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Energy Absorption Capacity of Thermally 
Sprayed Aluminum Friction Dampers 

S. Ono, K. Nakahira, S.Tsujioka, and N. Uno 

When buildings are subjected to earthquakes, dampers are effective in decreasing their failure by ab- 
sorbing the input energy. An objective of this study is to develop a new type of friction damper, on whose 
faying surface aluminum is sprayed, and the double friction joint is tightened with a high-strength bolt. 
When slip occurs on this friction damper, the slip coefficient is high and comparatively stable. Specimens 
of the friction damper were tested under static and dynamic cyclic loading conditions to investigate the 
effect of the condition of the laying surface on the hysteresis characteristics. The parameters of the test 
are thickness of sprayed aluminum, initial clamping force (contact pressure), loading program, type of 
sprayed metal, and sprayed side of the plate. Results indicate that relationships exist between the thick- 
ness of sprayed aluminum and the clamping force to obtain stable slip load. 

Keywords aluminum sprayed coating, friction damper, initial 
clamping force (contact pressure), static and dynamic 
hysteresis characteristics, thickness of sprayed aluminum 

1. Introduction 

FAILURE or collapse of a building can be caused under the exces- 
sive force of  an earthquake or wind load. Friction dampers are 
effective in decreasing the failure of  buildings by absorbing the 
input energy (Ref 1-18). An example of  a frame equipped with a 
friction damper is illustrated in Fig. 1. The results of  the analysis 
of elastoplastic response of the single degree-of-freedom shear 
model shown in Fig. 1 are shown in Fig. 2. It is confirmed that 
friction dampers are effective in decreasing the failure of frames 
(Ref 19). 

However, it is very important to adjust the level of friction 
force. Because residual deformation might exist on the building 
after an earthquake, even if failure or collapse did not occur, it 
should be possible to inspect and replace the dampers (Ref 1). 

The object of this study is to develop a new type of friction 
damper with a double friction joint that is tightened with high- 
strength bolts as shown in Fig. 3. Aluminum is sprayed on the 
faying surface of this friction damper. When slip occurs on this 
friction damper, the coefficient of  slip shows a high value of  ap- 
proximately 0.8 to 1.0 and the hysteresis characteristic of this 
friction damper is comparatively stable (Ref 20). Applying this 
behavior, it is possible to form a high-strength, compact, and 
lightweight friction damper. One characteristic of this friction 
damper is that the slip load can be adjusted by changing the in- 
itial clamping force and the number of  bolts. 

The main aim of this research was to investigate the effect of 
the condition of the faying surface on the hysteresis charac- 
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teristics. The experimental study was designed to observe the 
coefficient of slip and the range of  the stable hysteresis charac- 
teristic (in the following text, the term is simply "the stable 
range") under static and dynamic cyclic loads. 
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Fig. 1 Example of a frame equipped with a friction damper 
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2. Static Cyclic Loading Test 

2.1 Experimental Procedure 

Each of  the specimens tested under the static cyclic load is 
composed of  the double friction joint  t ightened with a high- 
strength bolt (F10T M20),  as shown in Fig. 3. The sides of  the 
outer plates are chamfered before  spraying with aluminum, and 
the inner plate has a slot hole. Both surfaces o f  this inner plate 
are polished to mirror finish (less than Rma x --- 1.5 gin) to avoid 
damage from the sprayed a luminum by scratching. To study the 
effect of  the surface roughness o f  mirror-finished plates, the in- 
ner plate o f  No. 9 and 10 are flat finished(less than Rmax = 12 
pro). Plate washers with 25 mm thickness were used in order to 
have a uniform contact  pressure. 

Table 1 List of  specimens in static cyclic loading test 

The list of  16 specimens is shown in Table 1. Parameters are 
thickness of  sprayed aluminum, initial c lamping force (contact 
pressure), and loading program. The  loading programs are in- 
creasing- and decreasing-repeated load, as shown in Fig. 4. Each 
force displacement of  +5, +10, and +20 m m  is repeated three 
times. 

