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Abstract
Disc pad physical properties are believed to be important in controlling brake friction, wear and 
squeal. Thus these properties are carefully measured during and after manufacturing for quality 
assurance. For a given formulation, disc pad porosity is reported to affect friction, wear and squeal. 
This investigation was undertaken to find out how porosity changes affect pad natural frequencies, 
dynamic modulus, hardness and compressibility for a low-copper formulation and a copper-free 
formulation, both without underlayer, without scorching and without noise shims. Pad natural 
frequencies, modulus and hardness all continuously decrease with increasing porosity. When pad 
compressibility is measured by compressing several times as recommended and practiced, the pad 
surface hardness is found to increase while pad natural frequencies and modulus remain essentially 
unchanged. However, there is no consistent pattern in compressibility change with increasing 
porosity, and thus a question arises on the validity of compressibility measurement as an intrinsic 
physical property measurement. Also after 12-months of ageing at room temperature, all the proper-
ties are found to change significantly, but property change trends with increasing porosity remain 
the same except for compressibility. A large number of samples were prepared and measured. The 
results are presented and discussed.
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Introduction

M. Sriwiboon et al. [1] reported that pad hardness and 
natural frequencies continuously decreased with 
increasing pad porosity, but pad compressibility 

showed no consistent trends and no correlation to brake 
squeal. In addition, the authors reported that friction coeffi-
cient, pad wear, disc wear and brake squeal were all influenced 
by pad porosity [2,3]. As many engineers still believe there is 
a close correlation between pad compressibility and brake 
squeal, and many others dispute this belief, this investigation 
was undertaken to generate additional data using a large 
number of samples to help clarify the situation. In addition 
to measuring pad natural frequencies, hardness and compress-
ibility, modulus measurements were added using the latest 
ultrasonic technique in order to answer the question of 
compressibility being an intrinsic material property or not.

Experimental

Disc Pads
2 production NAO formulas were selected for this investiga-
tion; low-copper and copper-free. The pads were suitable for 
the twin-piston caliper of a 3,200 kg pickup truck. 
Experimental pads were fabricated by traditional hot press 
molding, oven curing and finish grinding. 3 porosity levels 
were achieved by adjusting molding temperature, pressure 
and time; 13 v%, 18 v% and 22 v% porosity for each formula. 
These pads had no underlayer, no scorching and no noise 
shims in order to minimize variables. The total thickness of 
the pad assembly was 15.5 mm; the backing plate 5.5 mm. and 
the friction material 10.0 mm.

Pad Physical Property 
Measurements
Pad thickness, pad-backing plate assembly natural frequen-
cies, pad dynamic modulus, pad surface hardness and pad 
compressibility were measured. The measurement locations 
on the pad are shown in Figure 1.

Pad Dynamic Modulus 
Measurement
The use of ultrasound to determine the mechanical properties 
of materials is based on the fundamental relationship between 
the ultrasonic velocity and the material elastic constants. 
These methods have been described in a number of books and 
review articles [4, 5, 6]. Equation 1 shows the relationship 
between the measured ultrasonic velocity and the dynamic 
modulus along the propagation path. Because the ultrasonic 
wave is in the MHz frequency regime, the dynamic modulus 
is measured using this technique.

 E k V= r ^2 Eq.1

Where ρ is the density; V is the ultrasonic propagation 
velocity through the friction material, and the factor k is 
dependent upon the velocity mode (shear or longitudinal) and 
the Poisson's ratio. For shear modulus measurement, the value 
of k is unity. For Young’s modulus measurements the value of 
k is 1.21 based on the historical analysis of more than 100 
friction material formulations using the complete SAE J2725 
protocol for anisotropic friction materials.

The ultrasonic technique used in this study to measure 
the dynamic modulus is a through-transmission technique. 
As illustrated in Figure 1, a short burst of high frequency 
sound, (~ 1 MHz) is generated from the transmitting trans-
ducer and propagates through the steel backing, then the 
friction material and finally to the receiving transducer. 
Precise measurements are made of the total time-offlight, 
ToFpad, from the transmitter to receiver. Ultrasonic velocity 
is calculated by combining this ToF measurement with the 
pad thickness. Using a signal digitization rate of 100 MHz, 
the precision of the ToF measurement is ~10 nanoseconds. 
Typical ToF for transmission through a brake pad is ~15 
microseconds so the baseline precision of the method is on 
the order of 0.6%.

It is desirable to measure the properties of the friction 
material in an intact, as-manufactured brake pad. As described 
above, the baseline ToF is comprised of the transit-time 
through the steel backing, ToFsteel as well as the transit time 
through the friction material, ToFfm, as shown in Equation 2.

 ToF ToF
X

C
fm pad

steel

steel

= -  Eq.2

Where Xsteel is the steel thickness and Vsteel is the steel 
backing ultrasonic velocity.

 FIGURE 1  Pad property measurement locations.
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It is relatively straight forward to remove the influence of 
the steel backing as both the steel thickness and its velocity 
are known and well controlled. The velocity of the steel is 
typically 3 to 4 times that of the friction material while the 
thickness of the steel is about 2 times smaller than that of the 
friction material. Thus the elimination of the steel contribu-
tion from the measured ToF is typically a 10% correction. 
More importantly, because the modulus and density in the 
steel backing is well controlled. Any variation in the ToF can 
be attributed to the friction material.

The velocity in the friction material is given in 
Equation 3 by:

 V
X

ToF
fm

fm
=  Eq.3

Where Xfm = Xpad - XSteel is the thickness of the 
friction material.

This velocity is used in Equation 1 to compute the 
dynamic modulus.

For the dynamic modulus measurements a commer-
cially available iETEK measurement instrument depicted in 
Figure 2 is used.4 For this system, the transmitting sensor is 
attached to a stepper motor driven actuator to provide a 
user-defined preload. The pre-load is measured using a load 
cell mounted on the bottom surface of the receiving sensor. 
As illustrated in Figure 1, the ultrasonic sensors are mounted 
in a co-linear configuration. The brake pad is inserted 
between the sensors and the user defined preload applied 
through the sensors. The “footprint” of the sensors is 15mm 
in diameter. The region influencing the ultrasonic propaga-
tion is the cylindrical volume directly beneath the sensors. 
As such, only a portion of the brake pad is measured for a 
single position of the brake pad. In order to obtain an average 
of the dynamic modulus in the pad, multiple positions are 
measured in each pad.

The iETEK is capable of measuring the dynamic modulus 
using a single user defined pre-load or continuously over pre-
loads from 100 N to 800 N on both the loading and unloading 
portion of the pre-load cycle as illustrated in Figure 2b.

Pad Property Measurement 
Sequence
Pad thickness first, then the natural frequencies, surface 
hardness and compressibility by compressing once were 
measured. This sequence is designated as Cycle 1. Cycle 2 
repeated the Cycle 1 on the same sample to detect any property 
changes taking place as the compressibility measurement 
technique requires 3 compressions. So the pad thickness, 
natural frequencies, modulus and hardness during the first 
cycle represent the pad properties before the first compression. 
The properties measured after the first compression appear 
in the second cycle, and so on.

Results and Discussion 
UNIBRITE DF5B
Test results are summarized in Appendix 1-1 for 50 bars 
compression testing and Appendix 1-2 for 100 bars compres-
sion testing. From Appendix 1-2 of 100 bars compression 
series, the pad natural frequencies, modulus, pad surface 
hardness and compressibility are graphically shown in Figure 
4-1 for the low-copper samples and Figure 4-2 for the copper-
free samples. The pad thickness data are not shown here as 
they showed no measurable variations. As can be seen, the 
natural frequencies, modulus and hardness all decrease 
continuously and measurably with increasing porosity while 
the compressibility shows no general trends. When the 
porosity increases from 13 to 18%, the compressibility stays 
more or less the same or goes down slightly, not up, and then 
at 22%, the compressibility goes up in the case of the low-
copper samples, but stays more or less the same in the case of 
copper-free samples. After 5 compressions, the natural 
frequencies and modulus show no significant changes, but the 
compressibility decreases in all cases while the pad surface 
hardness shows an increasing trend, which suggests the possi-
bility of pad surface being compacted during compression. 
The results of 50 bars compression series follow similar trends. 
As high-frequency squeals (disc squeals) are usually observed 
under 5-30 bars of brake line pressure while low-frequency 
squeals (caliper-knuckle assembly squeals) are observed under 
5-60 bars, the pressure of 50 bars represents a reasonable 
pressure for measurements rather than 100 or 160 bars.

A limited number of samples were aged at room tempera-
ture for 12 months and then the properties were measured in 
order to see ageing effects if any. The results are summarized 
in Appendix 2. As these samples came from a separate lot, 
there is some degree of uncertainty, but directional trends 
would be still valid. The data are presented graphically in 
Figures 4-1 and 4-2 (red lines). With ageing, the natural 
frequencies, modulus and hardness all increased, but the 
compressibility increased rather than decreasing. In the case 
of a high-copper formula as manufactured using a different 
process and scorched (not reported here), the hardness was 

 FIGURE 2  Measurement configuration for ultrasonic-based 
dynamic modulus measurements.
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 FIGURE 3  a) iETEK instrument; b) Typical data showing % modulus variation as a function of pre-loading for both loading and 
unloading of pad at a single position.
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 FIGURE 4-1  Low-Copper NAO pad physical properties; 13 v%, 18 v%, 22 v%; 5 test cycles; compression 100 bars.
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found to decrease, not increase, after 12 months. So one has 
to be careful not to generalize in terms of ageing effects.

Based on all the data, one has to question the validity of 
the compressibility measurement technique as measuring an 
intrinsic pad property such as electrical conductivity or 
thermal conductivity, etc., which is repeatable whether 
measured once or several times. If an intrinsic property is not 
being measured by the technique, then what is being measured? 
In turn, one has to question the validity of trying to relate pad 
compressibility to brake squeal generation.

As pad properties are found to age with time, one has to 
find out when the aging process comes to completion (1 day, 
1 week, 1 month or longer?) and decide on the length of time 
to wait for complete aging /curing before testing. In other 
words, one has to ensure brake testing is done with fully cure/
aged pads for consistent results.

Summary and Conclusions
 1. Pad natural frequencies, modulus and hardness 

continuously decrease with increasing pad porosity.
 2. Pad compressibility shows no clear trends vs. pad 

porosity. One has to question the validity of this 
method for measuring intrinsic material properties.

 3. As compressibility does not represent an intrinsic pad 
property, compressibility must not be used to relate to 
brake squeal.

 4. Pad surface hardness increases with 
successive compression.

 5. Pad natural frequencies and modulus remain 
essentially the same after increasing number of 
compressions, indicating physical changes taking 
place just on the surface of the pad after compression.

 6. After 12-months of aging at room temperature, pad 
natural frequencies, modulus and hardness all 
increased, but compressibility showed no trends.

 7. Fully cured/aged pads must be tested for 
consistent results.

 8. The ultrasonic technique is a convenient method for 
detecting pad porosity and pad porosity variations, 
and modulus.

References
 1. Sriwiboon, M., Rhee, S., Kaewlob, K., Tiempan, N. et al., “A 

Study of Pad Properties vs. Friction, Wear and Brake Squeal: 
Processing/Porosity Effects,” SAE Int. J. Mater. Manf. 
10(1):26-33, 2017, doi:10.4271/2016-01-1915.

 FIGURE 4-2  Copper-Free NAO pad physical properties; 13 v%, 18 v% and 22 v%; 5 test cycles; compression 100 bars.
©

 S
A

E 
In

te
rn

at
io

na
l

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018

http://dx.doi.org/10.4271/2016-01-1915


6 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018)

 2. Sriwiboon, M., Tiempan, N., Kaewlob, K., and Rhee, S., 
“Influence of Formulation and Process Modifications on 
Brake Friction, Wear and Squeal: Low-Copper NAOs and 
Importance of Disc Wear,” SAE Technical Paper 2014-01-
2482, 2014, doi:10.4271/2014-01-2482.

 3. Sriwiboon, M., Tiempan, N., Kaewlob, K., and Rhee, S., 
“Brake Squeal and Wheel Dust vs. Disc Wear: No-Copper, 
Low-Copper and High-Copper NAOs,” SAE Int. J. Mater. 
Manf. 9(1):112-117, 2016, doi:10.4271/2015-01-2660.

 4. Every A.G., “Determination of the Elastic Constants of 
Anisotropic Solids”, NDT & E International 27(1):3-10, 1993, 
doi:10.1016/0963-8695(94)90003-5.

 5. Chen, F., Tan, C., and Quaglia, R., “Disc Brake Squeal: 
Mechanism, Analysis, Evaluation, and Reduction/Prevention,” 
(Warrendale, Society of Automotive Engineers, Inc., 2006), 
ISBN:978-0-7680-1248-4.

 6. Malmassari C. M., Cucchi F., Yuhas, D. E., Vorres, C. L., and 
Remiasz, J.R., “Evolution of Brake Noise Performance and Its 
Relation to Variations in Friction Material Elastic 
Properties,” Proceedings of EuroBrake 2015, Paper # EB2015-
NVH-011, Dresden Germany, May 4-6, 2015.

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018

http://www.sae.org/technical/papers/2014-01-2482
http://www.sae.org/technical/papers/2014-01-2482
http://dx.doi.org/10.4271/2014-01-2482
http://dx.doi.org/10.4271/2015-01-2660
http://dx.doi.org/10.1016/0963-8695(94)90003-5


 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018) 7

A
p

p
en

d
ix

A
p

p
en

d
ix

 1
-1

: P
hy

si
ca

l P
ro

p
er

ti
es

 o
f 

Lo
w

-C
o

p
p

er
 a

nd
 C

o
p

p
er

-F
re

e 
N

A
O

 D
is

c 
P

ad
s 

(N
ew

ly
 M

ad
e 

Sa
m

p
le

s)
; 5

0
 B

ar
s 

C
o

m
p

re
ss

io
n

TA
B

LE
S

 1
-1

-1
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f l

ow
 c

op
pe

r 1
3%

 p
or

os
ity

 s
am

pl
es

.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 5

0
 b

ar

LC
_1

3%
N

ew
 S

am
pl

e 
C

yc
le

 1
16

14
54

38
.7

10
73

6.
8

3.
32

96
3.

42
24

3.
69

17
3.

44
62

3.
47

25
89

.4
87

.0
91

.1
94

.4
90

.5
7.

4
42

.6

N
ew

 S
am

pl
e 

C
yc

le
 1

16
14

54
38

.6
10

73
6.

8
3.

33
83

3.
43

12
3.

70
14

3.
45

50
3.

48
15

94
.8

95
.0

92
.3

90
.4

93
.1

4.
6

49
.8

N
ew

 S
am

pl
e 

C
yc

le
 1

16
14

54
38

.6
10

73
6.

8
3.

33
23

3.
42

51
3.

69
46

3.
44

89
3.

47
52

92
.5

90
.3

95
.2

88
.1

91
.5

7.
1

43
.0

N
ew

 S
am

pl
e 

C
yc

le
 1

16
14

54
38

.6
10

73
6.

8
3.

32
81

3.
42

10
3.

69
0

2
3.

44
48

3.
47

10
92

.3
90

.3
95

.5
91

.1
92

.3
5.

2
40

.8

Av
g

16
14

54
38

.6
10

73
6.

8
3.

33
21

3.
42

49
3.

69
45

3.
44

87
3.

47
50

92
.3

90
.7

93
.5

91
.0

91
.9

6.
1

44
.1

Ra
ng

e
-

-
-

0.
01

02
0.

