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ABSTRACT

Composite materials have attractive features, swuah high strength to weight ratio and high
stiffness to weight ratio. However, they are easlgmaged during machining operations. A typi-
cal damage is delamination, which can occur wheibdr reinforced composite laminates are
drilled. Control of delamination is critical for tle utilization of composite materialsThis re-
search seeks to develop a technique to control ripty delaminations during the drilling of
laminated composites. A statistical factorial desitechnique is used to develop a model that
relates the feed rate, cutting speed, and tool $iéhe acoustic parameters. A control algorithm
is built from the model. The algorithm is used toadlify the instantaneous feed rate in order to
maintain the acoustic energy below a threshold valrhis control strategy is effective in limit-
ing the area of delamination. However, using highitting speeds avoid the delamination of ma-
terials, but leads to high production costs dueeixcessive tool wear.
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INTRODUCTION the analytical technigues for the acoustic emis-
Carbon fiber reinforced composite materials argion signals are still in their infancy
finding increased applications in many indus{Ravishankar and Murthy000Q. Thus, utiliza-
tries due to theiexcellent properties. Drilling tion of acoustic emission in the drilling of com-
of carbon fibre reinforced plastics (CFRP) com+osites poses challenges because of the material
posites is needddr joining of these composite in-homogeneity and anisotropy (Arudt al.,
structures. During drillingdelamination is an 2007). However, the acoustic emission gener-
important factor, which affects the propedfy ated during the drilling of composite laminates
the drilled hole (Krishnamoorthgt al., 2009). may contain valuable information on the state
The use of acoustic emission signals foof the material being cut. It may provide real-
"general-purpose” monitoring and control oftime information on damage initiation and pro-
machining processes is limited because thgression (Mizutani, 2000).

mechanism of generation of the acoustic emis-

sion signals is not completely understood and study of the effects of cutting conditions on
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acoustic emission signals response have beemodel of the process. This model includes the
conducted using statistical factorial desigrtime delay that is used to forecast the process
method. The significant effects were obtainedesponse and subsequently calculate the actual
for each acoustic emission parameter. It wasontrol action required to obtain a set point.
found out that the energy response has the higfithe mathematical model is adjusted automati-
est significant effects due to the cutting pacally to compensate for changes in the process
rameters. Hence a model can then be estabharacteristics so that a controller can maintain
lished to relate the acoustic emission energgontrol under various operating conditions.
response and the cutting parameters which cadommercially produced controllers of this type
be used to monitor and control the area of deare commonly termed "model-based" adaptive
lamination during the drilling process (Andohcontrollers. These schemes rely on the creation
et al., 2007) This research seeks to develop af an exact mathematical model of the process
technique to control inter-ply delaminationsfor each application of the controller. The con-
during the drilling of laminated compositestroller uses mathematical models of the process
with the use of acoustic emission signals. Ao forecast the process response so that the s
specific objective of this research is to develogoint is attained as rapidly as possible with
a mathematical model relating acoustic energijttle or no overshoot, and a minimal control
and cutting parameters that can be used tffort. Figure 1 describes the basic algorithm
monitor changes in the delamination area dursteps used in the controller, where,

ing the drilling action.

MATERIAL AND METHOD AE
Control Strategy Where AE=E, -E, ,Af = 3
Adaptive control schemes provide an opportu- !
nity to achieve improved control performanceand fn = fOIUI —NAf respectively
by basing the control action on a mathematical

