulus Poisson's Ratio Elastic Constants

in-plane |out-plane in-plane |out-plane C11,C22 C33 C44,C55 C66 C12 C13
Ex=Ey Ez=E3 G12 G13=G23 _ _ _
(GPa) (GPa) (GPa) (GPa) v12=v21 v31=v32 [ v23=v13 GPa GPa GPa GPa GPa GPa
11.80 2.69 4.90 2.14 0.20 0.12 0.54 13.78 8528 2.14 4.90 3.97 2.19
11.70 2.73 4.90 2.16 0.19 0.13 0.56 13.78 3.35 2.16 4.90 3.97 2.34
11.59 2.77 4.90 2.17 0.18 0.14 0.59 13.78 3.48 2.17 4.90 3.97 2.49
11.49 2.81 4.90 2.19 0.17 0.15 0.61 13.78 3.60 2.19 4.90 3.97 2.65
11.38 2.86 4.90 2.21 0.16 0.16 0.63 13.78 3.74 2.21 4.90 3.97 2.80
11.27 2.90 4.90 2.24 0.15 0.17 0.65 13.78 3.88 2.24 4.90 3.97 2.96
11.16 2.94 4.90 2.26 0.14 0.18 0.67 13.78 4.03 2.26 4.90 3.97 3.11
11.05 2.98 4.90 2.29 0.13 0.18 0.68 13.78 4.18 2.29 4.90 3.97 3.27
10.94 3.02 4.90 2.32 0.11 0.19 0.70 13.78 4.34 2.32 4.90 3.97 3.42
10.82 3.07 4.90 2.35 0.10 0.20 0.71 13.78 4.51 2.35 4.90 3.97 3.58
10.71 3.11 4.90 2.38 0.09 0.21 0.72 13.78 4.68 2.38 4.90 3.97 3.73

Calculations of Young’s modulus, shear modulus, Poisson’s ration and elastic constants are then made
from these averaged values.
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IMS Temperature Dependence at @ 30 bar (3 MPa)

Temp. Pressure Rho V33 <V22;V11>| <Vv31;Vv32> V12 V45
°c MPa g/lcm3 mm/us mm/us mm/us mm/us mm/us
23 3.00 2.42 1.27 2.39 0.96 1.42 0.90
25 3.00 2.42 1.27 2.39 0.96 1.42 0.90
75 3.00 2.42 1.20 2.29 0.93 1.42 0.88
100 3.00 2.42 1.17 2.25 0.91 1.41 0.87
125 3.00 2.42 1.14 2.21 0.90 1.39 0.86
175 3.00 2.42 1.10 2.13 0.86 1.34 0.83
200 3.00 2.42 1.09 2.10 0.84 1.31 0.81
225 3.00 2.42 1.08 2.07 0.82 1.27 0.79
275 3.00 2.42 1.07 2.01 0.78 1.17 0.73
300 3.00 2.42 1.06 1.99 0.76 1.12 0.71
325 3.00 2.42 1.05 1.97 0.74 1.05 0.67

An elevated temperature measurement (ambient to 325°C in 50°C increments) is then made for the 4
independent modes (Vs3, V32, V22, V21) using a referenced coupling pressure.

Young's Modulus Shear Modulus . . . Elastic Constants
Poisson's Ratio

in-plane  |out-plane in-plane  |out-plane C11,C22 C33 C44,C55 C66 C12 C13
'?é:'g '?é;'zf (g‘;i) G%g;i)zs vi2=v21 | v31=v32 | v23=vi3 | GPa GPa GPa GPa GPa GPa
11.27 2.90 4.90 2.24 0.15 0.17 0.65 13.78 3.88 2.24 4.90 3.97 2.96
11.27 2.90 4.90 2.24 0.15 0.17 0.65 13.82 3.90 2.24 4.90 4.01 2.98
10.98 2.77 4.88 2.09 0.12 0.15 0.59 12.72 3.46 2.09 4.88 2.95 2.33
10.74 2.69 4.81 2.02 0.12 0.14 0.57 12.24 3.29 2.02 4.81 2.61 2.11
10.45 2.60 4.71 1.94 0.11 0.14 0.55 11.79 3.14 1.94 4.71 2.37 1.95
9.72 2.42 4.38 1.79 0.11 0.14 0.56 11.00 2.93 1.79 4.38 2.24 1.84
9.29 2.31 4.16 1.71 0.12 0.14 0.58 10.66 2.86 1.71 4.16 2.33 1.88
8.82 2.21 3.91 1.63 0.13 0.15 0.61 10.35 2.81 1.63 3.91 2.52 1.97
7.73 1.97 3.34 1.47 0.16 0.18 0.70 9.82 2.78 1.47 3.34 3.13 2.29
7.11 1.83 3.02 1.39 0.18 0.19 0.74 9.60 2.80 1.39 3.02 3.55 2.51
6.45 1.70 2.69 1.31 0.20 0.21 0.78 9.40 2.84 1.31 2.69 4.02 2.77