01
02

0.
01

12
0.

01
02

0.
01

0
4

5.
4

8.
0

4.
4

6.
3

2.
7

2.
8

9.
0

LC
_1

3%
N

ew
 S

am
pl

e1
 C

yc
le

 2
16

14
55

0
8.

8
10

66
6.

7
3.

32
0

8
3.

41
32

3.
68

15
3.

43
70

3.
46

31
94

.6
88

.1
88

.6
81

.3
88

.2
13

.3
43

.9

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
14

55
0

8.
8

10
70

1.8
3.

32
62

3.
41

88
3.

68
73

3.
44

23
3.

46
86

90
.5

91
.1

92
.4

91
.1

91
.3

1.9
44

.5

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
14

55
0

8.
8

10
66

6.
7

3.
31

77
3.

40
98

3.
67

78
3.

43
36

3.
45

97
96

.3
91

.1
93

.8
90

.5
92

.9
5.

8
40

.8

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
14

55
0

8.
8

10
66

6.
7

3.
32

50
3.

41
73

3.
68

58
3.

44
11

3.
46

73
89

.7
92

.3
95

.1
97

.2
93

.6
7.

5
39

.3

Av
g

16
14

55
0

8.
8

10
67

5.
48

3.
32

24
3.

41
48

3.
68

31
3.

43
85

3.
46

47
92

.8
90

.7
92

.5
90

.0
91

.5
7.

1
42

.1

Ra
ng

e
-

-
-

0.
0

0
85

0.
0

0
90

0.
0

0
95

0.
0

0
87

0.
0

0
89

6.
6

4.
2

6.
5

15
.9

5.
4

11
.4

5.
2

LC
_1

3%
N

ew
 S

am
pl

e 
1 C

yc
le

 3
16

14
55

0
8.

8
10

66
6.

7
3.

32
55

3.
41

80
3.

68
66

3.
44

19
3.

46
80

88
.2

87
.3

91
.0

95
.9

90
.6

8.
6

44
.9

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
14

55
0

8.
8

10
66

6.
7

3.
32

23
3.

41
46

3.
68

29
3.

43
82

3.
46

45
94

.8
90

.3
93

.3
85

.6
91

.0
9.

2
41

.9

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
14

55
0

8.
8

10
66

6.
7

3.
32

28
3.

41
54

3.
68

36
3.

43
89

3.
46

52
93

.9
95

.3
99

.2
92

.7
95

.3
6.

5
42

.5

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
14

55
0

8.
8

10
66

6.
7

3.
32

89
3.

42
14

3.
69

0
2

3.
44

53
3.

47
14

87
.9

91
.4

96
.0

93
.5

92
.2

8.
1

42
.3

  A
vg

16
14

55
0

8.
8

10
66

6.
7

3.
32

48
3.

41
74

3.
68

58
3.

44
11

3.
46

73
91

.2
91

.1
94

.9
91

.9
92

.3
8.

1
42

.9

  R
an

ge
-

-
-

0.
0

0
66

0.
0

0
68

0.
0

07
3

0.
0

07
0

0.
0

0
69

6.
9

8.
0

8.
2

10
.3

4.
7

2.
7

3.
0

LC
_1

3%
N

ew
 S

am
pl

e 
1 C

yc
le

 4
16

14
55

0
8.

8
10

66
6.

7
3.

28
34

3.
37

99
3.

65
67

3.
41

49
3.

43
37

92
.4

90
.8

92
.4

89
.9

91
.4

2.
5

44
.1

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
14

55
0

8.
8

10
66

6.
7

3.
28

27
3.

37
92

3.
65

59
3.

41
42

3.
43

30
92

.3
94

.1
91

.5
88

.9
91

.7
5.

2
44

.6

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
14

55
0

8.
8

10
66

6.
7

3.
27

93
3.

37
58

3.
65

23
3.

41
07

3.
42

95
94

.2
94

.1
90

.5
88

.9
91

.9
5.

3
49

.6

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
14

55
0

8.
8

10
66

6.
7

3.
28

34
3.

37
99

3.
65

67
3.

41
49

3.
43

37
98

.8
99

.2
91

.7
94

.2
96

.0
7.

5
42

.2

  A
vg

16
14

55
0

8.
8

10
66

6.
7

3.
28

22
3.

37
87

3.
65

54
3.

41
37

3.
43

25
94

.4
94

.6
91

.5
90

.5
92

.7
5.

1
45

.1

  R
an

ge
-

-
-

0.
0

0
41

0.
0

0
41

0.
0

0
44

0.
0

0
41

0.
0

0
42

6.
5

8.
4

1.
9

5.
3

4.
6

5.
0

7.
4

LC
_1

3%
N

ew
 S

am
pl

e 
1 C

yc
le

 5
16

14
55

0
8.

8
10

66
6.

7
3.

32
33

3.
41

56
3.

68
36

3.
43

92
3.

46
54

10
4.

7
95

.0
92

.0
93

.1
96

.2
12

.7
45

.6

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
14

55
0

8.
8

10
66

6.
7

3.
32

45
3.

41
68

3.
68

51
3.

44
0

6
3.

46
68

91
.6

95
.5

91
.4

88
.0

91
.6

7.
5

44
.9

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
14

55
0

8.
8

10
66

6.
7

3.
31

99
3.

41
22

3.
68

0
0

3.
43

58
3.

46
20

10
0.

1
90

.0
99

.2
94

.2
95

.9
10

.1
45

.9

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
14

55
0

8.
8

10
66

6.
7

3.
32

64
3.

41
90

3.
68

73
3.

44
26

3.
46

88
93

.1
94

.2
10

0.
1

10
0.

9
97

.1
7.

8
45

.1

  A
vg

16
14

55
0

8.
8

10
66

6.
7

3.
32

35
3.

41
59

3.
68

40
3.

43
95

3.
46

57
97

.4
93

.7
95

.7
94

.1
95

.2
9.

5
45

.4

  R
an

ge
-

-
-

0.
0

0
66

0.
0

0
68

0.
0

07
3

0.
0

0
68

0.
0

0
69

13
.1

5.
5

8.
7

12
.9

5.
4

5.
2

1.0

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



8 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018)

TA
B

LE
S

 1
-1

-2
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f l

ow
 c

op
pe

r 1
8%

 p
or

os
ity

 s
am

pl
es

.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 5

0
 b

ar

LC
_1

8%
N

ew
 S

am
pl

e 
C

yc
le

 1
14

0
3.

5
51

22
.8

10
17

5
2.

91
18

2.
85

0
9

2.
38

83
2.

44
61

2.
64

93
77

.5
72

.9
69

.6
67

.2
71

.8
10

.3
62

.6

N
ew

 S
am

pl
e 

C
yc

le
 1

14
0

3.
5

51
22

.8
10

17
5

2.
89

48
2.

83
41

2.
37

42
2.

43
17

2.
63

37
63

.3
64

.5
62

.2
60

.0
62

.5
4.

5
63

.6

N
ew

 S
am

pl
e 

C
yc

le
 1

14
0

3.
5

51
22

.8
10

17
5

2.
90

30
2.

84
21

2.
38

10
2.

43
86

2.
64

12
70

.5
74

.5
65

.4
65

.7
69

.0
9.

1
66

.7

N
ew

 S
am

pl
e 

C
yc

le
 1

14
0

3.
5

51
22

.8
10

17
5

2.
86

83
2.

80
82

2.
35

24
2.

40
93

2.
60

96
78

.3
78

.4
62

.1
64

.0
70

.7
16

.3
71

.7

Av
g

14
0

4
51

22
.8

10
17

5
2.

89
45

2.
83

38
2.

37
40

2.
43

14
2.

63
34

72
.4

72
.6

64
.8

64
.2

68
.5

10
.1

66
.2

Ra
ng

e
-

-
-

0.
0

43
4

0.
0

42
7

0.
03

59
0.

03
68

0.
03

97
15

.0
13

.9
7.

5
7.

2
9.

3
11

.8
9.

1

LC
_1

8%
N

ew
 S

am
pl

e1
 C

yc
le

 2
14

0
3.

5
51

22
.8

10
17

5
2.

91
37

2.
85

25
2.

38
90

2.
44

68
2.

65
0

5
82

.6
74

.3
71

.4
79

.7
77

.0
11

.2
54

.5

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
0

3.
5

51
22

.8
10

17
5

2.
90

14
2.

84
0

3
2.

37
89

2.
43

65
2.

63
92

65
.3

74
.8

68
.7

72
.0

70
.2

9.
5

56
.5

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
0

3.
5

51
22

.8
10

17
5

2.
90

92
2.

84
78

2.
38

53
2.

44
31

2.
64

63
74

.7
76

.6
70

.7
72

.8
73

.7
5.

9
60

.6

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
0

3.
5

51
22

.8
10

17
5

2.
87

59
2.

81
55

2.
34

0
2

2.
41

52
2.

61
17

86
.9

75
.7

72
.9

67
.3

75
.7

19
.6

66
.0

Av
g

14
0

4
51

22
.8

10
17

5
2.

90
0

0
2.

83
90

2.
37

33
2.

43
54

2.
63

69
77

.4
75

.4
70

.9
73

.0
74

.2
11

.6
59

.4

Ra
ng

e
-

-
-

0.
03

78
0.

03
71

0.
0

48
9

0.
03

16
0.

03
88

21
.6

2.
3

4.
2

12
.4

6.
8

13
.7

11
.5

LC
_1

8%
N

ew
 S

am
pl

e 
1 C

yc
le

 3
14

0
3.

5
51

22
.8

10
17

5
2.

91
48

2.
85

37
2.

39
0

0
2.

44
80

2.
65

16
80

.2
79

.8
80

.8
75

.1
79

.0
5.

7
52

.0

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
0

3.
5

51
22

.8
10

17
5

2.
90

19
2.

84
10

2.
37

94
2.

43
69

2.
63

98
74

.0
77

.8
87

.8
77

.1
79

.2
13

.8
60

.5

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
0

3.
5

51
22

.8
10

17
5

2.
90

85
2.

84
73

2.
38

45
2.

44
24

2.
64

57
74

.5
95

.5
73

.0
71

.8
78

.7
23

.7
58

.3

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
0

3.
5

51
22

.8
10

17
5

2.
87

71
2.

81
67

2.
35

90
2.

41
62

2.
61

72
72

.5
68

.9
72

.2
64

.3
69

.5
8.

2
64

.8

Av
g

14
0

4
51

22
.8

10
17

5
2.

90
0

6
2.

83
97

2.
37

82
2.

43
59

2.
63

86
75

.3
80

.5
78

.5
72

.1
76

.6
12

.9
58

.9

Ra
ng

e
-

-
-

0.
03

78
0.

03
71

0.
03

10
0.

03
19

0.
03

44
7.

7
26

.6
15

.6
12

.8
9.

7
18

.0
12

.8

LC
_1

8%
N

ew
 S

am
pl

e 
1 C

yc
le

 4
14

0
3.

5
51

22
.8

10
17

5
2.

91
60

2.
85

49
2.

39
07

2.
44

87
2.

65
26

88
.8

67
.9

77
.7

62
.7

74
.3

26
.1

53
.8

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
0

3.
5

51
22

.8
10

17
5

2.
90

56
2.

84
45

2.
38

19
2.

43
98

2.
64

30
66

.0
61

.4
70

.4
67

.7
66

.4
9.

0
58

.7

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
0

3.
5

51
22

.8
10

17
5

2.
91

39
2.

85
25

2.
38

88
2.

44
66

2.
65

0
5

69
.5

71
.8

77
.3

77
.7

74
.1

8.
2

60
.6

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
0

3.
5

51
22

.8
10

17
5

2.
88

49
2.

82
42

2.
36

50
2.

42
23

2.
62

41
78

.0
80

.5
65

.8
65

.9
72

.6
14

.7
66

.5

Av
g

14
0

4
51

22
.8

10
17

5
2.

90
51

2.
84

40
2.

38
16

2.
43

94
2.

64
25

71
.2

71
.2

71
.2

70
.4

71
.0

10
.6

61
.9

Ra
ng

e
-

-
-

0.
03

12
0.

03
07

0.
02

57
0.

02
64

0.
02

85
12

.0
19

.1
11

.5
11

.8
7.

7
6.

5
7.

8

LC
_1

8%
N

ew
 S

am
pl

e 
1 C

yc
le

 5
14

0
3.

5
51

22
.8

10
17

5
2.

90
23

2.
84

14
2.

38
0

8
2.

43
84

2.
64

07
86

.6
70

.1
83

.4
76

.6
79

.2
16

.5
52

.5

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
0

3.
5

51
22

.8
10

17
5

2.
89

0
8

2.
83

0
1

2.
37

11
2.

42
84

2.
63

01
76

.8
76

.1
80

.2
78

.6
77

.9
4.

1
56

.9

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
0

3.
5

51
22

.8
10

17
5

2.
90

07
2.

83
98

2.
37

94
2.

43
69

2.
63

92
80

.2
90

.1
74

.2
76

.6
80

.3
15

.9
59

.8

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
0

3.
5

51
22

.8
10

17
5

2.
86

41
2.

80
42

2.
34

94
2.

40
63

2.
60

60
79

.8
78

.8
71

.2
69

.1
74

.7
10

.7
67

.8

Av
g

14
0

4
51

22
.8

10
17

5
2.

88
95

2.
82

89
2.

37
01

2.
42

75
2.

62
90

80
.9

78
.8

77
.3

75
.2

78
.0

11
.8

59
.3

Ra
ng

e
-

-
-

0.
03

82
0.

03
73

0.
03

14
0.

03
21

0.
03

48
9.

8
20

.0
12

.2
9.

5
5.

6
12

.4
15

.3

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018) 9

TA
B

LE
S

 1
-1

-3
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f l

ow
 c

op
pe

r 2
2%

 p
or

os
ity

 s
am

pl
es

.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 5

0
 b

ar

LC
_2

2%
N

ew
 S

am
pl

e 
C

yc
le

 1
13

33
.3

47
36

.8
97

19
.3

2.
18

69
2.

29
52

1.9
33

0
1.9

43
6

2.
0

89
7

68
.2

72
.7

48
.3

57
.5

61
.7

24
.4

57
.1

N
ew

 S
am

pl
e 

C
yc

le
 1

13
33

.3
47

36
.8

97
19

.3
2.

15
56

2.
26

23
1.9

0
53

1.9
15

7
2.

0
59

7
54

.8
67

.0
66

.4
62

.2
62

.6
12

.2
56

.5

N
ew

 S
am

pl
e 

C
yc

le
 1

13
33

.3
48

71
.2

99
29

.8
2.

17
19

2.
27

94
1.9

19
7

1.9
30

2
2.

07
53

63
.8

74
.5

61
.4

56
.4

64
.0

18
.1

56
.6

N
ew

 S
am

pl
e 

C
yc

le
 1

13
33

.3
48

71
.2

99
29

.8
2.

16
22

2.
26

92
1.9

11
2

1.9
21

6
2.

0
66

0
50

.1
73

.2
58

.1
49

.8
57

.8
23

.4
56

.2

Av
g

13
33

.3
48

0
4.

0
98

24
.6

2.
16

91
2.

27
65

1.
91

73
1.

92
78

2.
07

27
59

.2
71

.9
58

.6
56

.5
61

.5
19

.5
56

.6

Ra
ng

e
-

-
-

0.
03

13
0.

03
29

0.
02

77
0.