CONTROLLER

E

n

v

fn PROCESS TRANSFER FUNCTION | E,
IDENTIFICATION

AE

A 4
UPDATE CONTROL MODEL

¢Afn E,

f CALCULATE
o CONTROLLER
OoOuUTPUT

A

faa = fo

f SETPOINT

n

INPUT f, ENERGY E.
————— PROCESS -
RESPONSE

Figure 1: Basic Stepsin Adaptive Control
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Experimental Method runs per factor studied; 2) They can indicate
The materials selected for the experiment weranajor trends that determine promising direc-
(1) A 57 ply, 9 mm (0.342 inch) thick carbon/tions for further experimentation. Three quanti-
epoxy composite panel made of Amoco T30Qative variables, namely, feed rate (f-mys
3K Uni-Carbon in warp with S-glass in the fill cutting speed (v-mm/min), and drill diameter (d
direction. This material is referred to as-mm) are used to study the response of the AE
“Amoco T300" in the rest of the work. (2) A 26 signals. The Energy (E) is monitored. Table 1
ply, 9 mm (0.342 inch) thick carbon/epoxy presents the levels of the variable used in this
composite panel made of Hercules AS4 higlwork. The cutting speed and the feed rate are
strength, high modulus graphite fiber and aelected to correspond to the typical range of
Hercules 3501 amine-cured epoxy resin matrixvalues used in the drilling of composite lami-
This material is referred to as “Hercules AS4"nates. The experiment is performed at each
in the rest of the workicoustic Emission (AE) combination of the feed rate, cutting speed and
signals were collected during each drilling op-+tool diameter. Thus, there ard&=8 experimen-
eration. The schematic diagram of the experital conditions.

mental set-up for the measurement of the AE

signal and the drilling process is shown in Fig_‘rablel' The Experimental Matrix

ure 2.
! DATAACQUISTION /1o o L ower Upper Leve
SYSTEM Leve (-) (+)
@ ACOUSTIC
SENSOR  PREAMPLIFIER Feed Rate f (mm/ 5 .
\b %} M sec)
DRILLING [ R L,
PROCESS .
Cutting Speed v
(mm/min) 1000 2500
i Tool Diameter d
Waveform (mm) 6.4 12.8
AMPLITUDE
ENERGY o
FREQUENCY
ROOT MEAN SQUARE J\/M/\/W For each setting, a hole is drilled and the acous-

tic signals are obtained. Each experiment is
replicated at each point. The measurable quan-
tities for the energy response are recorded. The
The threshold frequency for the acoustic signahverages of the two runs are computed for each
was set at 35 MHz with one channel and a sanset of conditions (Andoh, 2005). The computed
ple rate of 4MHz, which is greater than tenaverages are used as the responses for each
times the natural frequency of the sensor usedondition in calculating the main effects and
This frequency was kept a good deal above thihe interaction effects for each AE response.
Nyquist range to avoid the aliasing problemThe major goal of these experiments is to gen-
AE signal measurement parameters versus tinerate a model that may be used to develop a
plots were obtained for each drill test and theontrol algorithm.
corresponding data were collected for subse-
quent analysis. The main effect of each of the process variables
reflect the changes of the respective responses
Development of Mathematical Model for the as the process variables change from a low to a
Process Transfer Function high level. The average of the four measures is
Factorial designs are of importance for a numthe main effect of the factor (variable) and is
ber of reasons: 1) They require relatively fewgiven as:

Figure 2: Schematic Showing Experimental Set-Up
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The main effect of the feed rate is

E, 2%{(E2 +E, +E,+E)-(E,+E, +E,+E,) } (1)
The main effect of the cutting speed is

E, :%{(E3 +E,+E, +E)~(E, +E, +E; +E) } (2
The main effect of the drill size is

1
E, =Z{(E5+E6+E7+Es)_(E1+E2+E3+E4)} (3)

2 2 2 2
2 = VaSi H VST H VST Lt VS,

Vit V, VgtV

With only n = 2 replicates at each of the g sets
of conditions, with yv=1, and dis the differ-
ence between the duplicate observations for the
ith set of conditions.

2
Thus § = dié

In general, if a total of N runs is made conduct-

Two or more of the variables may jointly influ- ing a replicated factorial design, then the vari-
ence the responses. These joint influences aamce of an effect is given as:
referred to as interactions. These interactions 4

are given as follows:

The interaction between the feed rate and this given ass, =/V (effect)

cutting speed is defined as:
va=%{(E1+E4+E5+Es)_(E2+E3+E5+E7)} 4)

The interaction between the feed rate and the

drill diameter is defined as:

1
Iy :Z{(El"'E3+E6+Es)_(E2+E5+E5+E7)} ®)

V (effect ) = WSZ . The standard error of the effect

(Hunter, 1978).

A full model may consist of three main effects,
three two-factor interaction and a three-factor
interaction. This is defined as:

} (©)

whereag, a4,..., 07 are the constants and f, v,
and d are the feed rate, cutting speed and drill

E = a,+a,f+a,v+a,d+
a,fv+a.fd +a,fv+a,d

The interaction between the cutting speed andiameter, respectively. It can be shown that

the drill diameter is defined as:

1
I =Z{(E1+ E,+E, +E) - (E;+E, +E; + Ee)} (6)

The three-factor interaction is expressed as
1
I :Z{(Ez+E3+E5+Es)_(E1+E4+Es+E7)} (7)

The mean of the runs is defined as
8
Ew = {z ET} ®

1

where Eis the acoustic energy parameters.