Calculations are then made from these velocities for Young’s modulus, shear modulus, Poisson’s ration
and elastic constants are made from these averaged values.

IMS Temperature Dependence at @ 15 bar (1.5 MPa)

Young'sModulus | Shear Modulus B Elastic Constants
Poisson's Ratio
Temp. Pressure | Rho | Va3 [<vezvib|<vanves]| v Va5 in-plane_Joutplane__|in-plane_Jout-plane C11,c22] 33 | caacss | Os6 | c2 | o3
B MPa gem® | mmis [ mmis | mmis | mms | mmis EeSy || EEE G2 | G18=G23 | 1> 21 | ya1=vaz | va3=vi3 | GPa | GPa GPa GPa | oPa | cPa
GPa) (GPa) GPa) GPa)
23 150 242 | 120 2.39 0.95 182 0.89 11.59 277 4.90 217 018 014 | 059 | 1378 | 348 217 490 | 397 | 249
25 150 242 | 120 239 0.9 142 0.89 11.60 278 4.90 218 0.18 014 | o059 | 138 | 349 218 490 | 401 | 2
75 150 242 | 113 2.29 0.92 142 0.88 11.29 265 4.88 2.03 0.16 012 | o051 | 1272 | 310 2.03 488 | 295 | 188
100 150 242 | 110 225 0.90 141 0.87 11.04 257 481 19 0.15 011 | 048 | 1224 | 294 1% 481 | 261 | 167
125 150 242 | 108 221 0.8 139 0.86 1074 248 471 1.89 0.14 0.11 047 | 1179 | 281 189 471 | 23 | 133
175 150 242 | 104 213 0.85 134 0.82 1000 231 4.38 174 0.14 011 | o047 | 1100 | 262 174 438 | 224 | 145
200 150 24 | 103 2.10 0.83 131 0.80 9.56 221 416 166 0.15 012 | 050 | 1066 | 256 166 416 | 233 | 150
25 150 24 | 102 207 0.81 127 0.78 9.08 211 391 158 0.16 0.13 054 | 1035 | 251 158 391 | 25 | 161
275 150 242 | 101 201 077 117 0.73 7.9 1.89 334 143 0.19 0.15 064 | 98 | 249 143 33 | 313 | 197
300 150 242 | 100 199 0.75 112 0.70 732 177 302 135 021 017 | 069 | 960 | 250 135 302 | 35 | 220
325 150 240 | 0% 197 073 105 0.67 663 163 269 127 0.23 018 | 075 | 940 | 254 127 269 | 402 | 246

The load and temperature data is then curve fit and velocity data is interpolated or extrapolated for
additional loads and temperatures. The table above shows 15 bar (1.5 MPa) for temperatures of
ambient (25°C) to 325°C in 50°C increments. Note the blue highlighted rows indicated interpolated data.
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IMS Temperature Dependence at @ 5 bar (0.5 MPa)