02
79

0.
03

0
0

18
.1

7.
5

18
.1

12
.4

6.
2

12
.2

0.
9

LC
_2

2%
N

ew
 S

am
pl

e1
 C

yc
le

 2
13

33
.3

47
36

.8
97

19
.3

2.
18

79
2.

29
64

1.9
33

6
1.9

44
2

2.
0

90
5

66
.6

69
.8

52
.4

52
.1

60
.2

17
.7

51
.2

N
ew

 S
am

pl
e1

 C
yc

le
 2

13
33

.3
47

36
.8

97
19

.3
2.

15
92

2.
26

62
1.9

0
82

1.9
18

6
2.

0
63

0
56

.6
70

.2
68

.8
66

.6
65

.6
13

.6
46

.9

N
ew

 S
am

pl
e1

 C
yc

le
 2

13
33

.3
47

36
.8

97
19

.3
2.

16
71

2.
27

45
1.9

15
2

1.9
25

7
2.

07
0

6
64

.8
72

.4
66

.6
54

.2
64

.5
18

.2
48

.7

N
ew

 S
am

pl
e1

 C
yc

le
 2

13
33

.3
47

36
.8

97
19

.3
2.

16
49

2.
27

22
1.9

13
2

1.9
23

7
2.

0
68

5
52

.1
68

.8
62

.1
52

.1
58

.8
16

.7
50

.1

Av
g

13
33

.3
47

36
.8

97
19

.3
2.

16
98

2.
27

73
1.

91
75

1.
92

80
2.

07
32

60
.0

70
.3

62
.5

56
.3

62
.3

16
.6

49
.2

Ra
ng

e
-

-
-

0.
02

88
0.

03
02

0.
02

54
0.

02
56

0.
02

75
14

.5
3.

6
16

.4
14

.5
6.

8
4.

6
4.

3

LC
_2

2%
N

ew
 S

am
pl

e 
1 C

yc
le

 3
13

33
.3

47
36

.8
97

19
.3

2.
17

57
2.

25
98

1.9
18

3
1.9

15
7

2.
0

67
4

65
.8

74
.2

56
.8

60
.2

64
.3

17
.4

49
.1

N
ew

 S
am

pl
e 

1 C
yc

le
 3

13
33

.3
47

36
.8

97
19

.3
2.

14
71

2.
23

0
1

1.8
93

1
1.8

90
5

2.
0

40
2

55
.5

68
.8

66
.4

60
.1

62
.7

13
.3

58
.9

N
ew

 S
am

pl
e 

1 C
yc

le
 3

13
33

.3
47

36
.8

97
19

.3
2.

15
59

2.
23

92
1.9

0
0

8
1.8

98
2

2.
0

48
5

66
.3

74
.2

66
.1

60
.2

66
.7

14
.0

48
.0

N
ew

 S
am

pl
e 

1 C
yc

le
 3

13
33

.3
47

36
.8

97
19

.3
2.

15
15

2.
23

47
1.8

96
9

1.8
94

4
2.

0
44

4
55

.5
69

.8
59

.8
52

.3
59

.4
17

.5
47

.8

Av
g

13
33

.3
47

36
.8

97
19

.3
2.

15
76

2.
24

10
1.

90
23

1.
89

97
2.

0
50

1
60

.8
71

.8
62

.3
58

.2
63

.3
15

.6
51

.0

Ra
ng

e
-

-
-

0.
02

86
0.

02
97

0.
02

52
0.

02
52

0.
02

72
10

.8
5.

4
9.

6
7.

9
7.

4
4.

2
11

.1

LC
_2

2%
N

ew
 S

am
pl

e 
1 C

yc
le

 4
13

33
.3

47
36

.8
97

19
.3

2.
17

13
2.

25
51

1.9
14

5
1.9

11
9

2.
0

63
2

65
.5

55
.5

52
.8

47
.1

55
.2

18
.4

50
.0

N
ew

 S
am

pl
e 

1 C
yc

le
 4

13
33

.3
47

36
.8

97
19

.3
2.

14
19

2.
22

46
1.8

88
6

1.8
86

0
2.

03
53

57
.5

61
.2

62
.7

62
.2

60
.9

5.
2

46
.0

N
ew

 S
am

pl
e 

1 C
yc

le
 4

13
33

.3
47

36
.8

97
19

.3
2.

15
33

2.
23

64
1.8

98
6

1.8
96

0
2.

0
46

1
65

.1
64

.3
68

.8
50

.3
62

.1
18

.5
52

.1

N
ew

 S
am

pl
e 

1 C
yc

le
 4

13
33

.3
47

36
.8

97
19

.3
2.

15
19

2.
23

50
1.8

97
5

1.8
94

9
2.

0
44

8
67

.9
72

.5
73

.9
54

.2
67

.1
19

.7
48

.0

Av
g

13
33

.3
47

36
.8

97
19

.3
2.

15
46

2.
23

78
1.

89
98

1.
89

72
2.

0
47

3
64

.0
63

.4
64

.6
53

.5
61

.3
15

.5
49

.0

Ra
ng

e
-

-
-

0.
02

94
0.

03
0

6
0.

02
59

0.
02

59
0.

02
80

10
.4

17
.0

21
.1

15
.1

11
.9

14
.5

6.
1

LC
_2

2%
N

ew
 S

am
pl

e 
1 C

yc
le

 5
13

33
.3

47
36

.8
97

19
.3

2.
17

12
2.

25
50

1.9
14

6
1.9

12
0

2.
0

63
2

66
.6

69
.8

55
.4

54
.9

61
.7

14
.9

49
.4

N
ew

 S
am

pl
e 

1 C
yc

le
 5

13
33

.3
47

36
.8

97
19

.3
2.

13
79

2.
22

0
4

1.8
85

2
1.8

82
7

2.
03

16
58

.2
64

.4
60

.2
61

.1
61

.0
6.

2
44

.6

N
ew

 S
am

pl
e 

1 C
yc

le
 5

13
33

.3
47

36
.8

97
19

.3
2.

14
88

2.
23

17
1.8

94
9

1.8
92

3
2.

0
41

9
64

.8
68

.8
56

.6
58

.9
62

.3
12

.2
47

.2

N
ew

 S
am

pl
e 

1 C
yc

le
 5

13
33

.3
47

36
.8

97
19

.3
2.

14
31

2.
22

58
1.8

89
9

1.8
87

3
2.

03
65

62
.4

70
.2

55
.5

60
.1

62
.1

14
.7

46
.9

Av
g

13
33

.3
47

36
.8

97
19

.3
2.

15
03

2.
23

32
1.

89
62

1.
89

36
2.

0
43

3
63

.0
68

.3
56

.9
58

.8
61

.7
12

.0
47

.0

Ra
ng

e
-

-
-

0.
03

33
0.

03
46

0.
02

94
0.

02
94

0.
03

17
8.

4
5.

8
4.

8
6.

2
1.

3
8.

7
4.

8

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



10 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018)

TA
B

LE
S

 1
-1

-4
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f C

op
pe

r F
re

e 
13

%
 p

or
os

ity
 s

am
pl

es
.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1 X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 5

0
 b

ar

C
F_

13
%

N
ew

 S
am

pl
e 

C
yc

le
 1

16
49

.1
56

14
11

15
7.

9
2.

70
30

2.
72

94
2.

55
56

2.
66

39
2.

66
30

80
.6

75
.1

84
.0

83
.0

80
.7

8.
9

68
.5

N
ew

 S
am

pl
e 

C
yc

le
 1

16
49

.1
56

14
11

15
7.

9
2.

70
34

2.
73

0
1

2.
55

61
2.

66
43

2.
66

35
83

.9
80

.0
74

.5
75

.9
78

.6
9.

4
67

.6

N
ew

 S
am

pl
e 

C
yc

le
 1

16
49

.1
56

14
11

15
7.

9
2.

69
84

2.
72

49
2.

55
13

2.
65

96
2.

65
86

82
.5

79
.9

74
.5

83
.6

80
.1

9.
1

65
.5

N
ew

 S
am

pl
e 

C
yc

le
 1

16
49

.1
56

14
11

15
7.

9
2.

71
67

2.
74

34
2.

56
87

2.
67

74
2.

67
66

80
.6

76
.8

80
.6

86
.3

81
.1

9.
5

75
.6

Av
g

16
49

.1
56

14
.0

11
15

8
2.

70
54

2.
73

19
2.

55
79

2.
66

63
2.

66
54

81
.9

78
.0

78
.4

82
.2

80
.1

9.
2

69
.3

Ra
ng

e
-

-
-

0.
01

83
0.

01
85

0.
01

74
0.

01
79

0.
01

80
3.

3
4.

9
9.

5
10

.4
2.

5
0.

6
10

.1

C
F_

13
%

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
49

.1
56

14
11

0
52

.6
2.

70
77

2.
73

44
2.

55
99

2.
66

86
2.

66
76

84
.0

79
.7

85
.2

94
.7

85
.9

15
.0

68
.8

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
49

.1
56

14
11

0
52

.6
2.

70
73

2.
73

39
2.

55
95

2.
66

82
2.

66
72

88
.4

81
.0

76
.1

72
.6

79
.5

15
.8

67
.0

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
49

.1
56

14
11

0
52

.6
2.

73
12

2.
75

79
2.

58
21

2.
69

17
2.

69
07

82
.7

81
.5

87
.7

80
.9

83
.2

6.
8

64
.7

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
49

.1
56

14
11

0
52

.6
2.

71
79

2.
74

45
2.

56
94

2.
67

83
2.

67
75

87
.1

75
.6

78
.7

74
.0

78
.9

13
.1

66
.2

Av
g

16
49

.1
56

14
.0

11
0

53
2.

71
60

2.
74

27
2.

56
77

2.
67

67
2.

67
58

85
.6

79
.5

81
.9

80
.6

81
.9

12
.7

66
.7

Ra
ng

e
-

-
-

0.
02

40
0.

02
40

0.
02

26
0.

02
35

0.
02

35
5.

7
5.

9
11

.6
22

.1
7.

1
9.

0
4.

1

C
F_

13
%

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
49

.1
56

14
11

0
52

.6
2.

70
84

2.
73

51
2.

56
0

6
2.

66
91

2.
66

83
82

.7
79

.6
82

.0
88

.8
83

.3
9.

2
70

.6

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
49

.1
56

14
11

0
52

.6
2.

70
95

2.
73

62
2.

56
15

2.
67

0
2

2.
66

93
77

.6
85

.4
83

.7
77

.5
81

.1
7.

9
67

.6

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
49

.1
56

14
11

0
52

.6
2.

73
0

5
2.

75
74

2.
58

16
2.

69
10

2.
69

01
81

.4
82

.7
10

0.
0

91
.4

88
.9

18
.6

64
.8

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
49

.1
56

14
11

0
52

.6
2.

72
17

2.
74

84
2.

57
30

2.
68

22
2.

68
13

76
.3

78
.7

73
.1

79
.9

77
.0

6.
8

69
.1

Av
g

16
49

.1
56

14
.0

11
0

53
2.

71
75

2.
74

43
2.

56
92

2.
67

81
2.

67
73

79
.5

81
.6

84
.7

84
.4

82
.6

10
.6

68
.0

Ra
ng

e
-

-
-

0.
02

21
0.

02
24

0.
02

10
0.

02
19

0.
02

19
6.

4
6.

7
26

.9
13

.9
11

.9
11

.8
5.

8

C
F_

13
%

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
49

.1
56

14
11

0
52

.6
2.

71
34

2.
74

0
0

2.
56

51
2.

67
40

2.
67

31
82

.6
82

.7
82

.9
90

.1
84

.6
7.

5
71

.9

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
49

.1
56

14
11

0
52

.6
2.

71
34

2.
74

0
0

2.
56

51
2.

67
40

2.
67

31
87

.1
92

.0
83

.9
73

.5
84

.1
18

.5
69

.2

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
49

.1
56

14
11

0
52

.6
2.

73
66

2.
76

35
2.

58
72

2.
69

71
2.

69
61

77
.1

78
.3

78
.9

78
.8

78
.3

1.8
66

.4

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
49

.1
56

14
11

0
52

.6
2.

72
40

2.
75

0
6

2.
57

50
2.

68
44

2.
68

35
83

.3
97

.0
82

.2
74

.8
84

.3
22

.2
71

.2

Av
g

16
49

.1
56

14
.0

11
0

53
2.

72
18

2.
74

86
2.

57
31

2.
68

24
2.

68
15

82
.5

87
.5

82
.0

79
.3

82
.8

12
.5

69
.7

Ra
ng

e
-

-
-

0.
02

33
0.

02
35

0.
02

21
0.

02
31

0.
02

30
10

.0
18

.7
5.

0
16

.6
6.

3
20

.4
5.

5

C
F_

13
%

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
49

.1
56

14
11

0
52

.6
2.

69
91

2.
72

56
2.

55
20

2.
66

0
0

2.
65

92
85

.9
82

.1
83

.5
83

.2
83

.7
3.

8
68

.3

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
49

.1
56

14
11

0
52

.6
2.

70
18

2.
72

83
2.

55
47

2.
66

27
2.

66
19

88
.1

86
.5

78
.0

78
.0

82
.7

10
.1

67
.8

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
49

.1
56

14
11

0
52

.6
2.

72
0

6
2.

74
73

2.
57

23
2.

68
13

2.
68

0
4

95
.4

89
.9

94
.7

79
.5

89
.9

15
.9

64
.2

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
49

.1
56

14
11

0
52

.6
2.

70
91

2.
73

55
2.

56
15

2.
67

0
0

2.
66

90
78

.7
82

.6
90

.2
72

.4
81

.0
17

.8
65

.7

Av
g

16
49

.1
56

14
.0

11
0

53
2.

70
76

2.
73

41
2.

56
01

2.
66

85
2.

66
76

87
.0

85
.3

86
.6

78
.3

84
.3

11
.9

66
.5

Ra
ng

e
-

-
-

0.
02

15
0.

02
17

0.
02

03
0.

02
12

0.
02

12
16

.7
7.

8
16

.7
10

.8
8.

9
14

.0
4.

1

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018) 11

TA
B

LE
S

 1
-1

-5
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f C

op
pe

r F
re

e 
18

%
 p

or
os

ity
 s

am
pl

es
.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1 X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 5

0
 b

ar

C
F_

18
%

N
ew

 S
am

pl
e 

C
yc

le
 1

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
0

84
2.

19
89

2.
39

90
2.

55
21

2.
28

96
54

.3
61

.4
55

.8
57

.3
57

.2
7.

1
69

.3

N
ew

 S
am

pl
e 

C
yc

le
 1

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
90

7
2.

28
89

2.
49

72
2.

65
65

2.
38

33
53

.8
63

.2
62

.7
61

.5
60

.3
9.

4
73

.3

N
ew

 S
am

pl
e 

C
yc

le
 1

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
44

1
2.

23
80

2.
44

16
2.

75
62

2.
37

0
0

76
.4

64
.3

56
.4

60
.2

64
.3

20
.0

78
.5

N
ew

 S
am

pl
e 

C
yc

le
 1

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
40

0
2.

23
35

2.
43

67
2.

59
22

2.
32

56
65

.7
61

.2
67

.8
62

.0
64

.2
6.

6
87

.2

Av
g

15
0

8.
8

52
63

.2
10

52
6

2.
0

45
8

2.
23

98
2.

44
36

2.
63

93
2.

34
21

62
.6

62
.5

60
.7

60
.3

61
.5

10
.8

77
.1

Ra
ng

e
-

-
-

0.
0

82
2

0.
0

90
0

0.
0

98
2

0.
20

41
0.

0
93

7
22

.6
3.