2.2 Results and Discussions 

The P-8 relations of  typical specimens obtained from the ex- 
per iment  are shown in Fig. 5, where P represents the loads ap- 
plied to the specimen and ~i represents the relative displacement 
between inner plate and outer  plate (see Fig. 3). The  B-~ rela- 
tions o f  typical specimens are shown in Fig. 6, where B repre- 
sents the axial force of  the bolt. Results of  the static cyclic 

Specimen Specimen Surface finish 
No. code(a) of inner plate 

Thickness of sprayed aluminum, pm 
Aim value Measured value (Average) 

Contact pressure, Loading 
MPa program 

1 MA501-15 Mirror finish (Rmax = 1.5 I.tm) 40-60 54 64 25.7 
2 MA501-15 Mirror finish (Rmax = 1.5 p_m) 40-60 62 52 25.7 
3 MA501-15 Mirror finish (Rntax = 1.5 gm) 90-110 114 125 25.7 
4 MA50I- 15 Mirror finish (Rmax = 1.5 gin) 90-110 115 101 25.7 
5 MA501-15 Mirror finish (Rmax = 1.5 gm) 140-160 145 150 17.2 
6 MAS01-15 Mirror finish (Rmax = 1.5 gin) 140-160 158 165 17.2 
7 MA501-15 Mirror finish (Rmax = 1.5 I.tm) 140-160 153 150 25.7 
8 MAI50D-15 Mirror finish (Rmax = 1.5 gm) 140-160 140 138 25.7 
9 FA 1501-15 Flat finish (Rmax = 12 p_m) 140-160 168 148 25.7 
10 FA150D-15 Flat finish (Rmax = 12 lam) 140-160 150 165 25.7 
11 MA4001-15 Mirror finish (Rmax = 1.5 gm) 390-410 463 420 25.7 
12 MA4001-15 Mirror finish (Rmax = 1.5 l a m )  390-410 430 410 25.7 
13 MA400I- 15 Mirror finish (Rmax = 1.5 l a m )  590-610 663 600 17.2 
14 MA400I- 15 Mirror finish (Rmax = 1.5 gin) 590-610 590 675 17.2 
15 MA4001-15 Mirror finish (Rmax = 1.5 p_m) 590-610 615 710 25.7 
16 MA600D-15 Mirror finish (Rmax = 1.5 gm) 590-610 600 620 25.7 

Increasing 
Decreasing 
Increasing 
Decreasing 
Increasing 
Decreasing 
Increasing 
Decreasing 
Increasing 
Decreasing 
Increasing 
Decreasing 
Increasing 
Decreasmg 
Increasing 
Decreasing 

(a) The specimen code of generic form "'XY 123Z-45" refers to "X" = M: mirror finish or F: flat finish; "Y" = A: aluminum; "123" = thickness (in llm) of sprayed 
aluminum; "Z" = 1: the increasing load or D: the decreasing load; and "45" = initial clamping force (xl 0 kN) 
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Fig. 3 Test specm~en for the static cyclic loading test 
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loading test are summarized in Table 2, in which the average of 
the slip load is the area surrounded by each hysteresis loop di- 
vided by each corresponding displacement. 

When the coating thickness is about 50 to 150 ~tm (No. 1 
through 8), the slip load is nearly equal under both the increas- 
ing- and decreasing-loads, and the coefficient of variation (stan- 
dard deviation divided by the mean) of  the slip load and the axial 
force of  the bolt area small. The coefficient of  slip of 100 to 150 
p.m specimen has a comparatively stable value of about 0.9. The 
coefficient of  slip is approximately 0.65 in the specimens with a 
50 lam thick coating, which is low compared with other speci- 
mens. In the specimens with 150 ~tm aluminum, when the initial 
clamping force increases by a factor 1.5, the slip load increases 
by 1.25, and the coefficient of  slip decreases by 10%. Under the 
increasing load, the specimens with a fiat-finished inner plate 
show the same hysteresis characteristics as the mirror-finished 
specimen. However, under the decreasing load (No. 10), the slip 
load decreases by 10 to 20%. 