Young's Modulus Shear Modulus Poisson's Ratio Elastic Constants
Tem Pressure Rho V33 <V22;V11> | <V31;V32> Vi2 vas in-plane _|out-plane in-plane__|out-plane C11,C22 C33 C44,C55 C66 C12 C13
Ex=Ey | Ez=E3 Gl2 | G13=G23
RG] MPa glcm?® mm/us mm/us mm/us mm/us mm/ps (GPa) (GPa) (GPa) GPa) |vi12=v21 v31=v32 | v23=v13 GPa GPa GPa GPa GPa GPa
23 0.50 2.42 116 2.39 0.94 142 0.89 11.80 2.69 4.90 214 0.20 0.12 0.54 1378 3.23 2.14 4.90 3.97 219
25 0.50 2.42 116 239 0.94 142 0.89 11.80 270 4.90 214 0.20 0.12 0.54 13.82 3.24 214 4.90 4.01 221
75 0.50 2.42 1.09 2.29 0.91 142 0.88 11.49 2.56 4.88 2.00 0.18 0.10 0.45 1272 2.88 2.00 4.88 2.95 158
100 0.50 2.42 1.06 225 0.89 141 0.87 11.23 248 4.81 193 0.17 0.09 0.42 1224 274 193 4.81 2.61 138
125 0.50 242 1.04 221 0.88 139 0.85 10.92 2.40 471 1.86 0.16 0.09 0.40 1179 2.62 1.86 4.71 2.37 124
175 0.50 242 1.00 213 0.84 134 0.82 10.16 2.23 4.38 171 0.16 0.09 0.40 11.00 2.44 171 4.38 2.24 117
200 0.50 242 0.99 2.10 0.82 131 0.80 9.72 214 4.16 1.63 0.17 0.10 0.43 10.66 2.38 1.63 4.16 2.33 124
225 0.50 242 0.98 207 0.80 127 0.78 9.24 2.05 3.91 1.56 0.18 0.11 0.48 10.35 234 1.56 3.91 2.52 1.36
275 0.50 242 0.98 2.01 0.76 117 0.73 8.11 184 3.34 141 0.21 0.14 0.60 9.82 231 141 3.34 3.13 175
300 0.50 242 0.98 1.99 0.74 112 0.70 7.46 172 3.02 133 0.23 0.15 0.66 9.60 2.33 133 3.02 3.55 L&)
325 0.50 242 0.99 197 0.72 1.05 0.67 6.76 1.60 2.69 1.26 0.25 0.17 0.72 9.40 2.36 1.26 2.69 4.02 2.27

The load and temperature data is then curve fit and velocity data is interpolated or extrapolated for
additional loads and temperatures. The table above shows 5 bar (0.5 MPa) for temperatures of ambient
(25°C) to 325°C in 50°C increments. Note the blue highlighted rows indicated interpolated data.

A table summarizes the results.

Summary Young's Modulus Shear Modulus Poisson's Ratio Elastic Constants
Tem, Pressure Rho V33 <\V22;V11> | <V31;V32> V12 V45 in-plane |out-plane in-plane _|out-plane C11,C22 C33 C44,C55 C66 C12 C13
oc Bar jome | mmis | mmis | mmis | mms | mvs Ex=Ey | EBz"E3 | 612 | G13G23 | 1) ) | y31=va2 | vas=vis [ ePa | oPa GPa cPa | cra | oPa
9 t t (GPa) GPa) GPa) (GPa)
2 5 282 | 116 239 0.94 142 0.89 11.80 269 4% | 214 020 | 012 | os4 | 1378 | 323 214 4% | 397 | 219
2 10 222 | 118 239 0.9 142 0.89 1170 273 490 | 216 019 | 013 | o056 | 1378 | 335 216 490 | 397 | 234
2 15 242 | 120 239 0.95 142 0.89 1159 277 490 | 217 018 | 014 | 059 | 1378 | 348 217 490 | 397 | 249
2 20 222 | 122 239 0.95 142 0.89 1149 281 490 | 219 017 | 015 | o061 | 1378 | 360 219 450 | 397 | 265
2 I3 202 | 124 239 0.9 122 0.89 1138 286 490 | 221 016 | 016 | o063 | 1378 | 374 221 490 | 397 | 280
2 30 282 | 127 239 0.9 142 0.50 1127 2.90 490 | 22 015 | 017 | o065 | 1378 | 388 2.24 450 | 397 | 29
2 35 222 | 129 239 0.97 142 0.0 1116 204 490 | 226 014 | o018 | o067 | 1378 | 403 226 450 | 397 | 3m
2 2 242 | 13t 239 0.97 142 0.90 1105 2.98 490 | 229 013 | 018 | o068 | 1378 | a8 2.29 490 | 397 | 327
2 a5 222 | 13 239 0.98 142 0.50 1094 302 490 | 232 011 | 019 | o070 | 1378 | a3 232 450 | 397 | 34
2 50 222 | 13 239 0.98 142 091 1082 307 490 | 235 010 | 020 | o071 | 1378 | ast 235 490 | 397 | 358
2 55 242 | 139 239 0.99 142 091 1071 311 490 | 238 009 | 021 | o7 | 1378 | aes 238 40 | 397 | 37
2 30 242 | 127 239 0.9 142 0.0 1127 2.90 490 | 224 015 | 017 | o065 | 138 | 3% 2.04 4% | 401 | 298
75 30 222 | 120 229 0.93 142 0.88 1098 277 488 | 209 012 | o015 | 059 | 1272 | 346 200 488 | 295 | 233
125 30 20 | 117 225 091 141 087 1074 269 481 | 20 012 | o014 | o057 | 1224 | 329 200 481 | 261 | 2m1
175 30 202 | 114 221 0.90 139 0.85 1045 260 471 194 011 | 014 | o055 | 179 | 314 194 471 | 237 | 19
25 30 222 | 110 213 0.86 134 083 972 202 438 | 179 011 | 014 | o056 | 1100 | 293 179 438 | 224 | 18
275 30 242 | 109 2.10 0.84 131 0.81 9.29 231 416 | 171 012 | 014 | o058 | 1066 | 286 171 416 | 233 | 188
325 30 242 | 108 207 082 127 079 8.82 221 391 163 013 | o015 | o061 | 1035 | 281 163 391 | 252 | 197