1
12

.0
4.

7
7.

1
13

.4
17

.9

C
F_

18
%

N
ew

 S
am

pl
e1

 C
yc

le
 2

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
35

8
2.

22
86

2.
43

12
2.

58
60

2.
32

0
4

57
.6

56
.6

74
.1

61
.3

62
.4

17
.5

63
.6

N
ew

 S
am

pl
e1

 C
yc

le
 2

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
88

4
2.

28
63

2.
49

40
2.

65
29

2.
38

0
4

53
.2

65
.8

66
.4

73
.5

64
.7

20
.3

65
.6

N
ew

 S
am

pl
e1

 C
yc

le
 2

15
0

8.
8

52
63

.2
10

56
1.4

2.
0

41
9

2.
23

54
2.

43
84

2.
59

37
2.

32
74

71
.7

77
.0

62
.0

60
.6

67
.8

16
.4

70
.0

N
ew

 S
am

pl
e1

 C
yc

le
 2

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
45

2
2.

23
88

2.
44

23
2.

59
80

2.
33

11
67

.0
64

.0
67

.1
64

.4
65

.6
3.

1
82

.4

Av
g

15
0

8.
8

52
63

.2
10

53
5

2.
0

52
9

2.
24

73
2.

45
15

2.
60

77
2.

33
98

62
.4

65
.9

67
.4

65
.0

65
.1

14
.3

70
.4

Ra
ng

e
-

-
-

0.
0

52
6

0.
0

57
7

0.
0

62
8

0.
0

66
9

0.
0

60
0

18
.5

20
.4

12
.1

12
.9

5.
4

17
.2

18
.8

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 3

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
35

8
2.

22
86

2.
43

12
2.

58
60

2.
32

0
4

65
.0

63
.3

57
.6

63
.8

62
.4

7.
4

63
.4

N
ew

 S
am

pl
e 

1 C
yc

le
 3

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
92

2
2.

29
0

4
2.

49
85

2.
65

76
2.

38
47

57
.0

70
.6

64
.6

77
.8

67
.5

20
.8

64
.4

N
ew

 S
am

pl
e 

1 C
yc

le
 3

15
0

8.
8

52
63

.2
10

56
8.

0
2.

0
21

9
2.

21
35

2.
41

46
2.

56
84

2.
30

46
76

.3
82

.2
94

.5
66

.0
79

.8
28

.5
68

.4

N
ew

 S
am

pl
e 

1 C
yc

le
 3

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
59

2
2.

25
42

2.
45

91
2.

61
56

2.
34

70
69

.9
78

.9
69

.4
68

.8
71

.8
10

.1
79

.2

Av
g

15
0

8.
8

52
63

.2
10

53
7

2.
0

52
3

2.
24

67
2.

45
0

8
2.

60
69

2.
33

92
67

.1
73

.8
71

.5
69

.1
70

.4
16

.7
68

.9

Ra
ng

e
-

-
-

0.
07

02
0.

07
69

0.
0

83
9

0.
0

89
2

0.
0

80
1

19
.3

18
.9

36
.9

14
.0

17
.3

21
.1

15
.8

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 4

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
41

9
2.

15
43

2.
50

49
2.

41
61

2.
27

93
71

.8
67

.6
60

.1
62

.7
65

.6
11

.7
63

.1

N
ew

 S
am

pl
e 

1 C
yc

le
 4

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
92

3
2.

20
73

2.
56

64
2.

47
57

2.
33

54
83

.0
63

.3
62

.7
66

.9
69

.0
20

.3
65

.8

N
ew

 S
am

pl
e 

1 C
yc

le
 4

15
0

8.
8

52
63

.2
10

56
1.4

2.
0

48
5

2.
16

13
2.

51
28

2.
42

39
2.

28
66

70
.4

71
.6

73
.8

67
.1

70
.7

6.
7

70
.9

N
ew

 S
am

pl
e 

1 C
yc

le
 4

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
49

8
2.

16
26

2.
51

45
2.

42
54

2.
28

81
71

.2
71

.3
60

.4
65

.6
67

.1
10

.9
83

.4

Av
g

15
0

8.
8

52
63

.2
10

53
5

2.
0

58
1

2.
17

14
2.

52
46

2.
43

53
2.

29
74

74
.1

68
.5

64
.3

65
.6

68
.1

12
.4

70
.8

Ra
ng

e
-

-
-

0.
0

50
3

0.
0

53
0

0.
0

61
6

0.
0

59
6

0.
0

56
1

12
.6

8.
3

13
.7

4.
4

5.
2

13
.6

20
.3

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 5

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
35

6
2.

22
84

2.
43

0
8

2.
58

54
2.

32
0

0
71

.1
65

.3
65

.4
60

.1
65

.5
11

.0
63

.3

N
ew

 S
am

pl
e 

1 C
yc

le
 5

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
92

9
2.

29
10

2.
49

89
2.

65
80

2.
38

52
72

.7
66

.8
60

.3
68

.1
67

.0
12

.4
68

.1

N
ew

 S
am

pl
e 

1 C
yc

le
 5

15
0

8.
8

52
63

.2
10

56
1.4

2.
0

36
9

2.
22

97
2.

43
22

2.
58

69
2.

32
14

72
.7

71
.1

75
.1

68
.8

71
.9

6.
3

70
.3

N
ew

 S
am

pl
e 

1 C
yc

le
 5

15
0

8.
8

52
63

.2
10

52
6.

3
2.

0
28

0
2.

23
65

2.
43

95
2.

59
48

2.
32

47
72

.7
71

.1
75

.1
68

.8
71

.9
6.

3
82

.7

Av
g

15
0

8.
8

52
63

.2
10

53
5

2.
0

48
4

2.
24

64
2.

45
0

4
2.

60
63

2.
33

78
72

.3
68

.6
69

.0
66

.5
69

.1
9.

0
71

.1

Ra
ng

e
-

-
-

0.
0

64
9

0.
0

62
6

0.
0

68
2

0.
07

26
0.

0
65

2
1.

6
5.

8
14

.8
8.

7
6.

5
6.

1
19

.4

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



12 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018)

TA
B

LE
S

 1
-1

-6
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f C

op
pe

r F
re

e 
22

%
 p

or
os

ity
 s

am
pl

es
.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 5

0
 b

ar

C
F_

18
%

N
ew

 S
am

pl
e 

C
yc

le
 1

14
38

.6
50

17
.5

10
17

5.
4

2.
0

48
5

2.
23

96
1.9

92
1

2.
25

70
2.

13
43

50
.6

52
.1

44
.2

49
.8

49
.2

7.
9

63
.0

N
ew

 S
am

pl
e 

C
yc

le
 1

14
38

.6
50

17
.5

10
17

5.
4

2.
0

36
9

2.
22

69
1.9

80
8

2.
24

42
2.

12
22

54
.6

55
.5

50
.1

48
.9

52
.3

6.
6

63
.1

N
ew

 S
am

pl
e 

C
yc

le
 1

14
11

.4
49

57
99

48
.4

2.
0

16
6

2.
20

48
1.9

61
1

2.
22

19
2.

10
11

42
.2

46
.3

50
.4

32
.1

42
.8

18
.3

65
.8

N
ew

 S
am

pl
e 

C
yc

le
 1

14
38

.6
50

17
.5

10
17

5.
4

2.
0

18
3

2.
20

65
1.9

62
7

2.
22

37
2.

10
28

55
.5

46
.2

50
.3

48
.8

50
.2

9.
3

66
.8

Av
g

14
31

.8
50

02
.4

10
11

9
2.

03
01

2.
21

94
1.

97
42

2.
23

67
2.

11
51

50
.7

50
.0

48
.8

44
.9

48
.6

10
.5

64
.7

Ra
ng

e
-

-
-

0.
03

19
0.

03
48

0.
03

10
0.

03
51

0.
03

32
13

.3
9.

3
6.

2
17

.7
9.

5
11

.7
3.

8

C
F_

18
%

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
38

.6
50

17
.5

10
17

5.
4

2.
0

33
6

2.
22

57
2.

0
24

7
2.

19
52

2.
11

98
49

.8
55

.2
48

.6
50

.2
51

.0
6.

6
54

.3

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
38

.6
50

17
.5

10
17

5.
4

2.
0

13
1

2.
20

32
2.

0
0

42
2.

17
30

2.
0

98
4

49
.8

58
.8

52
.1

46
.9

51
.9

11
.9

60
.4

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
38

.6
50

17
.5

99
64

.9
1.9

97
5

2.
18

62
1.9

88
7

2.
15

63
2.

0
82

2
45

.2
45

.1
50

.2
36

.8
44

.3
13

.4
59

.3

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
38

.6
50

17
.5

10
17

5.
4

1.9
90

2
2.

17
82

1.9
81

4
2.

14
83

2.
07

45
50

.1
49

.8
50

.6
47

.1
49

.4
3.

5
58

.8

Av
g

14
38

.6
50

17
.5

10
12

3
2.

0
0

86
2.

19
83

1.
99

98
2.

16
82

2.
0

93
7

48
.7

52
.2

50
.4

45
.3

49
.1

8.
9

58
.2

Ra
ng

e
-

-
-

0.
0

43
4

0.
0

47
5

0.
0

43
2

0.
0

46
9

0.
0

45
3

4.
9

13
.7

3.
5

13
.4

7.
6

9.
9

6.
1

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
38

.6
50

17
.5

10
17

5.
4

2.
0

55
9

2.
24

82
1.9

99
2

2.
24

47
2.

13
70

56
.8

54
.2

40
.8

53
.0

51
.2

16
.0

50
.3

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
38

.6
50

17
.5

10
17

5.
4

2.
0

42
2

2.
23

32
1.9

85
9

2.
22

97
2.

12
27

58
.6

60
.9

45
.1

49
.6

53
.6

15
.8

58
.6

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
38

.6
50

17
.5

99
48

.6
2.

0
24

3
2.

21
36

1.9
68

5
2.

21
0

2
2.

10
42

47
.5

45
.0

39
.8

34
.8

41
.8

12
.7

56
.4

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
38

.6
50

17
.5

10
17

5.
4

2.
0

51
8

2.
24

36
1.9

95
2

2.
24

0
2

2.
13

27
56

.9
57

.0
52

.3
48

..3
55

.4
4.

7
58

.2

Av
g

14
38

.6
50

17
.5

10
11

9
2.

0
43

6
2.

23
47

1.
98

72
2.

23
12

2.
12

42
55

.0
54

.3
44

.5
45

.8
50

.5
12

.3
55

.9

Ra
ng

e
-

-
-

0.
03

16
0.

03
46

0.
03

07
0.

03
45

0.
03

28
11

.1
15

.9
12

.5
18

.2
13

.6
11

.3
8.

3

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
38

.6
50

17
.5

10
17

5.
4

2.
0

51
6

2.
24

33
1.9

95
1

2.
23

99
2.

13
25

58
.9

58
.2

59
.6

50
.8

56
.9

8.
8

52
.5

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
38

.6
50

17
.5

10
17

5.
4

2.
0

39
6

2.
23

0
2

1.9
83

4
2.

22
67

2.
12

0
0

54
.3

60
.7

52
.5

50
.5

54
.5

10
.2

59
.5

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
38

.6
50

17
.5

99
64

.9
2.

0
19

7
2.

20
84

1.9
64

0
2.

20
50

2.
0

99
3

49
.6

48
.6

41
.4

40
.2

45
.0

9.
4

55
.8

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
38

.6
50

17
.5

10
17

5.
4

2.
0

18
5

2.
20

71
1.9

62
8

2.
20

36
2.

0
98

0
50

.1
56

.1
52

.0
54

.4
53

.2
6.

0
58

.1

Av
g

14
38

.6
50

17
.5

10
12

3
2.

03
23

2.
22

22
1.

97
63

2.
21

88
2.

11
24

53
.2

55
.9

51
.4

49
.0

52
.4

8.
6

56
.5

Ra
ng

e
-

-
-

0.
03

32
0.

03
63

0.
03

23
0.

03
62

0.
03

45
9.

3
12

.1
18

.2
14

.2
11

.9
4.

2
7.

0

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
38

.6
50

17
.5

10
17

5.
4

2.
0

48
2

2.
23

94
1.9

91
8

2.
23

60
2.

12
88

57
.6

52
.4

42
.6

45
.4

49
.5

15
.0

50
.8

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
38

.6
50

17
.5

10
17

5.
4

2.
0

36
1

2.
22

63
1.9

80
1

2.
22

28
2.

11
63

54
.4

60
.2

52
.1

49
.8

54
.1

10
.4

58
.9

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
38

.6
50

17
.5

99
64

.4
2.

0
16

3
2.

20
45

1.9
60

8
2.

20
11

2.
0

95
7

50
.2

42
.1

42
.3

40
.2

43
.7

10
.0

53
.1

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
38

.6
50

17
.5

10
17

5.
4

2.
0

13
4

2.
20

14
1.9

58
0

2.
19

80
2.

0
92

7
52

.1
50

.2
49

.8
50

.1
50

.6
2.

3
57

.6

Av
g

14
38

.6
50

17
.5

10
12

3
2.

02
85

2.
21

79
1.

97
27

2.
21

45
2.

10
84

53
.6

51
.2

46
.7

46
.4

49
.5

9.
4

55
.1

Ra
ng

e
-

-
-

0.
03

48
0.

03
80

0.
03

38
0.

03
80

0.
03

62
7.

4
18

.1
9.

8
9.

9
10

.4
12

.7
8.

1

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018) 13

A
p

p
en

d
ix

 1
-2

: P
hy

si
ca

l P
ro

p
er

ti
es

 o
f 

Lo
w

-C
o

p
p

er
 a

nd
 C

o
p

p
er

-F
re

e 
N

A
O

 P
ad

s:
 1

0
0

 
B

ar
s 

C
o

m
p

re
ss

io
n

TA
B

LE
S

 1
-2

-1
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f l

ow
 c

op
pe

r 1
3%

 p
or

os
ity

 s
am

pl
es

.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1 X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

LC
_1

3%
N

ew
 S

am
pl

e 
C

yc
le

 1
16

14
54

38
.7

10
73

6.
9

3.
17

98
3.

28
93

3.
16

92
3.

0
10

7
3.

16
23

91
.5

91
.8

88
.5

92
.6

91
.1

4.
1

11
1.6

N
ew

 S
am

pl
e 

C
yc

le
 1

16
14

54
38

.7
10

73
6.

9
3.

19
0

3
3.

19
57

3.
16

90
3.

43
98

3.
24

87
82

.5
92

.9
84

.8
91

.6
88

.0
10

.4
93

.5

N
ew

 S
am

pl
e 

C
yc

le
 1

16
14

54
38

.7
10

73
6.

9
3.

21
90

3.
35

95
3.

50
93

3.
39

45
3.

37
0

6
93

.7
95

.1
88

.8
87

.3
91

.2
7.

8
89

.2

N
ew

 S
am

pl
e 

C
yc

le
 1

16
14

54
38

.7
10

73
6.

9
3.

30
99

3.
47

45
3.

56
78

3.
23

74
3.

39
74

87
.6

93
.8

93
.8

93
.4

92
.2

6.
2

85
.0

 A
vg

16
14

54
38

.7
10

73
7

3.
22

47
3.

32
97

3.
35

38
3.

27
0

6
3.

29
47

88
.8

93
.4

89
.0

91
.2

90
.6

7.
1

94
.8

Ra
ng

e
-

-
-

0.
13

01
0.

27
88

0.
39

88
0.