The specimens with more than 400 Ixm aluminum, when 
tested under a decreasing load (in No. 11 through 16), exhibit 
slip loads of almost the same value as those in other specimens, 

Table 2 Results  of  static cycl ic  loading test 

but the coefficient of slip shows a value of more than 1.0. The 
slip load in the specimens of the decreasing load decreases on 
further cycling. The coefficient of variation of both the slip load 
and the axial force of the bolt are large. In the specimens of the 
decreasing load, the coefficient of slip shows a low value com- 
pared with the specimen of the increasing load. There are no dif- 
ferences in coefficient of  slip between the positive and negative 
half-cycle load in all the specimens. 

As a result, the most suitable thickness of  sprayed aluminum 
is about 50 to 150 lam. 

3. Dynamic Cyclic Loading Test 

3.1 Experimental Procedure 

Specimens used in the dynamic cyclic loading test are 
shown in Fig. 7. This shape is almost the same as the case of  
the static cyclic loading test. Parameters studied were the 
type of sprayed metal, the sprayed side of  the plate(s), thick- 
ness of sprayed metal, and initial clamping force (contact 

Initial 
clamping 

Specimen Specimen force, 
No. code(a) kN 

Axial force of the bolt Coefficient of slip Positive half-cycle load 
Average, Coefficient Positive haft- Negative half- Average, Coefficient 

kN of variation cycle load cycle load kN of variation 

Slip load 
Negative half-cycle load Ratio 

Average, Coefficient (positive/ 
kN of variation negative) 

1 MA501-15 147 
2 MA50D- 15 149 
3 MAI001-15 147 
4 MAI00D-15 146 
5 MAI501-10 98 
6 MAI50D-10 99 
7 MA1501-15 146 
8 MAI50D-15 145 
9 FA1501-15 145 
10 FA150D-15 165 
11 MA4001-15 143 
12 MA400D-15 143 
13 MA6001-10 99 
14 MA600D-10 103 
15 MA6001-15 145 
16 MA600D-15 147 

(a) Code details are presented in Table 1. 

147 0.015 0.63 0.65 185 0.085 195 0.072 0.95 
138 0.056 0.66 0.65 171 0.061 174 0.074 0.98 
148 0.043 0.90 0.93 261 0.087 267 0.079 0.97 
136 0.047 0.82 0.86 220 0.061 230 0.069 0.95 
101 0.96 1.09 185 0.072 217 0.048 0.85 
99 0.066 0.93 0 96 186 0.019 190 0.043 0.98 

148 0.040 0.85 0.89 247 0.060 255 0.061 0.97 
144 0.045 0.79 0.83 230 0.021 242 0.055 0.95 
143 0.040 0.91 0.91 264 0.058 263 0.052 1.00 
153 0.040 0.92 0.82 272 0.059 269 0.038 1.01 
130 0.126 1.03 1.03 254 0.197 252 0.173 1.01 
122 0.186 0.71 0.77 153 0.354 161 0.387 0.95 
91 0.093 1.36 1.36 235 0.163 232 0.136 1.01 
73 0 . 4 1 8  . . . . . .  120 0.408 126 0.344 0.96 

137 0.082 1.12 1.11 271 0.190 274 0.148 0.99 
117 0.218 0.93 0.87 176 0.436 170 0.401 1.03 

slip load 
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Fig. 5 P-~ (load-displacement) relations in stanc cyclic loading 
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Fig. 7 Test specimen for the dynamic cyclic loading test 

Table 3 List of  specimens in the dynamic cyclic loading test 

Conditions of faying surface 
Specimen Specimen Kind of Sprayed side 
No. code(a) sprayed metal of the plate 