Ef Ev
aO:EM,Ul_T, a, = 2.
_Ed va Ifd
I A
| I
= a., =
6 2 and 7 2

It is assumed that the hole size is known, and
the cutting speed is selected based on the rec-
ommendation in practice. The response may
then be related only to the feed rate. Hence, the
energy model in Equation 9 may be reduced to

E,=J,+J,f (10)

In general, if g sets of experimental conditions

are genuinely replicated and the neplicate
runs made at thd'iset yield ar§estimate hav-

where d and 4 are functions of the cutting
speed and the drill diameter. Let

ing v = n -1 degree(s) of freedom, the estimate

of run variance is

E,=J,+J,f, (11)
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Using the back shift at any instant for one st
backward, Equation 11 can be written as: Staz

StagerF

Eii=Jdot+J:fy 12 rv_r

Combining Equations 11 and 12, the discre Staget
model can be written as:

]

ry
Stage s

E,=E, _,+J,f -3, f._ 13

S 9

) -

Y

Using the back S.hlft operator in Equation 13’Figure4: Illustration of drill stagesand ply num-
the transfer function for the process may als%ers
be written as

L-B)E, =(@-B)Jf, 14 Let E, be the energy response obtained at time t
and K the energy obtained when there is no

E delamination. The change in energy response

Thus, G, (B) = f” =], 15 AE, is given as:
AE, = E, - E, 16
The transfer function is used to develop the
control algorithm for the system. Using the values obtained for both the area of
delamination and the energy response, plots are
Deter mination of the Set Points generated for the five feed rates. A model can

The thickness of the material is divided into terthen be generated to relate the energy and the
equal depths (stages) as shown in Figure 4lelamination area which may be expressed as:
This division is due to the fact that delamina-

tion initiates at a certain ply number and indE, =a, +a,A, 17
creases as a tool advances into the material. By

dividing the thickness of the material, one iswhere g (intercept) and @(slope) are constants
able to determine the ply at which delaminatiorand are functions of the feed rate and the char-
initiates and its corresponding energy responseacteristics of the material. The constantsiad

In addition, delamination parameters and the, need to be studied in regard to the cutting
energy response may be determined at eaglmrameters and the characteristics of the mate-
step as the tool advances. A model was theral.

developed to relate the change in energy re-

sponse and the area of delamination. A feedhe values of the constants are extracted from
rate of 1 mm/sec, a cutting speed of 1600 mnplots of change in acoustic energy response and
sec and a drill diameter of 6.4 mm are used tthe area of delamination for the two materials.
drill holes to different depths (stages). TheThese results were also plotted to relate the
acoustic energy responses are recorded and tfeed rate and the model constants.
corresponding longitudinal and transverse crack

lengths are measured at each stage. The areaDEmonstration of the Control Strategy
delamination is then computed from the twoSets of experiments are performed to establish
crack lengths. This is repeated for four othethe effectiveness of the control strategy. First,
feed rates (2, 3, 4 and 5 mm/s). The energihe thickness of the material is divided into five
responses and the delamination parametesgctions as shown in Figure 5. The control ac-
were then obtained for the two materials. tion is implemented at each section.
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@ the material to determine the status of the proc-

- ess and to modify the feed rate if the energy
o level exceeds the threshold (set) valyeBEach

part is drilled at a cutting speed of 1000 mm/

min and a drill diameter of 6.4 mm (Y2 inch).

i ! The operations are performed using the pro-

posed control strategy. The experimental set-up

= L and the AE sensor system are as provided in

previous section. Figure 6 shows the steps used

to compute the initial conditions and to monitor

the feed rate in order to maintain the recorded
Figure5: lllustration of the Stages of Control energy response below the threshold
Action (reference) value. The initial feed rate is com-

puted for each material based on the control
The algorithm is implemented at each depth in algorithm presented in Figure 6.

Start

Input: v, d and fJ
[irpuc v o ena 4

— 2
‘ Calculate A, = 7a, ‘

Y
J, =40722+959 + 6452d

J, =15355-7768/—49715d

’ Calculate a, and a, ‘

v
‘Calc:ulateAEi =a,A, +ta, ‘

A 4 v

E =J,+J,f E, = AE, +E, |

NO

YES

Recorded Energy
Response

Figure 6: Implementation of the Control Algorithm
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Hence, a feed rate of 3.5 mm/sec, a cuttinthe Acoustic Energy response. The results are
speed of 1000 mm/min and a drill diameter ofs presented in Table 3.

