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N ABSTRACT
! " Polycrystalline diamond (PCD) tipped twist and spade drills, diamond
~ plated twist and core drills, and the abrasive waterjet hole cutting
o rocess were evaluated for drilling aluminum metal matrix composites
" | ) ! g p
!:4 reinforced with SiC fibers or particulates. The diamond tipped twist
&N drills outperformed all other drills. Core drills were found to be
e viable alternatives for the production of larger holes in high volume
v fraction composites. Plated twist drills were viable alternatives for
- low volume fraction particulate-reinforced composites. Spade drills
‘. failed due to low edge strength. Abrasive waterjet hole cutting was
e successful for rough, large diameter hole cutting. Recommended drilling
;r: parameters are listed for all of the above techniques.
<.
( The failure of diamond coated drills used on metal matrix composites
o was found to have been due to diamond glazing by the hard and abrasive
P reinforcement material, and loading by the soft metallic matrix. It was
Ll - . . . o . . .
ol determined that the machinability/cutting rate of metal matrix composites
AN can be predicted by using the rule of mixtures and machinability data
o~ for the individual components of a composite.~-High volume fraction re-
o inforcement composites were found to necessitate techniques and tooling
N similar to those used for diamond grinding. In contrast, low volume
i*: fraction reinforcement composites required tool geometries similar to those
b~ used for workpiece materials which plastically deform and readily form
N chips.
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INTRODUCTION

Previous experience has shown that conventional cutting tool materials and
geometries are not satisfactory for machining metal matrix composites (MMC).l Of
primary concerns are shortened tool life and damage to the workpiece. The primary
reasons for the short tool life are the hardness and abrasiveness of the reinforcing }
phase. Damage to the work material is also closely related to the reinforcing phase.

For example, delamination near the tool exit side of a fiber-reinforced composite can
result when excessive cutting forces are required whenever dulled tools are used.
Figure 1 shows a severe case of delamination and petalling caused by excessive drill
wear and inadequate part fixturing. Figure 2 is a radiograph which shows the extent
of lateral fiber damage around an improperly drilled hole.

Diamond tools are used almost exclusively in the traditional machining processes
for composites containing more than 25 volume percent ceramic reinforcement. For 25
v/o SiC/Al, a 25% increase in total machining time was needed compared to the same
thickness of standard 6061-T6 aluminum alloy. This increases to 300%Z for 40 v/o
Sic,/Al composites.2 Other investigators-® have shown similar results and have
estimated fourfold increases in total machining costs for metal matrix composites.

Nontraditional drilling/hole cutting methods such as rotary ultrasonic drilling,
laser, and ram electrical discharge machining (EDM) have been attempted on various
types of metal matrix composites. The EDM process was found to provide close dimensional
control* while laser drilling achieved high material removal rates, even though subsequent
machining operations were required to produce acceptable surface finishes.? These
processes, however, are expensive and are often limited by workpiece thickness.

Methods for drilling SiC fiber- and particulate-reinforced aluminum MMC are
presented in this paper. Diamond plated core drills, diamond plated twist drills,
and polycrystalline diamond tipped twist and spade drills are evaluated, as well as
the abrasive waterjet hole cutting process. Results of drilling experiments, to
include mechanisms of tool wear and recommended drilling methods, are also presented
and are believed to be applicable to many material systems composed of a hard ceramic
reinforcing phase 1in a ductile metallic matrix.

EXPERIMENTAL

Fiber- and particulate-reinforced MMC were used in this investigation. The
fiber-reinforced material, produced by AVCO Specialty Materials Division, consisted

I. DANIEL, W. K., MARIS, J. L., and VAN FICLEN, R. C. Aluminum Metal Matrix Concepts for Missile Airframes. Vought Missiles and
Advanced Programs Division of LTV Aerospace and Defense Co., Contract F33615-80-3244, Final Report, Air Force Wright Aeronautical
Laboratory, Wright-Patterson Air Force Base, OH, AFWAL TR 84-3065, September 1984.

2. SCHOUTENS, J. E. Discontinuous Silicon Carbide Reinforced Aluminum Metal Matrix Composites Data Review. MMCIAC No. 461,
MMCIAC/Kaman Tempo, Santa Barbara, CA, December 1984.

3. VAN DEN BERGH, M. R. DwAR 20® Status: Machinability, Hardware Examples. Proceedings, Sixth Annual Discontinuous Reinforced
Aluminum Composites Working Group Meeting, Park City, UT, January 4-6, 1984. Published by MMCIAC/Kaman Tempo, Santa Barbara,
CA, April 1984.

4. MILLER, M. F,, and SCHAEFER, W. H. Development of Improved Metal - Matrix Fabrication Techniques. Convair Aetrospace Division
of General Dynamics Corporation, Contract F33615-70<C-1460, Final Report, Air Force Materials Laboratory, Wright-Patterson Air Force
Base, OH, AFML TR 71-181, July 1971 (AD-890605).