42
91

0.
23

51
11

.2
3.

3
9.

0
6.

1
4.

2
6.

3
26

.6

LC
_1

3%
N

ew
 S

am
pl

e1
 C

yc
le

 2
16

14
54

0
3.

5
10

52
6.

3
3.

20
34

3.
34

20
3.

19
80

2.
96

0
3

3.
17

59
86

.9
90

.7
82

.0
96

.1
88

.9
14

.1
99

.7

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
14

54
0

3.
5

10
52

6.
3

3.
18

50
3.

17
97

3.
13

24
3.

39
13

3.
22

21
84

.2
91

.7
78

.2
94

.0
87

.0
15

.8
87

.1

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
14

54
0

3.
5

10
52

6.
3

3.
21

71
3.

36
22

3.
51

12
3.

40
30

3.
37

34
92

.3
97

.7
82

.1
92

.9
91

.3
15

.6
83

.2

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
14

54
0

3.
5

10
52

6.
3

3.
28

78
3.

50
44

3.
59

83
3.

26
56

3.
41

40
96

.0
97

.2
77

.9
96

.6
91

.9
19

.3
79

.4

Av
g

16
14

54
03

.5
10

52
6

3.
22

33
3.

34
71

3.
36

0
0

3.
25

51
3.

29
64

89
.9

94
.3

80
.1

94
.9

89
.8

16
.2

87
.4

Ra
ng

e
-

-
-

0.
10

28
0.

32
47

0.
46

59
0.

44
27

0.
23

81
11

.8
7.

0
4.

2
3.

7
4.

9
5.

2
20

.3

LC
_1

3%
N

ew
 S

am
pl

e 
1 C

yc
le

 3
16

14
54

0
3.

5
10

52
6.

3
3.

18
63

3.
36

89
3.

24
55

2.
98

89
3.

19
74

93
.4

92
.0

82
.1

86
.8

88
.6

11
.3

97
.9

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
14

54
0

3.
5

10
52

6.
3

3.
20

74
3.

19
67

3.
18

07
3.

48
69

3.
26

79
92

.4
95

.6
93

.0
96

.7
94

.4
4.

3
85

.2

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
14

54
0

3.
5

10
52

6.
3

3.
22

0
3

3.
36

52
3.

54
48

3.
48

34
3.

40
34

95
.0

93
.4

79
.7

89
.7

89
.5

15
.3

81
.3

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
14

54
0

3.
5

10
52

6.
3

3.
35

13
3.

51
74

3.
57

97
3.

32
85

3.
44

42
97

.2
94

.4
89

.7
93

.4
93

.7
7.

5
76

.5

Av
g

16
14

54
03

.5
10

52
6

3.
24

13
3.

36
20

3.
38

77
3.

32
19

3.
32

82
94

.5
93

.9
86

.1
91

.7
91

.5
9.

6
85

.2

Ra
ng

e
-

-
-

0.
16

50
0.

32
07

0.
39

90
0.

49
79

0.
24

69
4.

8
3.

6
13

.3
9.

9
5.

8
11

.0
21

.4

LC
_1

3%
N

ew
 S

am
pl

e 
1 C

yc
le

 4
16

14
54

0
3.

5
10

52
6.

3
3.

23
81

3.
41

35
3.

28
76

3.
0

35
9

3.
24

38
89

.4
91

.7
78

.8
93

.4
88

.3
14

.6
99

.3

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
14

54
0

3.
5

10
52

6.
3

3.
27

55
3.

23
17

3.
18

88
3.

46
59

3.
29

0
5

92
.2

90
.6

88
.0

86
.3

89
.3

5.
9

86
.5

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
14

54
0

3.
5

10
52

6.
3

3.
28

11
3.

41
24

3.
55

18
3.

53
31

3.
44

46
97

.0
94

.6
86

.5
89

.4
91

.9
10

.5
81

.6

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
14

54
0

3.
5

10
52

6.
3

3.
39

41
3.

59
52

3.
62

72
3.

32
52

3.
48

54
79

.8
96

.6
89

.0
96

.4
90

.5
16

.8
87

.1

Av
g

16
14

54
03

.5
10

52
6

3.
29

72
3.

41
32

3.
41

38
3.

34
0

0
3.

36
61

89
.6

93
.4

85
.6

91
.4

90
.0

12
.0

88
.6

Ra
ng

e
-

-
-

0.
15

61
0.

36
34

0.
43

83
0.

49
72

0.
24

17
17

.2
6.

0
10

.2
10

.1
3.

5
10

.9
17

.7

LC
_1

3%
N

ew
 S

am
pl

e 
1 C

yc
le

 5
16

14
54

38
.7

10
73

6.
9

3.
25

81
3.

34
76

3.
22

0
0

2.
98

59
3.

20
29

91
.5

95
.2

81
.3

94
.5

90
.6

13
.9

98
.6

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
14

54
38

.7
10

73
6.

9
3.

23
17

3.
17

29
3.

15
72

3.
45

39
3.

25
39

91
.6

96
.2

92
.6

90
.4

92
.7

5.
8

86
.9

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
14

54
38

.7
10

73
6.

9
3.

21
43

3.
37

60
3.

53
17

3.
51

32
3.

40
88

96
.0

93
.0

94
.0

91
.1

93
.5

4.
9

82
.1

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
14

54
38

.7
10

73
6.

9
2.

98
86

3.
18

67
3.

19
23

2.
98

35
3.

0
87

8
89

.9
93

.5
90

.4
94

.8
92

.2
4.

9
79

.8

Av
g

16
14

54
38

.7
10

73
7

3.
17

32
3.

27
0

8
3.

27
53

3.
23

41
3.

23
84

92
.3

94
.5

89
.6

92
.7

92
.3

7.
4

86
.9

Ra
ng

e
-

-
-

0.
26

95
0.

20
31

0.
37

45
0.

52
97

0.
32

10
6.

1
3.

2
12

.7
4.

4
2.

9
9.

0
18

.8

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



14 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018)

TA
B

LE
S

 1
-2

-2
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f l

ow
 c

op
pe

r 1
8%

 p
or

os
ity

 s
am

pl
es

.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

LC
_1

8%
N

ew
 S

am
pl

e 
C

yc
le

 1
14

0
3.

5
51

22
.8

10
17

5.
4

2.
50

52
2.

73
18

3.
13

64
2.

95
68

2.
83

25
81

.2
74

.5
65

.6
69

.7
72

.8
15

.6
94

.6

N
ew

 S
am

pl
e 

C
yc

le
 1

14
0

3.
5

51
22

.8
10

17
5.

4
2.

64
88

2.
58

11
3.

07
0

6
3.

0
25

6
2.

83
15

78
.8

86
.8

67
.3

73
.1

76
.5

19
.5

94
.3

N
ew

 S
am

pl
e 

C
yc

le
 1

14
0

3.
5

51
22

.8
10

17
5.

4
2.

69
42

2.
74

48
3.

0
65

5
2.

94
78

2.
86

31
79

.1
90

.0
73

.5
69

.6
78

.1
20

.4
91

.2

N
ew

 S
am

pl
e 

C
yc

le
 1

14
0

3.
5

51
22

.8
10

17
5.

4
2.

86
22

2.
86

68
2.

57
18

2.
61

11
2.

72
80

69
.4

69
.8

70
.0

77
.7

71
.7

8.
3

98
.1

Av
g

14
03

.5
51

22
.8

10
17

5
2.

67
76

2.
73

11
2.

96
11

2.
88

53
2.

81
38

77
.1

80
.3

69
.1

72
.5

74
.8

16
.0

94
.6

Ra
ng

e
-

-
-

0.
35

70
0.

28
56

0.
56

46
0.

41
45

0.
13

51
11

.8
20

.2
7.

9
8.

1
6.

3
12

.1
6.

9

LC
_1

8%
N

ew
 S

am
pl

e1
 C

yc
le

 2
14

0
3.

5
51

22
.8

10
17

5.
4

2.
48

76
2.

67
87

3.
12

82
2.

97
30

2.
81

69
82

.1
85

.9
85

.9
71

.9
81

.5
14

.0
86

.7

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
0

3.
5

51
22

.8
10

17
5.

4
2.

61
93

2.
54

50
3.

0
95

0
2.

96
10

2.
80

51
80

.7
84

.4
89

.9
72

.5
81

.9
17

.4
87

.4

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
0

3.
5

51
22

.8
10

17
5.

4
2.

65
66

2.
72

30
3.

0
15

0
2.

94
72

2.
83

54
78

.4
90

.7
60

.4
69

.3
74

.7
30

.3
85

.5

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
0

3.
5

51
22

.8
10

17
5.

4
2.

83
95

2.
83

95
2.

54
86

2.
55

25
2.

69
50

82
.7

78
.9

61
.1

79
.5

75
.6

21
.6

82
.4

Av
g

14
03

.5
51

22
.8

10
17

5
2.

65
0

8
2.

69
66

2.
94

67
2.

85
84

2.
78

81
81

.0
85

.0
74

.3
73

.3
78

.4
20

.8
85

.5

Ra
ng

e
-

-
-

0.
35

19
0.

29
45

0.
57

96
0.

42
0

5
0.

14
0

4
4.

3
11

.8
29

.5
10

.2
7.

2
16

.3
5.

0

LC
_1

8%
N

ew
 S

am
pl

e 
1 C

yc
le

 3
14

0
3.

5
51

22
.8

10
17

5.
4

2.
51

81
2.

67
89

3.
18

48
3.

0
16

0
2.

84
94

82
.0

77
.2

64
.0

79
.8

75
.8

18
.0

84
.4

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
0

3.
5

51
22

.8
10

17
5.

4
2.

68
48

2.
57

67
3.

0
93

7
3.

0
0

87
2.

84
10

79
.2

85
.4

62
.7

81
.3

77
.2

22
.7

84
.0

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
0

3.
5

51
22

.8
10

17
5.

4
2.

68
61

2.
69

44
3.

16
23

2.
97

59
2.

87
97

82
.5

93
.3

66
.5

78
.4

80
.2

26
.8

81
.0

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
0

3.
5

51
22

.8
10

17
5.

4
2.

85
66

2.
84

75
2.

57
49

2.
53

65
2.

70
39

68
.4

69
.8

80
.0

84
.3

75
.6

15
.9

79
.4

Av
g

14
03

.5
51

22
.8

10
17

5
2.

68
64

2.
69

94
3.

0
03

9
2.

88
43

2.
81

85
78

.0
81

.4
68

.3
81

.0
77

.2
20

.9
82

.2

Ra
ng

e
-

-
-

0.
33

85
0.

27
0

8
0.

60
99

0.
47

95
0.

17
58

14
.1

23
.5

17
.3

5.
9

4.
6

10
.9

5.
0

LC
_1

8%
N

ew
 S

am
pl

e 
1 C

yc
le

 4
14

0
3.

5
51

22
.8

10
17

5.
4

2.
52

35
2.

68
50

3.
19

82
3.

0
28

3
2.

85
88

87
.3

89
.7

61
.9

84
.2

80
.8

27
.8

88
.7

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
0

3.
5

51
22

.8
10

17
5.

4
2.

68
57

2.
56

59
3.

15
21

3.
0

14
9

2.
85

46
86

.9
89

.0
71

.6
77

.9
81

.4
17

.4
83

.8

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
0

3.
5

51
22

.8
10

17
5.

4
2.

72
0

0
2.

74
54

3.
13

67
3.

0
20

3
2.

90
56

84
.5

89
.3

76
.4

78
.3

82
.1

12
.9

80
.0

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
0

3.
5

51
22

.8
10

17
5.

4
2.

90
38

2.
89

46
2.

61
23

2.
58

48
2.

74
89

80
.7

73
.5

76
.3

86
.0

79
.1

12
.5

78
.7

Av
g

14
03

.5
51

22
.8

10
17

5
2.

70
83

2.
72

27
3.

02
48

2.
91

21
2.

84
20

84
.9

85
.4

71
.6

81
.6

80
.8

17
.7

82
.8

Ra
ng

e
-

-
-

0.
38

03
0.

32
87

0.
58

59
0.

44
35

0.
15

67
6.

6
16

.2
14

.5
8.

1
3.

0
15

.3
10

.0

LC
_1

8%
N

ew
 S

am
pl

e 
1 C

yc
le

 5
14

0
3.

5
51

22
.8

10
17

5.
4

2.
53

28
2.

69
53

3.
16

37
3.

0
16

0
2.

85
20

84
.4

90
.0

64
.3

74
.5

78
.3

25
.7

85
.5

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
0

3.
5

51
22

.8
10

17
5.

4
2.

62
50

2.
57

78
3.

14
67

3.
0

0
0

2
2.

83
74

84
.1

86
.6

85
.0

71
.0

81
.7

15
.6

84
.8

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
0

3.
5

51
22

.8
10

17
5.

4
2.

69
71

2.
73

91
3.

0
87

8
3.

0
98

0
2.

90
55

78
.0

86
.5

85
.2

87
.4

84
.3

9.
4

80
.2

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
0

3.
5

51
22

.8
10

17
5.

4
2.

88
13

2.
88

13
2.

57
73

2.
57

34
2.

72
83

88
.5

72
.3

85
.4

92
.2

84
.6

19
.9

78
.3

Av
g

14
03

.5
51

22
.8

10
17

5
2.

68
40

2.
72

33
2.

99
39

2.
92

19
2.

83
0

8
83

.8
83

.9
80

.0
81

.3
82

.2
17

.7
82

.2

Ra
ng

e
-

-
-

0.
34

85
0.

30
35

0.
58

65
0.

52
46

0.
17

72
10

.5
17

.7
21

.1
21

.2
6.

3
16

.3
7.

2

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018) 15

TA
B

LE
S

 1
-2

-3
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f l

ow
 c

op
pe

r 2
2%

 p
or

os
ity

 s
am

pl
es

.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1 X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

LC
_2

2%
N

ew
 S

am
pl

e 
C

yc
le

 1
13

33
.3

47
38

.6
96

49
.1

1.7
60

6
1.9

60
1

2.
28

67
2.

13
96

2.
03

67
67

.3
59

.8
40

.5
57

.0
56

.2
26

.8
13

8.
3

N
ew

 S
am

pl
e 

C
yc

le
 1

13
33

.3
47

38
.6

96
49

.1
1.7

22
4

1.5
32

3
2.

36
93

2.
0

96
3

1.
93

01
70

.4
69

.2
32

.7
45

.6
54

.5
37

.7
12

7.
9

N
ew

 S
am

pl
e 

C
yc

le
 1

13
33

.3
47

38
.6

96
49

.1
1.9

28
8

1.6
14

3
2.

27
98

2.
0

61
1

1.
97

10
62

.0
69

.4
55

.6
61

.9
62

.2
13

.8
13

3.
2

N
ew

 S
am

pl
e 

C
yc

le
 1

13
33

.3
47

38
.6

96
49

.1
1.6

70
2

1.6
51

4
2.

34
98

1.9
70

7
1.

91
0

5
70

.0
70

.7
43

.3
46

.7
57

.7
27

.4
13

2.
5

Av
g

13
33

.3
47

38
.6

96
49

.1
1.7

70
5

1.
68

95
2.

32
14

2.
0

66
9

1.
96

21
67

.4
67

.3
43

.0
52

.8
57

.6
26

.4
13

3.
0

Ra
ng

e
-

-
-

0.
25

87
0.

42
78

0.
0

89
6

0.
16

88
0.