6.4 mm (¥ inch) are used for the Amoco T300

as the initial cutting conditions. This procedureThese results are used to establish the models
is repeated for the Hercules AS4 and the resultsf the Acoustic Energy response and the cutting
are presented in Table 2. These initial cuttingonditions. By examining the confidence inter-
conditions are programmed into the Computevals of each result, it can be determined that all
Numerically Controlled (CNC) machine pro-the effects and interactions are significant.
gramme as inputs for the two materials. Thédence all the effects and interactions were used
process is then monitored via the acoustic sigo develop the empirical model for the energy

nals as the tool advances into the material. response with the use of Equation 13 for both

_ _ o ) ) materials. Thus, the model for the energy re-
Iab'ez- Selection of thelnitial Cutting Condi- sponse for both the Amoco T300 and Hercules
'ons AS4 are

Amoco Hercules
PARAMETERS T300 A E = 40722 + 15355 f + 1239 v + 9590 d -
7768 fv + 6453 vd - 4972 fd + 1093 fvd

Cutting Speed 1000.00 1000.00  and
(mm/min)
Diill Size (nm)  d 6.40 640 £ 541744 + 160741 + 1024y + 9760d — 6595 v
Feed Rate (mm/s) f 3.5 3.25 Since the process parameters (f, v, and d) are

coded, their values are -1 to +1 in these models.
During each stage of the drilling process, th&hese models were then verified and found out
AE energy responses are monitored and th® be within experimental error. These models
peak values are compared to the reference ecan be used to develop a control algorithm to
ergy response. If the measured energy respons®nitor, forecast, and control the area of de-
is greater than the reference energy respondamination during the drilling process. For in-
then a new feed rate must be computed for thetance if a cutting feed of 1000 mifmand a
next stage (Figure 7). From Figure 6AEE, is  drill of 6.4 mm are used, the process models are
less than zero, then the feed rate is not changeglven as: E, = 36345.5+2918%f and E, =
However, if AE, is greater than zero, then the37584+2809# for Amoco T300 and Hercules

feed rate is modified to the new value AS4 respectively.
AE
f=1,- J” Set Point M odél
1

Figures 7 shows the graph of change in acoustic
This procedure is repeated for the rest of thenergy response and the area of delamination
stages as the drill travels through the part. Thior the two materials (that is Hercules AS4 and
energy responses are recorded for both the coAmoco T300) using five different feed rates

trolled and the uncontrolled experiments. and Figure 8 shows the graph of the model con-
stants and the feed rates. Both plots show a

RESULTSAND DISCUSSION linear relationship of the model constantg (a

Process M odéel and @) with the feed rate. The models obtained

Using equations 1 through 9 and the resultsay be used to develop an algorithm to control
obtained for the AE responses during the drillthe delamination area during drilling opera-
ing process, the;cand the d/2 are computed tions. The results obtained for the set point
for each ' condition. These values are used tanodel from Figures 7 and 8 are presented in
compute the corresponding standard errors fdrable 4.
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Table 3: Summary of the Factorial Experimental Results

AMOCO T300 HERCULES A4

EFFECTS Results Remarks Results Remarks

Ewm 40722+1516.33 41744+1525.98

E; 30711+1516.33 Significant 32148+1525.98 Signiftcan

E, 2477.25+1516.33 Significant 2048+1525.98 Significa

Eq4 19180+1516.33 Significant 19520+1525.98 Signiftcan

Ity -15536+1516.33 Significant -13190+1525.98 Sigaifit

Itg -9943+1516.33 Significant -13290+1525.98 Significa

lvg 12905+1516.33 Significant 8338+1525.98 Significant

lfvd 2186+1516.33 Significant 2512+1525.98 Significant

Table4: The parametersfor the Set Point M odel

PARAMETERS Amoco T300 HerculesA4
Intercept a 1203.10 1531.30
Slope a 13.68 20.35
Change in Energy Response AE 1520.74 2003.81

En. R without Delamination E 19961.26 19230.19
Reference Energy Response E 21482.00 21234.00

Feed Rate of 1 mms™
2400

& AMOCO T300 HERCULES AS4
—_
0 AE=2.2182A, +1211.6
A HERCULES AS4
> 2200 R? = 0.9259
N
W 2000 { -
<
>
© 1800
Q AMOCO T300
] AE =1.6477A,+1133.3
| ] . ’ .
c 1600 R? = 0.9595
o
g
<
O

0.00 100.00 200.00 300.00 400.00 500.00 600.00 700.0Q

Delamination Area, Aq (mm?)