The final table show interpolated data for 20, 100, 200 and 300°C at loads of 5, 15 and 30 bar.

Interpolated/Extrapolated Values

Young's Modulus Shear Modulus Poisson's Ratio Elastic Constants
Tem| Pressure Rho V33 | <V22,V11>| <V31V32> V12 V45 in-plane _|out-plane in-plane _|out-plane C11,C22 C33 C44,C55 C66 C12 C13
Ex=Ey Ez=E3 G12 G13=G23
RG] Bar cm® | mmlj mm/us mm/us mm/us mm/us (GPa) (GPa) GPa) | (GPa) |[v12=v21 |v31=v32| v23=v13 GPa GPa GPa GPa GPa GPa
20 5 242 116 239 0.94 14 0.89 11.80 269 4.90 214 0.20 0.12 0.54 1378 323 214 4.90 3.97 219
20 15 2.42 118 239 0.94 142 0.89 1170 273 4.90 216 0.19 0.13 0.56 13.78 3.35 216 4.90 3.97 234
20 30 242 1.20 239 0.95 14 0.89 11.59 277 4.90 217 0.18 0.14 0.59 13.78 3.48 217 4.90 3.97 249
100 5 2.8 1.06 2.25 0.89 141 0.87 11.23 248 4.81 193 0.17 0.09 0.42 12.24 2.74 193 4.81 2.61 138
100 15 242 110 225 0.90 141 0.87 11.04 257 4.81 1.96 0.15 011 0.48 12.24 2.94 1.96 4.81 2.61 167
100 30 242 117 225 0.91 141 0.87 10.74 2.69 4.81 2.02 0.12 0.14 0.57 12.24 3.29 2.02 4.81 2,61 211
200 5 2.8 0.99 2.10 0.82 131 0.80 9.72 214 4.16 163 0.17 0.10 0.43 10.66 238 163 4.16 2.33 124
200 15 242 1.03 210 0.83 131 0.80 9.56 221 4.16 1.66 0.15 0.12 0.50 10.66 2.56 1.66 4.16 2.33 150
200 30 242 1.09 210 0.84 131 0.81 9.29 231 4.16 171 0.12 0.14 0.58 10.66 2.86 171 4.16 2.33 188
300 5 2.4 0.98 199 0.74 112 0.70 7.46 172 3.02 133 023 0.15 0.66 9.60 2.33 133 3.02 3.55 199
300 15 242 1.00 199 0.75 112 0.70 7.32 177 3.02 135 021 017 0.69 9.60 2.50 135 3.02 3.55 220
300 30 242 1.06 199 0.76 112 071 711 183 3.02 139 0.18 019 0.74 9.60 2.80 139 3.02 3.55 251
4 3
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Enhanced Measurement Data in Graphical Format

The Figures below illustrate the in-plane and out-of-plane Young’s modulus as a function of both
temperature and preload.
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