5. HANLEY, k., and HARDAGE, J. T. Manufacturing Methods for Machining Processes for High Modulus Composite Materials, Volume 1,
Composite Machining Handbook - Boron. Convair Aerospace Division of General Dynamics Corporation, Contract F33615-72-C-1504,
Final Report, Air Force Materials Laboratory, Wright-Patterson Air Force Base, OH, AFML TR 73-124, Vol. 1, May 1973 (AD-766332).
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"\ of 45 v/o unidirectional SCS-2 SiC fibers in a 6061-T4 aluminum matrix. The particu-
,t late-reinforced material, produced by DWA, contained 30 v/o SiC in a 7091-T6 aluminum
o9 matrix. The thicknesses of the fiber- and particulate-reinforced composites were
N 0.375" and 0.500", respectively. Photomicrographs of each workpiece material are
14 shown in Figure 3.
yi \:
¢ Electroplated diamond core drills, diamond plated twist drills, polycrystalline
- diamond (PCD) tipped twist and spade drills, and standard carbide twist drills were
[+ used. All drills were 0.50" in diameter. Photographs of each drill type are shown
e in Figure 4. 1t should be noted that both 0© negative and 18° positive rake angles
v were used on the PCD tipped twist drills.
\.':
e The test apparatus for conventional drilling consisted of a drill press with
- adjustable spindle speed. Cutting forces and torques about the spindle axis were
b7 monitored with a dynamometer attached to the worktable. A dial indicator was used to
N measure the depth of cut into the workpiece as a function of time for all experiments.
{ Drilling parameters for representative test runs are shown in Table 1. All thrust
& force values were kept constant within +/- 20 1bf except where noted.
g
NG
~ Table 1. DRILLING PARAMETERS
o
8 Spindle Thrust
r Orill Hole Drill Tool Speed Force
- No. Type Material Condition  (rmp) (1bf) Cooltant
\
o
& 1. Core Sile/A1 Dressed 1115 187.5 Yes
e 2. ' . Jressed 660
N 3. " dressed 325
= 2. s " New
o 5. Dressed
. 6. ' Dressed
-~ 7. diamond Plated New - 1575
O 2. - " " 375
1 o
. 9. ' 1 E '
J 10. ' 37 -
o 11. ' 175
'..: Intermittent "
'-:' 1z, Jiamond Tipped " " . 1=
. (Neg.) Twist
'_' 13. Jiamond Tipped " " " 17
"Poo.; Twist
14, Diamond Tipped " " " PIS
Spade
5. Cartide S1Cp/A1 ; : 1
16. Jiamond Plated '
o7, Jiamond Tipped " . ' B
P @. gL
;: 1%, Core " ' 2 .
o e T
o 19. .75 fare ok " i -
s B
o PR . 66176 A 3 :
. A " '.1‘(‘4/@] " '
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a
-
wh

Es
]

La

N

e A




Abrasive waterjet hole cutting was performed on a Flow Systems PASER abrasive
waterjet cutting system using a model 9X intensifier pump. Cutting parameters are
shown in Table 2.

Tat:le 2. ABRASIVE WATERJET
HOLE CUTTING PARAMETERS

ERIWES
Jutting speed ipm: i
Picrce Time {sec) 3
Jet Pressure (x51) 3
Orifice dDlameter {(ain.) A
Nogzle Mameter [ in. Loy
Abrasive ol B Mesn Garne
Abrasive Flow Rate .05
(1b/min)
Standoff Distance (in.) oL

RESULTS

The effect of spindle speed on core drill performance was determined (holes |
to 3). Of the three spindle speeds evaluated, ll15, 660, and 325 rpm no significant
difference in penetration rate was observed. However, the drill nsed at 115 rpm
failed after penetrating approximately 0.100" into the workpivve. Farlure was attas -
buted to tool loading caused by insufficient flushing oi chips at hiph rpm-

The effectiveness of dressing worn core drills was cvalnated.  Freure 5 -how
cutting rate data for hole 4 which was drilled with 4 new tool, and hoie b which wh
drilled under the same conditions with the same tool after redressioy with o N1t
dressing stick. Dressing did restore the 1nitial cutting pertormance ! the worn
drill. Cutting rates for both the new and the dressed dralle declioed woonsrn
after only 0.100" depth of cut. However, the rate of decline oo cattine e, reas
for the dressed tool was greater than that of the new tool.

»

-‘-

e Visual inspection of the drills used for holes | through 5 andi gt d that o

- rapid degradation in penetration rate experitenced was a result of glazins and loadins
= o the core drill. Diamond grains were worn flac und the learance botween ad jacont
4

diamond grains and between the bond matrix and the catting tace ol the tools wa:
reduced. To alleviate the glazing problem, the thrust torce of the tool into th
workpiece was increased from 187.5 1bf to 375 Ibf t{or hole 6 in an attempt to mak
the bond matrix act "softer." Cutting rate data for hole 6 was initially about
double that of hole 5, but decreased dramatically at approximately 0.200" depth o
cut, (see Figure 5).

e ...