Figure 7a: Graph of change in acoustic energy and area of de-
lamination for feed rate of 1 mms™*
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Feed Rate of 2mms™?
3000 -
« AMOCO T300 HERCULES ASa

% 28001 A HERCULES AS4| AE=2.1171A,+1281.1
N —_
> 2600 R? = 0.9535
Y 2400 - AMOCO T300
N e AE=17053A,+1488.5
& 22001 ¢ R?=0.9128
2 2000 1
w
c 1800
]
L 1600 |
g
g 1400 -

1200 4

1000 £ : : : :

0.00 200.00 400.00 600.00 800.00 1000.0
Delamination Area, Aq (mm?)

Figure 7b: Graph of change in acoustic energy and area of de-
lamination for feed rate of 2 mms™

Feed Rate of 3mms™
4500

® AMOCO T300

AMOCO T300
4000 - A HERCULES AS4

AE=2176A, +1621.2
R? = 0.9446

3500 -

3000
HERCULES AS4

Change in Energy AE (v2S)

2500 + AE = 2.0964x + 1498.5
R2 = 0.9058

2000 -
1500 1

¢

A
1000 ‘ ‘ ‘ ‘ ‘

0.00 200.00  400.00  600.00  800.00  1000.00  1200.0Q

Delamination Area, Aq (Mm?)

Figure 7c: Graph of change in acoustic energy and area of de-
lamination for feed rate of 3mms™
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Feed Rate of 4 mms™

5500
HERCULES AS4 4
5000 { ® AMOCOTI00 | A\ 314554, + 1533.3
A HERCULES AS4 R? = 0.9361 -
4500 1
4000 1 AMOCO T300
2500 < AE=2.1956A,+2041.6
] R? = 0.9446

3000 -

2500 -

Change in Energy AE (v 2S)

1000 T T T T T T T
0.00 200.00 400.00 600.00 800.00 1000.00 1200.00 1400.00 1600.0Q

Delamination Area, Aq (mm?)

Figure 7d: Graph of change in acoustic energy and area of delamination
for feed rate of 4 mms?

Feed Rate of 5 mms™
8000
& AMOCO T300
0 HERCULES AS4 .
S 7000 1|4 HERCULES AS4
=~ AE = 3.3405A  + 1816.1
g 6000 - R? = 0.9022
S
B
% 5000 1 AMOCO T300
c AE=2.1651A, +2431.1
w4000 - R2=0.9195
£
0
g, 3000 -
£ 2000 -
(@)
1000 ‘ : :
0.00 500.00 1000.00 1500.00 2000.0d
Delamination Area, Aq (mm2)

Figure 7e: Graph of change in acoustic energy and area of delamina-
tion for feed rate of 10 mm/s
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Slope (a1)

35

+ AMOCO T300 a,=0327f +1.605 ,
A HERCULES AS4 R?=0/255
3 -
2.5 1
-
2 -
AMOCO T300
a, = 0.153f+ 1.523
2 =
15 | R? = 0.7643
1 T T T T T
0 1 2 3 4 5

Feed Rate f (mms™)

Figure 8a: Graph of dope (a;) Versusfeed rate

Intercept (ao)

2600
* AMOCO T300 AMOCO T300
2400 1 | A HERCULES AS4 a, = 314.87f+ 798.53 >
R2=0.9778
2200
2000
1800 - A
1600 |
HERCULES AS4
1400 | ag=146.12f+1029.8
R? = 0.9404
1200 |
1000 ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5

Feed Rate f (mms™)