12
62

8.
4

10
.9

22
.9

16
.3

7.
8

23
.9

10
.4

LC
_2

2%
N

ew
 S

am
pl

e1
 C

yc
le

 2
13

33
.3

47
38

.6
96

49
.1

1.7
12

2
1.9

59
9

2.
20

65
2.

0
60

3
1.

98
47

62
.4

64
.8

50
.9

51
.6

57
.4

13
.9

12
6.

5

N
ew

 S
am

pl
e1

 C
yc

le
 2

13
33

.3
47

38
.6

96
49

.1
1.6

42
9

1.5
16

6
2.

32
90

2.
0

67
7

1.
88

90
78

.4
65

.9
32

.6
41

.0
54

.5
45

.8
11

7.
0

N
ew

 S
am

pl
e1

 C
yc

le
 2

13
33

.3
47

38
.6

96
49

.1
1.8

86
3

1.5
99

1
2.

28
53

2.
0

14
3

1.
94

62
74

.6
69

.2
54

.6
58

.5
64

.2
20

.0
12

2.
1

N
ew

 S
am

pl
e1

 C
yc

le
 2

13
33

.3
47

38
.6

96
49

.1
1.6

40
4

1.6
12

0
2.

30
65

1.8
64

6
1.

85
58

69
.7

69
.3

49
.6

51
.0

59
.9

20
.1

12
2.

9

Av
g

13
33

.3
47

38
.6

96
49

.1
1.7

20
4

1.
67

19
2.

28
18

2.
0

01
7

1.
91

90
71

.3
67

.3
46

.9
50

.5
59

.0
25

.0
12

2.
1

Ra
ng

e
-

-
-

0.
24

59
0.

44
33

0.
12

24
0.

20
31

0.
12

89
16

.0
4.

5
22

.0
17

.5
9.

7
31

.9
9.

5

LC
_2

2%
N

ew
 S

am
pl

e 
1 C

yc
le

 3
13

33
.3

47
38

.6
96

49
.1

1.7
32

1
1.9

63
7

2.
26

16
2.

0
93

0
2.

01
26

70
.9

57
.4

51
.1

65
.2

61
.2

19
.8

12
2.

3

N
ew

 S
am

pl
e 

1 C
yc

le
 3

13
33

.3
47

38
.6

96
49

.1
1.6

98
6

1.5
19

7
2.

38
34

2.
0

69
9

1.
91

79
75

.1
72

.9
31

.2
51

.5
57

.7
43

.9
11

3.
3

N
ew

 S
am

pl
e 

1 C
yc

le
 3

13
33

.3
47

38
.6

96
49

.1
1.9

15
8

1.6
15

3
2.

72
38

2.
0

49
0

2.
07

60
74

.0
79

.4
53

.1
64

.0
67

.6
26

.3
11

8.
1

N
ew

 S
am

pl
e 

1 C
yc

le
 3

13
33

.3
47

38
.6

96
49

.1
1.6

80
8

1.6
10

9
2.

32
40

1.9
0

46
1.

88
01

71
.3

72
.9

55
.5

47
.6

61
.8

25
.3

12
0.

4

Av
g

13
33

.3
47

38
.6

96
49

.1
1.7

56
8

1.
67

74
2.

42
32

2.
02

91
1.

97
16

72
.8

70
.7

47
.7

57
.1

62
.1

28
.8

11
8.

5

Ra
ng

e
-

-
-

0.
23

50
0.

44
40

0.
46

22
0.

18
84

0.
19

59
4.

2
22

.0
24

.3
17

.6
10

.0
24

.1
9.

0

LC
_2

2%
N

ew
 S

am
pl

e 
1 C

yc
le

 4
13

33
.3

47
38

.6
96

49
.1

1.7
33

7
2.

0
0

40
2.

26
79

2.
10

73
2.

02
83

72
.4

62
.1

55
.6

67
.6

64
.4

16
.8

12
1.7

N
ew

 S
am

pl
e 

1 C
yc

le
 4

13
33

.3
47

38
.6

96
49

.1
1.7

18
0

1.5
54

8
2.

38
36

2.
0

96
3

1.
93

82
70

.5
74

.5
39

.9
40

.5
56

.4
34

.6
11

6.
1

N
ew

 S
am

pl
e 

1 C
yc

le
 4

13
33

.3
47

38
.6

96
49

.1
1.9

24
2

1.6
33

9
2.

31
65

2.
0

61
2

1.
98

39
76

.0
70

.7
67

.4
62

.9
69

.3
13

.1
11

7.
1

N
ew

 S
am

pl
e 

1 C
yc

le
 4

13
33

.3
47

38
.6

96
49

.1
1.6

86
5

1.6
42

6
2.

34
73

1.9
16

7
1.

89
83

75
.2

79
.9

67
.2

50
.8

68
.3

29
.1

11
8.

6

Av
g

13
33

.3
47

38
.6

96
49

.1
1.7

65
6

1.7
0

88
2.

32
88

2.
0

45
4

1.
96

22
73

.5
71

.8
57

.5
55

.5
64

.6
23

.4
11

8.
4

Ra
ng

e
-

-
-

0.
23

77
0.

44
93

0.
11

57
0.

19
07

0.
13

0
0

5.
5

17
.8

27
.5

27
.1

12
.9

21
.5

5.
6

LC
_2

2%
N

ew
 S

am
pl

e 
1 C

yc
le

 5
13

33
.3

47
38

.6
96

49
.1

1.7
29

6
1.9

18
9

2.
24

20
2.

0
92

9
1.

99
59

75
.0

61
.1

64
.8

65
.5

66
.6

13
.9

12
1.8

N
ew

 S
am

pl
e 

1 C
yc

le
 5

13
33

.3
47

38
.6

96
49

.1
1.6

87
6

1.4
99

5
2.

36
51

2.
0

60
8

1.
90

32
70

.0
76

.0
49

.5
53

.6
62

.3
26

.5
11

3.
0

N
ew

 S
am

pl
e 

1 C
yc

le
 5

13
33

.3
47

38
.6

96
49

.1
1.8

82
8

1.7
65

2
2.

29
21

2.
0

55
1

1.
99

88
68

.8
72

.2
70

.3
70

.1
70

.4
3.

4
11

7.
4

N
ew

 S
am

pl
e 

1 C
yc

le
 5

13
33

.3
47

38
.6

96
49

.1
1.6

52
6

1.6
28

0
2.

30
88

1.9
18

9
1.

87
71

70
.2

79
.1

50
.6

57
.3

64
.3

28
.5

11
9.

3

Av
g

13
33

.3
47

38
.6

96
49

.1
1.7

38
1

1.7
02

9
2.

30
20

2.
03

19
1.

94
37

71
.0

72
.1

58
.8

61
.6

65
.9

18
.1

11
7.

9

Ra
ng

e
-

-
-

0.
23

03
0.

41
93

0.
12

31
0.

17
41

0.
12

17
6.

2
18

.0
20

.8
16

.5
8.

1
25

.1
8.

8

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



16 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018)

TA
B

LE
S

 1
-2

-4
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f C

op
pe

r F
re

e 
13

%
 p

or
os

ity
.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1 X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

C
F_

13
%

N
ew

 S
am

pl
e 

C
yc

le
 1

16
49

.1
52

98
.2

10
70

1.8
2.

11
90

2.
19

49
2.

92
67

2.
47

56
2.

42
91

72
.3

75
.0

66
.0

69
.7

70
.8

9.
0

15
0.

0

N
ew

 S
am

pl
e 

C
yc

le
 1

16
49

.1
56

14
10

80
7

2.
86

71
2.

81
10

2.
80

71
2.

71
55

2.
80

02
80

.6
73

.7
71

.1
76

.0
75

.4
9.

5
12

8.
6

N
ew

 S
am

pl
e 

C
yc

le
 1

16
49

.1
56

14
10

80
7

3.
0

84
8

3.
0

32
4

2.
92

18
3.

0
0

67
3.

01
15

70
.6

74
.8

67
.3

72
.1

71
.2

7.
5

96
.5

N
ew

 S
am

pl
e 

C
yc

le
 1

16
49

.1
56

14
10

80
7

2.
54

95
2.

60
0

1
2.

56
46

2.
70

66
2.

60
52

77
.2

77
.2

73
.0

80
.0

76
.9

7.
0

15
4.

9

Av
g

16
49

.1
55

35
.1

10
78

1
2.

65
51

2.
65

96
2.

80
50

2.
72

61
2.

71
15

75
.2

75
.2

69
.4

74
.5

73
.5

8.
3

13
2.

5

Ra
ng

e
-

-
-

0.
96

58
0.

83
76

0.
36

21
0.

53
11

0.
58

24
10

.0
3.

5
7.

0
10

.3
6.

1
2.

5
58

.4

C
F_

13
%

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
49

.1
55

43
.9

10
70

1.8
2.

24
0

8
2.

33
90

2.
81

81
2.

43
26

2.
45

76
72

.0
77

.7
58

.8
70

.9
69

.9
18

.9
15

2.
8

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
49

.1
56

14
11

0
17

.5
2.

91
33

2.
87

49
2.

86
0

6
2.

69
78

2.
83

67
74

.2
66

.6
71

.4
74

.7
71

.7
8.

1
12

6.
4

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
49

.1
56

14
11

0
17

.5
3.

0
45

3
2.

96
87

2.
89

0
2

2.
94

38
2.

96
20

78
.2

73
.2

77
.1

76
.8

76
.3

5.
0

90
.5

N
ew

 S
am

pl
e1

 C
yc

le
 2

16
49

.1
56

14
11

0
52

.6
2.

56
0

1
2.

59
64

2.
58

42
2.

71
47

2.
61

39
76

.0
78

.9
68

.8
81

.3
76

.3
12

.5
15

2.
1

Av
g

16
49

.1
55

96
.5

10
94

7
2.

68
99

2.
69

48
2.

78
83

2.
69

72
2.

71
75

75
.1

74
.1

69
.0

75
.9

73
.5

11
.1

13
0.

5

Ra
ng

e
-

-
-

0.
80

45
0.

62
97

0.
30

59
0.

51
12

0.
50

44
6.

2
12

.3
18

.3
10

.4
6.

5
13

.9
62

.3

C
F_

13
%

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
49

.1
55

43
.9

10
70

1.8
2.

25
97

2.
30

35
2.

78
94

2.
43

91
2.

44
79

69
.3

76
.5

69
.3

71
.4

71
.6

7.
2

15
1.2

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
49

.1
56

14
10

98
2.

5
2.

94
96

2.
87

20
2.

89
11

2.
69

0
8

2.
85

0
8

74
.5

73
.3

71
.4

79
.2

74
.6

7.
8

12
7.

3

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
49

.1
56

14
10

98
2.

5
3.

07
15

2.
98

38
2.

85
68

2.
92

41
2.

95
90

79
.0

75
.0

78
.7

79
.0

77
.9

4.
0

88
.4

N
ew

 S
am

pl
e 

1 C
yc

le
 3

16
49

.1
56

14
10

94
7.

4
2.

55
66

2.
63

41
2.

56
0

6
2.

73
72

2.
62

21
76

.8
81

.5
72

.4
79

.2
77

.5
9.

1
15

1.4

Av
g

16
49

.1
55

96
.5

10
90

4
2.

70
93

2.
69

83
2.

77
45

2.
69

78
2.

72
0

0
74

.9
76

.6
73

.0
77

.2
75

.4
7.

0
12

9.
6

Ra
ng

e
-

-
-

0.
81

18
0.

68
03

0.
33

0
5

0.
48

51
0.

51
11

9.
7

8.
2

9.
4

7.
8

6.
3

5.
1

63
.0

C
F_

13
%

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
49

.1
55

43
.9

10
70

1.8
2.

24
31

2.
32

76
2.

75
33

2.
40

22
2.

43
16

80
.8

85
.5

64
.0

83
.1

78
.4

21
.5

15
1.3

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
49

.1
56

14
10

98
2.

5
2.

90
0

4
2.

83
86

2.
83

86
2.

66
44

2.
81

0
5

75
.4

71
.8

66
.2

84
.0

74
.4

17
.8

12
4.

7

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
49

.1
56

14
10

98
2.

5
3.

0
33

3
2.

97
21

2.
86

46
2.

90
30

2.
94

33
70

.8
70

.2
68

.7
83

.2
73

.2
14

.5
88

.2

N
ew

 S
am

pl
e 

1 C
yc

le
 4

16
49

.1
56

14
10

94
7.

4
2.

52
11

2.
55

66
2.

54
86

2.
68

49
2.

57
78

85
.3

84
.0

64
.9

80
.5

78
.7

20
.4

15
1.5

Av
g

16
49

.1
55

96
.5

10
90

4
2.

67
45

2.
67

37
2.

75
13

2.
66

37
2.

69
0

8
78

.1
77

.9
66

.0
82

.7
76

.2
18

.6
12

8.
9

Ra
ng

e
-

-
-

0.
79

02
0.

64
46

0.
31

60
0.

50
0

8
0.

51
17

14
.5

15
.3

4.
7

3.
5

5.
5

7.
0

63
.3

C
F_

13
%

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
49

.1
55

43
.9

10
70

1.8
2.

22
17

2.
31

86
2.

77
75

2.
39

28
2.

42
76

74
.4

75
.6

69
.3

84
.2

75
.9

14
.9

14
7.

4

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
49

.1
56

14
10

98
2.

5
2.

91
33

2.
84

18
2.

85
12

2.
67

20
2.

81
96

70
.1

76
.0

63
.1

78
.8

72
.0

15
.7

12
3.

5

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
49

.1
56

14
10

98
2.

5
3.

0
66

2
2.

96
87

2.
87

10
2.

91
44

2.
95

51
63

.6
73

.3
75

.6
74

.1
71

.7
12

.0
86

.1

N
ew

 S
am

pl
e 

1 C
yc

le
 5

16
49

.1
56

14
10

94
7.

4
2.

51
19

2.
55

15
2.

52
77

2.
65

88
2.

56
25

85
.2

75
.8

78
.8

84
.8

81
.2

9.
4

14
8.

6

Av
g

16
49

.1
55

96
.5

10
90

4
2.

67
83

2.
67

02
2.

75
68

2.
65

95
2.

69
12

73
.3

75
.2

71
.7

80
.5

75
.2

13
.0

12
6.

4

Ra
ng

e
-

-
-

0.
84

45
0.

65
01

0.
34

34
0.

52
16

0.
52

74
21

.6
2.

7
15

.7
10

.7
9.

5
6.

3
62

.5

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018) 17

TA
B

LE
S

 1
-2

-5
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f C

op
pe

r F
re

e 
18

%
 p

or
os

ity
.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
H

ar
dn

es
s 

- H
RR

Co
m

pr
es

si
bi

lit
y 

1X

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 1

15
0

8.
8

52
63

.2
10

84
2.

1
1.0

72
8

1.0
56

6
1.0

71
2

1.0
67

9
1.0

67
1

59
.3

60
.1

67
.3

60
.5

61
.8

8.
0

13
5.

8

N
ew

 S
am

pl
e 

1 C
yc

le
 1

15
0

8.
8

52
63

.2
10

84
2.

1
1.0

58
0

1.1
41

1
1.1

62
9

1.1
50

1
1.1

28
0

58
.2

55
.3

53
.4

57
.1

56
.0

4.
8

10
4.

2

N
ew

 S
am

pl
e 

1 C
yc

le
 1

15
0

8.
8

52
63

.2
10

91
2.

3
1.1

52
1

1.1
34

1
1.1

21
7

1.1
28

8
1.1

34
2

69
.8

64
.9

60
.4

66
.3

65
.4

9.
4

13
1.2

N
ew

 S
am

pl
e 

1 C
yc

le
 1

15
0

8.
8

52
63

.2
10

98
2.