Thickness of sprayed metal, ~tm 
Aim value Measured value (Average) 

Contact pressure, 
MPa 

1 DA05050 
2 DA05100 
3 DAI0050 
4 DAI0100 
5 DAI5100 
6 DAI5101 
7 DCI5101 
8 DPI0050 

(a) Follow prior example in Table 1 

Aluminum 
Aluminum 
Aluminum 
Aluminum 
Aluminum 
Aluminum 

Copper 
Lead-tin 

Outer plate 40-60 70 70 8.9 
Outer plate 40-60 80 80 17.8 
Outer plate 90-110 120 120 8.9 
Outer plate 90-1 l0 120 123 17.8 
Outer plate 1 40-160 180 180 17.8 
Inner plate 140-160 148 148 17.8 
Inner plate 140-160 153 151 8.9 
Outer plate 90-110 120 123 17.8 

pressure), as shown in Table 3. The thickness of sprayed metal 
varied between 50 to 150 p,m on consideration of static repeated 
loading tests. Both sides of inner plate were sprayed in two 
specimens (No. 6 and 7), while in other specimens the outer 
plates have the sprayed surface. The thickness was accurately 
produced by polishing the surface after spraying. 

Each specimen was subjected to a sinusoidal wave of dis- 
placement amplitude +15 mm at 1 Hz, by using a servocon- 
trolled fatigue testing machine. The axial force of the bolt was 
measured by strain gages, placed on the head of the bolt, and the 
temperature of the specimen was measured by a thermocouple 
set at the edge of the inner plate during loading (see Fig. 7). 
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3.2 Results and Discussions 

Figure 8 shows the average slip load P, the average axial 
force of the bolt B, and the average temperature Tplotted in each 
cycle. The shaded area in Fig. 8 shows the stable range for each 
specimen. Results calculated in the stable range are summarized 
in Table 4. The P-~5 relations are shown in Fig. 9 for the same 
range. While loading specimen No. 4, near the 37th cycle the 
slip load exceeded the value expected and the testing was 
stopped. This specimen was reloaded after resetting. 

In the specimens with aluminum spraying of 50 }am thick- 
ness, when the initial clamping force increases by a factor of 2.0, 
the slip load increases by a factor of 0.6 and the slip load in- 
creases by 1.6 in the stable range (see Fig. 8). The total area sur- 
rounded by each hysteresis loop in specimen No. 1 and 2 is 
nearly equal. The stable range is not related to initial clamping 
force for specimens with aluminum of 100 lam thickness. When 
the initial clamping force increases by a factor of 2.0, the slip 
load increases by 1.5. In the case of aluminum of 50 to 100 lam 
thickness, when the initial clamping force increases by a factor 

of 2.0, the slip load decreases by about 10 to 20%. In aluminum 
spraying of 150 ~tm thickness, the stable range and the coeffi- 
cient of slip show the same value, irrespective of the sprayed 
side of the plate(s). Compared with the specimens sprayed on 
outer plates, the slip load of the specimens sprayed on the inner 
plate is lower in the stable range. The rise of temperature of the 
specimens sprayed on the inner plate is larger than that of the 
specimens sprayed on outer plates after the stable range. 

The copper-sprayed specimen exhibits a stable range in only 
the first 20 cycles. Compared with the specimens with alumi- 
num contents, the slip load in the stable range is nearly equal, but 
the coefficient of slip is about 90%. In the specimen of sprayed 
lead-fin alloy, the hysteresis characteristic is stable through 
whole cycles, as is the axial force of the bolt. However, com- 
pared with the specimens of aluminum or copper spraying, the 
slip load and the coefficient of slip shows a very low value. 