Figure 8b: Graph of intercept (ay) Versusfeed rate
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The Controlled and Uncontrolled Process  formed using six different cutting speeds
The results for the energy responses are thevith a drill size of 6 mm in order to test the
plotted against the ply number and are prealgorithm at cutting speeds other than the
sented in Figure 9. one used in the test phase. The method used
in the previous example is also used to com-
The uncontrolled signal remains above theute the initial feed rate during the drilling
threshold value during the entire processoperation. Stereo microscope images are
For the controlled process, the energy at plgollected for the 8 stage using the Hercules
number 5 exceeds the threshold. The syste#S4 for each cutting speed. The results are
changes the feed rate to bring this value to presented in Table 5.
value lower than the previous value but
greater than the threshold. This process i$able 5 indicates that as the cutting speed
repeated at ply numbers 10 and 20. Thus, thacreases, the delamination area begins to
developed control algorithm tends to reducelecrease, irrespective of the feed rate. To
the energy level that has been determined tilustrate this information, graphs of the en-
be related to the area of delamination. ergy responses versus the cutting speeds are
plotted for each stage of the five-stage
The algorithm may then be used to contromethod. The plots for thé"Stage are pre
the area of delamination for different typessented in Figures 11 and 12. This implies
of materials if parametersoaand a are that there are no effects of cutting parame-
known. Thus, for any particular materialters on the area of delamination for cutting
used, “@ and @” must be determined before speeds of 1600 mm/min and higher.
the operator is able to select the reference
energy value for the material. A second maTo select reference levels for control of drill-
terial (Hercules AS4) is used for comparisoning operations, one has to study the behavior
and the results are plotted and illustrated if a material in terms of the area of delami-
Figure 10. nation with respect to the AE energy re-
sponse. A relationship must first be estab-
Since the control algorithm appears to béished between the area of delamination and
effective, six sets of experiments are perthe energy response so thag &nd @’ can

F0000
—+— CONTROLLED 1000 MMV
—a— UNCONTROLLCD
80000 | . . . .REFERENCE LINE
- Ly
— 0000 + ,
o // \\\ A
o i / \\‘ / H""“-_
40000 . - Tem
‘\\ \w’/
30000 . .
; ™~ T
2000 "f T \,\ - ;,/ """" M
R
10000
0 .
0 = 10 15 20 25 30
Ply Number

Figure 9: Graph of Energy Response versus Ply Number at
Speed of 1000 mm/min for Hercules A4
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TO0oo

&nnnn

£0000 4

20000

Energy Sesponse
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--- - -- REFERENCELINE

SUUUY 4

1000 MM MIN

k]
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Figure 10: Graph of Energy Response versus Ply Number at Speed of
1000 mm/min for Amoco T300

Table5: Images obtained for the 5™ Stage of the Process using Hercules AS4

Uncontrolled Controlled
Cutting Speed —
(mm/min) D.el amina Delamination
Image tion Area Image 2
2 Area (mm?)
(mm°)
1000 1027.24 - 3455
1150 577.45 - 15.45
1300 462.20 - 8.67
1450 wss [ s
1600 89.56 - 0.25

be known for a particular material. This rela-CONCLUSION

tionship is due to the anisotropic nature of thé\ control strategy is developed that uses a vari-
composite material. Knowing the values of “a able feed rate and instantaneous acoustic en-
and @", one can select the most appropriateergy. A control algorithm is built from a model

model for a material and then implement thdhat uses the energy response. This construction
control algorithm to effect changes in the deis due to the fact that the energy response de-
pends on all three cutting parameters, namely,

lamination area.
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Energy Response (\’s)

STAGES

—— CONTROLLED
—a— UNCONTROLLED
- - - -REFERBNCELINE

1400 1600 1800

Cutting Speed (mmmin)

2000

Figure 11: Energy Response versus Cutting Speed at Step 5 for Hercules

ASA

50000

45000

40000 b
35000
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15000 4

Energy Response (¥s)

10000
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STAGES —e+—UNCONTROLLED

—a—CONTROLLED

- - - =REFERENCE LINE

1000

1200

1400 1600 1800
Cutting Speed (mmvymin)

2000

Figure 12: Energy Response versus Cutting Speed at Step 5 for Amoco

T300

feed rate, cutting speed and tool diameter. Thihe area of delamination for different types of
algorithm is used to re-define the appropriatenaterials if the material parameters are com-
instantaneous feed rate that maintains thputed. For any particular material, the relation-
acoustic energy within a predetermined rangeship between the change in the energy response
The effectiveness of the control strategy is deand the area of delamination must be known in
termined by implementing it with two different order to use the control algorithm.

materials.

The control methodology is most beneficial at
The control algorithm may be used to controlow cutting speeds. The evidence suggests that
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