5
1.1

30
0

1.1
10

0
1.0

0
0

0
1.0

0
0

0
1.0

60
0

57
.0

54
.9

64
.5

66
.1

60
.6

11
.2

15
7.

6

Av
g

15
0

8.
8

52
63

.2
10

91
2

1.1
13

4
1.1

28
4

1.0
94

9
1.0

92
9

1.1
07

4
61

.7
58

.4
59

.4
63

.2
60

.7
8.

5
13

1.0

Ra
ng

e
-

-
-

0.
0

94
1

0.
03

10
0.

16
29

0.
15

01
0.

07
42

12
.8

10
.0

11
.1

9.
2

9.
3

6.
4

53
.4

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 2

15
0

8.
8

52
63

.2
10

49
1.2

1.0
60

6
1.0

63
8

1.0
68

7
1.0

49
4

1.0
60

6
62

.4
62

.9
56

.8
57

.2
59

.8
6.

1
12

7.
3

N
ew

 S
am

pl
e 

1 C
yc

le
 2

15
0

8.
8

52
63

.2
10

52
6.

3
1.0

72
4

1.1
0

92
1.1

68
2

1.1
16

1
1.1

16
5

62
.8

51
.6

61
.1

53
.5

57
.3

11
.2

95
.8

N
ew

 S
am

pl
e 

1 C
yc

le
 2

15
0

8.
8

52
63

.2
10

35
0.

9
1.1

58
2

1.1
65

6
1.1

20
6

1.1
24

1
1.1

42
1

62
.2

56
.8

54
57

.4
57

.6
8.

2
12

5.
8

N
ew

 S
am

pl
e 

1 C
yc

le
 2

15
0

8.
8

52
63

.2
10

98
2.

5
1.0

81
6

1.0
93

4
0.

98
37

0.
96

80
1.0

31
7

58
.9

54
65

.9
71

.4
62

.6
17

.4
14

7.
7

Av
g

15
0

8.
8

52
63

.2
10

58
8

1.0
93

2
1.1

0
80

1.0
85

3
1.0

64
4

1.0
87

7
61

.6
56

.3
59

.5
59

.9
59

.3
10

.7
12

4.
2

Ra
ng

e
-

-
-

0.
0

97
7

0.
10

18
0.

18
45

0.
15

61
0.

11
0

5
3.

9
11

.3
11

.9
17

.9
5.

3
11

.3
51

.9

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 3

15
0

8.
8

52
63

.2
10

35
0.

9
1.0

65
8

1.0
78

9
1.0

83
9

1.0
56

1
1.0

71
1

67
.6

70
.1

55
.9

57
.3

62
.7

14
.2

12
5.

5

N
ew

 S
am

pl
e 

1 C
yc

le
 3

15
0

8.
8

52
63

.2
10

52
6.

3
1.0

65
2

1.0
73

3
1.1

60
1

1.1
22

4
1.1

0
53

57
55

.2
63

.1
51

.3
56

.7
11

.8
94

.6

N
ew

 S
am

pl
e 

1 C
yc

le
 3

15
0

8.
8

52
63

.2
10

52
6.

3
1.1

62
1

1.1
56

6
1.1

36
7

1.1
20

8
1.1

44
1

68
.3

61
.4

64
.9

70
.1

66
.2

8.
7

12
4

N
ew

 S
am

pl
e 

1 C
yc

le
 3

15
0

8.
8

52
63

.2
10

52
6.

3
1.1

0
19

1.0
90

0
1.0

0
28

0.
98

81
1.0

45
7

60
.3

59
.4

68
.3

69
.9

64
.5

10
.5

14
6

Av
g

15
0

8.
8

52
63

.2
10

48
2

1.0
98

7
1.0

99
7

1.0
95

9
1.0

71
9

1.0
91

5
63

.3
61

.5
63

.1
62

.2
62

.5
11

.3
12

2.
5

Ra
ng

e
-

-
-

0.
0

96
9

0.
0

83
3

0.
15

73
0.

13
43

0.
0

98
4

11
.3

14
.9

12
.4

18
.8

9.
5

5.
5

51
.4

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 4

15
0

8.
8

52
63

.2
10

35
0.

9
1.0

43
9

1.0
66

3
1.0

81
1

1.0
48

6
1.0

60
0

64
.3

64
.8

61
.2

59
.5

62
.5

5.
3

13
0.

7

N
ew

 S
am

pl
e 

1 C
yc

le
 4

15
0

8.
8

52
63

.2
10

52
6.

3
1.0

42
9

1.0
35

0
1.1

46
2

1.0
91

9
1.0

79
0

58
.7

50
.2

50
.1

61
.5

55
.1

11
.4

95
.3

N
ew

 S
am

pl
e 

1 C
yc

le
 4

15
0

8.
8

52
63

.2
10

52
6.

3
1.1

54
8

1.1
73

3
1.1

29
7

1.1
19

2
1.1

44
3

63
78

.7
89

.9
67

.6
74

.8
26

.9
12

5

N
ew

 S
am

pl
e 

1 C
yc

le
 4

15
0

8.
8

52
63

.2
10

52
6.

3
1.1

0
35

1.1
0

35
0.

99
76

0.
97

0
3

1.0
43

7
57

.9
54

.4
64

.5
71

.3
62

.0
16

.9
14

4.
2

Av
g

15
0

8.
8

52
63

.2
10

48
2

1.0
86

3
1.0

94
5

1.0
88

6
1.0

57
5

1.0
81

7
61

.0
62

.0
66

.4
65

.0
63

.6
15

.1
12

3.
8

Ra
ng

e
-

-
-

0.
11

20
0.

13
83

0.
14

87
0.

14
89

0.
10

0
5

6.
4

28
.5

39
.8

11
.8

19
.7

21
.6

48
.9

C
F_

18
%

N
ew

 S
am

pl
e 

1 C
yc

le
 5

15
0

8.
8

52
63

.2
10

35
0.

9
1.0

71
1

1.0
66

2
1.0

67
8

1.0
36

0
1.0

60
3

61
59

.9
52

.6
62

.5
59

.0
9.

9
12

3.
6

N
ew

 S
am

pl
e 

1 C
yc

le
 5

15
0

8.
8

52
63

.2
10

52
6.

3
1.0

73
2

1.0
83

1
1.1

72
9

1.1
25

8
1.1

13
7

53
.2

57
.5

60
.5

52
.4

55
.9

8.
1

92
.2

N
ew

 S
am

pl
e 

1 C
yc

le
 5

15
0

8.
8

52
63

.2
10

52
6.

3
1.1

24
6

1.1
45

9
1.1

0
0

4
1.1

17
6

1.1
22

1
72

.4
56

.3
51

.9
72

63
.2

20
.5

12
0.

7

N
ew

 S
am

pl
e 

1 C
yc

le
 5

15
0

8.
8

52
63

.2
10

52
6.

3
1.0

71
3

1.0
71

3
0.

96
0

8
0.

96
22

1.0
16

4
57

.6
57

.3
60

.7
76

.9
63

.1
19

.6
14

1.3

Av
g

15
0

8.
8

52
63

.2
10

48
2

1.0
85

0
1.0

91
6

1.0
75

5
1.0

60
4

1.0
78

1
61

.1
57

.8
56

.4
66

.0
60

.3
14

.5
11

9.
5

Ra
ng

e
-

-
-

0.
0

53
5

0.
07

98
0.

21
21

0.
16

36
0.

10
57

19
.2

3.
6

8.
8

24
.5

7.
3

12
.4

49
.1

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



18 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018)

TA
B

LE
S

 1
-2

-6
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

, 4
th

 c
yc

le
 a

nd
 5

th
 c

yc
le

 o
f C

op
pe

r F
re

e 
22

%
 p

or
os

ity
.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1X

 (u
m

)

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

C
F_

22
%

N
ew

 S
am

pl
e 

C
yc

le
 1

14
38

.6
45

61
.4

96
14

1.9
93

1
2.

0
68

3
1.8

67
8

1.9
13

7
1.

96
07

25
.7

35
.0

35
.2

45
.2

35
.3

19
.5

14
1.2

N
ew

 S
am

pl
e 

C
yc

le
 1

14
38

.6
45

61
.4

96
14

2.
0

22
9

2.
17

42
1.8

0
12

1.9
33

5
1.

98
29

27
.7

30
.1

37
.8

45
.2

35
.2

17
.5

12
9.

7

N
ew

 S
am

pl
e 

C
yc

le
 1

14
38

.6
47

0
1.8

98
59

.6
2.

17
93

2.
17

59
1.9

95
0

1.9
95

0
2.

0
86

3
33

.9
26

.9
49

.0
61

.6
42

.9
34

.7
13

4.
8

N
ew

 S
am

pl
e 

C
yc

le
 1

14
38

.6
47

0
1.8

96
14

1.9
45

5
1.9

45
5

1.9
45

5
1.8

69
0

1.
92

64
38

.2
33

.7
36

.5
40

.8
37

.3
7.

1
15

1.0

Av
g

14
38

.6
46

31
.6

96
75

.4
2.

03
52

2.
0

91
0

1.
90

24
1.

92
78

1.
98

91
31

.4
31

.4
39

.6
48

.2
37

.7
19

.7
13

9.
2

Ra
ng

e
-

-
-

0.
23

38
0.

23
0

5
0.

19
38

0.
12

60
0.

15
99

12
.5

8.
1

13
.8

20
.8

7.
7

27
.6

21
.3

C
F_

22
%

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
38

.6
49

47
.4

10
10

5.
3

1.9
52

8
2.

0
31

6
1.8

57
3

1.8
75

8
1.

92
94

24
.8

39
.2

41
.3

50
.5

39
.0

25
.7

12
9.

7

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
38

.6
50

17
.5

10
18

9.
3

2.
0

17
7

2.
17

48
1.8

17
2

1.9
79

6
1.

99
73

25
.9

29
.3

32
.1

44
.2

32
.9

18
.3

11
9.

.1

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
38

.6
50

17
.5

10
17

5.
4

2.
12

73
2.

16
64

1.9
58

0
1.9

75
1

2.
0

56
7

32
.5

29
.1

47
.2

61
.3

42
.5

32
.2

12
8.

0

N
ew

 S
am

pl
e1

 C
yc

le
 2

14
38

.6
50

17
.5

10
17

5.
4

1.9
27

0
1.9

43
7

1.9
27

0
1.8

36
3

1.
90

85
42

.0
31

.8
43

.2
37

.2
38

.6
11

.4
13

9.
2

Av
g

14
38

.6
50

0
0.

0
10

16
1

2.
0

0
62

2.
07

91
1.

88
99

1.
91

67
1.

97
30

31
.3

32
.4

41
.0

48
.3

38
.2

21
.9

13
2.

3

Ra
ng

e
-

-
-

0.
20

03
0.

23
11

0.
14

0
8

0.
14

34
0.

14
82

17
.2

10
.1

15
.1

24
.1

9.
7

20
.8

11
.2

C
F_

22
%

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
38

.6
49

47
.4

10
10

5.
3

1.9
58

9
2.

0
50

2
1.8

60
3

1.8
89

6
1.

93
97

26
.9

33
.9

29
.9

43
.7

33
.6

16
.8

12
7.

8

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
38

.6
50

17
.5

10
17

5.
4

2.
0

18
9

2.
17

61
1.8

20
8

1.9
75

1
1.

99
77

27
.1

30
.3

33
.9

45
.8

34
.3

18
.7

11
9.

7

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
38

.6
50

17
.5

10
17

5.
4

2.
33

0
8

2.
35

18
2.

15
0

3
2.

18
16

2.
25

36
33

.0
26

.3
51

.9
59

.3
42

.6
33

.0
12

6.
8

N
ew

 S
am

pl
e 

1 C
yc

le
 3

14
38

.6
50

17
.5

10
17

5.
4

1.9
36

2
1.9

53
0

1.9
30

6
1.8

44
7

1.
91

61
36

.3
38

.3
35

.7
45

.5
39

.0
9.

8
13

8.
8

Av
g

14
38

.6
50

0
0.

0
10

15
8

2.
0

61
2

2.
13

28
1.

94
0

5
1.

97
27

2.
02

68
30

.8
32

.2
37

.9
48

.6
37

.4
19

.6
12

8.
3

Ra
ng

e
-

-
-

0.
39

46
0.

39
88

0.
32

95
0.

33
68

0.
33

75
9.

4
12

.0
22

.0
15

.6
9.

0
23

.2
19

.1

C
F_

22
%

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
38

.6
49

47
.4

10
10

5.
3

1.9
32

7
2.

0
07

3
1.8

43
9

1.8
67

5
1.

91
28

42
.9

46
.8

39
.0

52
.0

45
.2

13
.0

12
9.

0

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
38

.6
50

17
.5

10
17

5.
4

2.
0

12
4

2.
14

57
1.8

0
54

1.9
86

1
1.

98
74

26
.3

26
.7

32
.2

49
.9

33
.8

23
.6

11
7.

7

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
38

.6
50

17
.5

10
17

5.
4

2.
13

0
1

2.
15

28
1.9

60
7

1.9
89

4
2.

0
58

3
30

.0
32

.5
33

.9
59

.6
39

.0
29

.6
12

3.
5

N
ew

 S
am

pl
e 

1 C
yc

le
 4

14
38

.6
50

17
.5

10
17

5.
4

1.9
44

9
1.9

22
6

1.9
25

4
1.8

32
3

1.
90

63
35

.5
36

.6
30

.8
48

.4
37

.8
17

.6
14

1.7

Av
g

14
38

.6
50

0
0.

0
10

15
8

2.
0

0
50

2.
0

57
1

1.
88

38
1.

91
88

1.
96

62
33

.7
35

.7
34

.0
52

.5
38

.9
21

.0
12

8.
0

Ra
ng

e
-

-
-

0.
19

74
0.

23
02

0.
15

53
0.

15
72

0.
15

20
16

.6
20

.1
8.

2
11

.2
11

.4
16

.6
24

.0

C
F_

22
%

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
38

.6
49

47
.4

10
10

5.
3

1.9
25

9
2.

0
38

7
1.8

42
8

1.8
61

1
1.

91
71

34
.3

34
.7

42
.5

55
.9

41
.9

21
.6

12
5.

2

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
38

.6
50

17
.5

10
17

5.
4

2.
0

0
61

2.
17

15
1.8

12
6

1.9
54

2
1.

98
61

24
.9

31
.3

45
.0

45
.8

36
.8

20
.9

11
6.

1

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
38

.6
50

17
.5

10
17

5.
4

2.
13

22
2.

14
52

1.9
65

3
1.9

73
9

2.
0

54
1

28
.6

37
.0

49
.5

60
.3

43
.9

31
.7

12
2.

5

N
ew

 S
am

pl
e 

1 C
yc

le
 5

14
38

.6
50

17
.5

10
17

5.
4

1.9
14

4
1.9

25
5

1.8
98

1
1.7

96
8

1.
88

37
33

.2
47

.3
37

.3
46

.0
41

.0
14

.1
13

4.
7

Av
g

14
38

.6
50

0
0.

0
10

15
8

1.
99

47
2.

07
02

1.
87

97
1.

89
65

1.
96

03
30

.3
37

.6
43

.6
52

.0
40

.9
22

.1
12

4.
6

Ra
ng

e
-

-
-

0.
21

78
0.

24
60

0.
15

27
0.