As shown in the P-5 relations in Fig. 9, the slip load of the 
specimens of aluminum or copper coatings (except No. 4) in- 
creases with increasing displacement at early cycles. Such be- 
havior was not observed in the hysteresis loops tested under the 
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Table 4 Results  o f  the d y n a m i c  cyclic loading test 

Cum. 
Spec. Spec. Number slip, 
No. code(a) of cycle mm 

Axial force Slip load 
Initial of the bolt Coefficient of slip Positive ha•cycle load Negative half-cycle load Ratio Temp. 

clamping Avg., Coefficient Pos. half- Neg. half- Avg., Coefficient Avg., Coefficient (pos.[ (max), 
force, kN kN of variation cycle load cycle load kN of variation kN of variation neg.) *(2 

1 DA05050 70 4040 
2 DA05100 40 2239 
3 DA10050 32 1761 
4 DAI0100 25 1339 
5 DAI5100 60 3441 
6 DA15101 65 3701 
7 DCI510I 20 1028 
8 DP10050 111 6440 

49 63 0.090 0.62 0.66 78 0.076 75 0.067 1.04 223 
98 119 0.072 0.54 0.57 130 0.044 127 0.041 1.02 221 
50 76 0.178 0.63 0.68 95 0.167 90 0.147 1.06 197 
97 117 0.061 0.71 0.76 158 0.006 151 0.012 1.05 185 
98 132 0.222 0.69 0.73 152 0.046 148 0.028 1.03 335 
97 105 0.083 0.68 0.70 141 0.076 135 0.064 1.04 324 
97 109 0.057 0.61 0.64 136 0.036 132 0.035 1.03 147 
49 58 0.022 0.22 0.23 16 0.135 14 0.149 1.14 73 

(a) Make the same adjusmaent as in prior Table 1. 

static cyclic load (see Fig. 5). The  reason for this behavior  is not  
clear. However ,  the reloaded specimen (No. 4) shows a stable 
slip load from early cycles. Therefore,  5 or 6 cycles is effect ive 
to obtain a stable hysteresis characteristic from early cycles  if  
necessary. 

There are no differences of  coefficient  of  slip between posi- 
tive and negat ive halves of  the load cycle in all the specimens.  
When a severe earthquake occurs, the amount of  cumulat ive slip 
of  the damper  is required to be about 60 cm (Ref  19). The 
amount  of  cumulat ive slip of  the damper  observed in this experi-  
mental study sufficiently exceeds  this value. 

The results o f  the examinat ion indicate that the suitable 
sprayed side o f  the plate(s) is the outer plate, the adequate kind 
of  sprayed metal  is a luminum, and in the case o f  a luminum 
spraying of  about 50 to 150 lam thickness, the amount  o f  cumu-  
lative slip of  this friction damper  is sufficient compared with 
analytical value. 

4. Conclusions 

This study indicates that suitable characteristics o f  metal  
sprayed friction damper  are as follows: 

�9 Sprayed side of  the plate(s): outer plates 

�9 Type of  sprayed metal: a luminum 

�9 Thickness of  sprayed metal:  thickness o f  the order of  50 to 

150 lam 

The fol lowing results are from tests performed under the 
above conditions: 

�9 In the case of  50 Ixm thick aluminum, the amount o f  cumu-  
lative slip depends on the initial clamping force. 

�9 In the case o f  100 lam thick aluminum, the amount of  cumu-  
lative slip is independent o f  the initial c lamping force. 

�9 The amount  o f  cumulat ive slip in the stable range suffi- 
ciently satisfies the amount  of  cumulative slip in the case of  
a severe earthquake. 

�9 As a result of  the static cyclic loading test, this friction 
damper  can be applied to an earthquake of  large initial am- 

plitude since the results (slip load, etc.) show no difference 
between the increasing and the decreasing load. 

F ive  or  six cycles are effect ive to obtain a stable hysteresis 
characteristic. 

Compared with dynamic cycl ic  loading tests, the coeffi- 
cient  of  slip o f  a static cyclic loading test is 20 to 30% larger. 
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