17
71

0.
17

0
4

9.
4

16
.0

12
.2

14
.5

7.
1

17
.6

18
.6

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018) 19

A
p

p
en

d
ix

 2
: P

hy
si

ca
l P

ro
p

er
ti

es
 o

f 
Lo

w
-C

o
p

p
er

 a
nd

 C
o

p
p

er
-F

re
e 

N
A

O
 P

ad
s;

 A
g

ed
 

at
 R

o
o

m
 T

em
p

er
at

ur
e 

fo
r 

12
 M

o
nt

hs
TA

B
LE

S
 2

-1
-1

 1
st

 c
yc

le
, 2

nd
 c

yc
le

, 3
rd

 c
yc

le
 o

f l
ow

 c
op

pe
r 1

8%
 p

or
os

ity
 s

am
pl

es
.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1 X

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

O
ld

 S
am

pl
e 

C
yc

le
 1

15
37

.2
53

96
.8

10
59

6.
5

3.
82

71
3.

73
0

3
3.

17
70

2.
86

62
3.

40
02

78
.0

80
.2

76
.5

73
.2

77
.0

7
10

2.
2

O
ld

 S
am

pl
e 

C
yc

le
 1

15
43

.9
54

0
3.

5
10

59
6.

5
3.

32
33

3.
44

0
3

3.
47

0
5

3.
40

46
3.

40
97

73
.9

81
.9

81
.4

81
.7

79
.7

8
11

1.0

Av
g

15
40

.5
5

54
0

0.
2

10
59

6.
5

3.
57

52
3.

58
53

3.
32

38
3.

13
54

3.
40

49
76

.0
81

.1
79

.0
77

.5
78

.4
7.

5
10

6.
6

Ra
ng

e
-

-
-

0.
50

38
0.

29
0

0
0.

29
35

0.
53

83
0.

0
0

95
4.

1
1.7

4.
9

8.
5

2.
8

1.0
8.

8

O
ld

 S
am

pl
e 

C
yc

le
 2

15
0

8.
8

53
68

.4
10

49
1.2

3.
71

78
3.

59
18

3.
0

33
4

2.
70

64
3.

26
23

83
.7

82
.2

72
.0

64
.3

75
.6

19
.4

10
0.

2

O
ld

 S
am

pl
e 

C
yc

le
 2

15
43

.9
54

0
3.

5
10

70
1.8

3.
27

79
3.

32
29

3.
45

15
3.

20
14

3.
31

34
76

.0
83

.5
81

.6
84

.8
81

.5
8.

8
99

.8

Av
g

15
26

.3
5

53
86

.0
10

59
6.

5
3.

49
79

3.
45

74
3.

24
25

2.
95

39
3.

28
79

79
.9

82
.9

76
.8

74
.6

78
.5

14
.1

10
0.

0

Ra
ng

e
-

-
-

0.
43

98
0.

26
89

0.
41

82
0.

49
50

0.
0

51
1

7.
7

1.
3

9.
6

20
.5

5.
9

10
.6

0.
4

O
ld

 S
am

pl
e 

C
yc

le
 3

15
0

8.
8

53
68

.4
10

49
1.2

3.
72

85
3.

65
53

3.
0

63
1

2.
76

91
3.

30
40

87
.9

86
.7

70
.9

69
.2

78
.7

18
.7

93
.3

O
ld

 S
am

pl
e 

C
yc

le
 3

15
43

.9
54

0
3.

5
10

59
6.

5
3.

32
75

3.
38

52
3.

51
12

3.
31

62
3.

38
50

74
.5

85
.0

85
.5

80
.1

81
.3

11
99

.7

Av
g

15
26

.3
5

53
86

.0
10

54
3.

9
3.

52
80

3.
52

02
3.

28
71

3.
0

42
7

3.
34

45
81

.2
85

.9
78

.2
74

.7
80

.0
14

.9
96

.5

Ra
ng

e
-

-
-

0.
40

10
0.

27
01

0.
44

81
0.

54
71

0.
0

81
0

13
.4

1.7
14

.6
10

.9
2.

6
7.

7
6.

4

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



20 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018)

TA
B

LE
S

 2
-1

-2
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

 o
f l

ow
 c

op
pe

r 2
2%

 p
or

os
ity

 s
am

pl
es

.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1 X

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

O
ld

 S
am

pl
e 

C
yc

le
 1

14
73

.7
52

44
.4

10
42

1.1
3.

19
12

3.
12

60
2.

44
79

2.
75

59
2.

88
02

78
.6

69
.8

66
.6

68
.3

70
.8

12
93

.1

O
ld

 S
am

pl
e 

C
yc

le
 1

14
73

.7
52

44
.4

10
42

1.1
3.

0
0

23
3.

07
36

2.
87

56
2.

79
66

2.
93

70
76

.2
70

.9
65

.5
70

.7
70

.8
10

.7
93

.1

Av
g

14
73

.7
52

44
.4

10
42

1.1
3.

0
96

8
3.

0
99

8
2.

66
17

2.
77

63
2.

90
86

77
.4

70
.4

66
.1

69
.5

70
.8

11
.4

93
.1

Ra
ng

e
-

-
-

0.
18

89
0.

0
52

4
0.

42
78

0.
0

40
7

0.
0

56
8

2.
4

1.1
1.1

2.
4

0.
0

1.
3

0.
0

O
ld

 S
am

pl
e 

C
yc

le
 2

14
0

3.
5

51
57

.9
99

64
.9

3.
15

0
2

3.
0

92
1

2.
60

98
2.

67
54

2.
88

19
82

.5
83

.4
67

.0
67

.5
75

.1
16

.4
81

.6

O
ld

 S
am

pl
e 

C
yc

le
 2

14
0

3.
5

51
57

.9
99

64
.9

2.
86

97
2.

97
89

2.
93

58
2.

78
85

2.
89

32
80

.5
83

.4
68

.0
68

.5
75

.1
15

.4
81

.6

Av
g

14
03

.5
51

57
.9

99
64

.9
3.

01
0

0
3.

03
55

2.
77

28
2.

73
19

2.
88

75
81

.5
83

.4
67

.5
68

.0
75

.1
15

.9
81

.6

Ra
ng

e
-

-
-

0.
28

0
5

0.
11

31
0.

32
60

0.
11

31
0.

01
14

2.
0

0.
0

1.0
1.0

0.
0

1.0
0.

0

O
ld

 S
am

pl
e 

C
yc

le
 3

14
0

3.
5

51
57

.9
95

14
3.

0
43

0
2.

99
26

2.
59

98
2.

61
40

2.
81

24
84

.2
83

.6
61

.3
69

.9
74

.8
22

.9
80

.7

O
ld

 S
am

pl
e 

C
yc

le
 3

14
0

3.
5

51
57

.9
95

14
3.

0
11

6
2.

98
19

2.
95

33
2.

63
77

2.
89

61
82

.8
83

.2
63

.4
69

.6
74

.8
19

.8
80

.7

Av
g

14
03

.5
51

57
.9

95
14

3.
02

73
2.

98
72

2.
77

66
2.

62
59

2.
85

42
83

.5
83

.4
62

.4
69

.8
74

.8
21

.4
80

.7

Ra
ng

e
-

-
-

0.
03

14
0.

01
07

0.
35

34
0.

02
37

0.
0

83
8

1.
4

0.
4

2.
1

0.
3

0.
0

3.
1

0.
0

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018) 21

TA
B

LE
S

 2
-2

-1
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

 o
f C

op
pe

r F
re

e 
18

%
 p

or
os

ity
 s

am
pl

es
.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1 X

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

O
ld

 S
am

pl
e 

C
yc

le
 1

16
0

4
56

0.
7

11
0

27
.6

3.
23

42
3.

21
13

2.
91

46
3.

0
84

2
3.

11
11

75
.2

70
.6

74
.9

69
.5

72
.6

5.
7

14
0.

2

O
ld

 S
am

pl
e 

C
yc

le
 1

16
14

56
14

10
84

2.
1

3.
27

56
3.

30
51

2.
94

47
3.

0
0

57
3.

13
28

77
.3

78
.9

67
.7

61
.9

71
.5

17
13

8.
6

Av
g

16
0

9
30

87
.4

10
93

4.
9

3.
25

49
3.

25
82

2.
92

97
3.

0
45

0
3.

12
19

76
.3

74
.8

71
.3

65
.7

72
.0

11
.4

13
9.

4

Ra
ng

e
-

-
-

0.
0

41
3

0.
0

93
8

0.
03

01
0.

07
85

0.
02

17
2.

1
8.

3
7.

2
7.

6
1.1

11
.3

1.
6

O
ld

 S
am

pl
e 

C
yc

le
 2

15
78

.9
55

0
8.

8
11

0
52

.6
3.

0
84

2
3.

10
58

2.
85

17
2.

94
94

2.
99

78
71

.9
73

.9
79

.2
73

.8
74

.7
7.

3
12

3.
0

O
ld

 S
am

pl
e 

C
yc

le
 2

15
78

.9
54

73
.7

10
84

2.
1

3.
18

46
3.

18
46

2.
83

55
2.

89
77

3.
02

56
74

.4
79

.1
73

.4
62

.0
72

.2
17

.1
12

0.
9

Av
g

15
78

.9
54

91
.3

10
94

7.
4

3.
13

44
3.

14
52

2.
84

36
2.

92
36

3.
01

17
73

.2
76

.5
76

.3
67

.9
73

.5
12

.2
12

2.
0

Ra
ng

e
-

-
-

0.
10

0
4

0.
07

89
0.

01
61

0.
0

51
7

0.
02

78
2.

5
5.

2
5.

8
11

.8
2.

5
9.

8
2.

1

O
ld

 S
am

pl
e 

C
yc

le
 3

15
78

.9
55

0
8.

8
11

0
52

.6
3.

0
27

3
3.

0
37

7
2.

83
95

2.
91

15
2.

95
40

74
.9

74
.8

71
.0

68
.3

72
.3

6.
6

12
0.

2

O
ld

 S
am

pl
e 

C
yc

le
 3

15
78

.9
54

73
.7

10
91

2.
3

3.
20

21
3.

20
21

2.
84

55
2.

95
25

3.
0

50
6

75
.4

73
.3

66
.4

75
.3

72
.6

9
12

2.
0

Av
g

15
78

.9
54

91
.3

10
98

2.
5

3.
11

47
3.

11
99

2.
84

25
2.

93
20

3.
0

02
3

75
.2

74
.1

68
.7

71
.8

72
.4

7.
8

12
1.1

Ra
ng

e
-

-
-

0.
17

49
0.

16
45

0.
0

0
61

0.
0

41
0

0.
0

96
6

0.
5

1.
5

4.
6

7.
0

0.
3

2.
4

1.
8

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018



22 Sriwiboon et al. / SAE Int. J. Mater. Manf. / Volume 11, Issue 1 (March 2018)

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, 
photocopying, recording, or otherwise, without the prior written permission of SAE International.

Positions and opinions advanced in this paper are those of the author(s) and not necessarily those of SAE International. The author is solely responsible for the content 
of the paper.

TA
B

LE
S

 2
-2

-1
 1

st
 c

yc
le

, 2
nd

 c
yc

le
, 3

rd
 c

yc
le

 o
f C

op
pe

r F
re

e 
22

%
 p

or
os

ity
 s

am
pl

es
.

Sa
m

pl
es

N
at

 F
re

q(
kH

z)
M

od
ul

us
 @

 10
0

 N
 (G

Pa
)

H
ar

dn
es

s 
- H

RR
Co

m
pr

es
si

bi
lit

y 
1 X

Pe
ak

 1
Pe

ak
 2

Pe
ak

 3
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Po

si
tio

n 
1

Po
si

tio
n 

2
Po

si
tio

n 
3

Po
si

tio
n 

4
Av

g
Ra

ng
e

@
 10

0
 b

ar

O
ld

 
Sa

m
pl

e 
C

yc
le

 1

15
0

8.
8

51
12

.8
10

42
1.1

2.
38

41
2.

37
30

2.
26

29
2.

35
11

2.
34

28
50

.5
54

.6
54

.4
47

.9
51

.9
6.

7
13

3.
7

O
ld

 
Sa

m
pl

e 
C

yc
le

 1

15
0

8.
8

50
52

.6
10

17
5.

4
2.

13
92

2.
19

33
2.

29
0

4
2.

27
32

2.
22

40
50

.7
51

.7
57

.9
52

.1
53

.1
7.

2
13

9.
7

Av
g

15
0

8.
8

50
82

.7
10

29
8.

3
2.

26
16

2.
28

31
2.

27
66

2.
31

21
2.

28
34

50
.6

53
.2

56
.2

50
.0

52
.5

7.
0

13
6.

7

Ra
ng

e
-

-
-

0.
24

49
0.

17
97

0.
02

75
0.

07
79

0.
11

88
0.

2
2.

9
3.

5
4.

2
1.

3
0.

5
6.

0

O
ld

 
Sa

m
pl

e 
C

yc
le

 2

14
32

.6
51

57
.9

10
42

1.1
2.

30
51

2.
28

43
2.

23
0

0
2.

21
67

2.
25

90
65

.3
60

.8
56

.2
62

.6
61

.2
9.

1
11

7.
6

O
ld

 
Sa

m
pl

e 
C

yc
le

 2

14
73

.7
50

87
.7

10
31

5.
8

2.
11

0
0

2.
15

0
4

2.
24

16
2.

30
33

2.
20

13
58

.8
53

.6
53

.9
54

.7
55

.3
5.

2
13

0.
0

Av
g

14
53

.15
51

22
.8

10
36

8.
5

2.
20

76
2.

21
73

2.
23

58
2.

26
0

0
2.

23
02

62
.1

57
.2

55
.1

58
.7

58
.2

7.
2

12
3.

8

Ra
ng

e
-

-
-

0.
19

51
0.

13
38

0.
01

16
0.

0
86

6
0.

0
57

7
6.

5
7.

2
2.

3
7.

9
6.

0
3.

9
12

.4

O
ld

 
Sa

m
pl

e 
C

yc
le

 3

14
38

.6
51

57
.9

10
42

1.1
2.

33
57

2.
30

0
2

2.
25

88
2.

31
0

8
2.

30
14

71
.3

69
.8

66
.6

72
.6

70
.1

6
11

9.
6

O
ld

 
Sa

m
pl

e 
C

yc
le

 3

14
73

.7
50

87
.7

10
31

5.
8

2.
0

95
3

2.
13

53
2.

26
21

2.
28

26
2.

19
38

60
.2

52
.3

53
.8

58
.6

56
.2

7.
9

13
8.

4

Av
g

14
56

.15
51

22
.8

10
36

8.
5

2.
21

55
2.

21
77

2.
26

0
4

2.
29

67
2.

24
76

65
.8

61
.1

60
.2

65
.6

63
.2

7.
0

12
9.

0

Ra
ng

e
-

-
-

0.
24

03
0.

16
50

0.
0

03
3

0.
02

82
0.

10
75

11
.1

17
.5

12
.8

14
.0

13
.9

1.
9

18
.8

© SAE International

Downloaded from SAE International by Donald Yuhas, Thursday, April 12, 2018


	10.4271/05-11-01-0007: Disc Pad Physical Properties vs. Porosity: the Question of Compressibility as an Intrinsic Physical Property
	10.4271/05-11-01-0007: Abstract
	Introduction
	Experimental
	Disc Pads
	Pad Physical Property Measurements
	Pad Dynamic Modulus Measurement
	Pad Property Measurement Sequence

	Results and Discussion UNIBRITE DF5B
	Summary and Conclusions

	References