Tl

“@

The rate of change in cutting rate for hole 4 at 0.200" depth of cut was similar
to that of hole 5 at its maximum penetration depth, indicating that the same {inal
stage mechanism of tool wear was operative. There was some initial advantage to
tncreasing thrust force, e.g., the maximum depth or cut before the rapid decline in
cutting rate was delayed from 0.100" to 0.200". It was fclt, however, that Increasing
thrust force alone was only a partial solution to the tool wear problem, since drills
nsed for workpicces greater than 0.200" in thickness would have to be redressed
hi-fore 1 single hole could be completed,
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The ctffect of increascd thrast torcee on the tool into the workpiece wa:z similarly
tested for the diamond plated drills (Fivure 6, holes 7 and 8), however, no overall
imprnv(’mcnt Was seen.,

The eflect of proper coolant application was determined to be critical for the
diamond plated drills (Figore h, holes 9 oand 10). Drills used without coolant, a
water miscible (lurd, raitled within 20 seconds and exhibited cutting torques 507%
lower than those observed when coolant was used.

Improved flushing within the cut area was attempted for the core drills. This
was acconplished for hole 1l by manually applyving a 375 lbf load on the tool into the
workplece tor three to four seconds followed by retractivn of the tool and flushing
of the cut arca ror approximately one second. Cutting rate data for hole 11, shown
In Fizure 5, was initially the same as that of hole 6, drilled with constant tool
load. but did not decrease significantly for the depth of cut tested. Also, the
cutting torque for hole 1l was 267 higher than that of hole 6. Intermittent flushing
oif the cut with coolant can therefore be used to control tool loading and delay the
onset of the rapid tool wear experienced when machining MMC.

Both the positive and the negative rake diamond tipped twist drills penetrated
the SiCi/Al workpiece within 10 seconds. However, the diamond tipped spade drill
chipped and failed within 5 seconds.

Depth of cut versus time to attain that depth of cut is plotted for drills 8,
[, 12, and 14, which are representative of the best conditions for each drill type
tested on the SiCg/Al, in Figure 7. It 1s clear that the diamond tipped twist drills
(1.5 ipm/0.0046 ipr) outperformed the diamond tipped spade drill (failed), diamond
platod twist drill (0.047 ipm/0.00015 ipr) and the diamond plated core drill (0.035
ipri, 0.0001 ipr). Although the speeds for the diamond plated twist drills were quite
similar to those of the diamond core drills, the core drills could be dressed and
reused, whereas the diamond plated drills had to be discarded (Figure 8).

Additional holes were drilled with the negative rake diamond tipped twist drill
into the SiCy/Al composite to determine the drills wear rate and durability. Figure 9
i1s a plot of the number of holes drilled versus the time to complete each hole.
Cutting rate data for the diamond tipped drill declined at a rate of 6.25% per inch
feed.  The wear land on the PCD tipped twist drill after 30 holes is shown in
Tlenre 10,

Cutting performance data for standard carbide twist (hole 15), diamond plated
twist (hole 16), diamond tipped twist (hole 17) and diamond core drills (hole 18) are
shown in Figure 11 for the 30 v/o SiC particulate reinforced aluminum. Drilling
parameters tfor cach tool are shown in Table 1. The carbide twist drill began to cut,
but wore out after approximately 20 scconds. The diamond tipped twist drill (2.5
1pm/ .0076 1pr) once again outperformed the diamond plated twist drill (0.42
tprn/O.1pm 0.0013 1pr) and the diamond core drill (0.12 ipm/0.0004 ipr). In addition,
the diamond coating on the diamond plated twist drill used in producing hole 16 remained
intact (Figure 12).

Drilling performance data for holes & and 16, both drilled with diamond plated
twist drills and the same parameters, show the increased machinability rate of the 30
s SiCp/Al composite over that of the 45 v/ o SiCy/Al composite (Figure 13).
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;{:{ Three 0.75" OD core drills were also used to make holes 19 to 21 in SiC, 6061-Té
p .- Al, and 45 v/o SiCy/Al workpieces under the constant thrust force conditions shown in
{f: Table 1. Drilling performance data for these tests are shown in Figure 14. Cutting
b rates for the SiC were 0.025 ipm, SiCg/Al 0.088 ipm and 6061-T6 Al 0.132 ipm. Similar
! tests could not be conducted for the other 1rill types because of their 1nability to
~ cut the SiC monolithic plate.
-\ 0
,E:: A photograph of typical abrasive waterjet holes cut in the SiCg/Al material is
S shown in Figure 15. Hole quality and dimensional accuracy were found to decrease
;:\j with increased nozzle wear and cutting speed.
:
I q-
S DISCUSSION
:%: Experimental results have shown that the rapid wear of diamond plated drills is
- - primarily due to the onset and degree of glazing. When glazed, diamond grains wear
! flat and new cutting facets are infrequently exposed. Compounding this problem 1is
A loading by aluminum which reduces the clearance between the bond and the workpiece.
NG Loading results in a "harder'" acting bond since higher mechanical pressures of
‘fi drilling are required to break the bond which holds the dull grains to the cutting
o tool.
N
h 4
) Figure 16 is a typical dynamometer recording showing cutting torque versus tilme
N for a core drilled hole in SiCg/Al composites. Figure 17 is a plot of cutting torque
- versus depth of cut for this hole. The torque values shown in this figure represent
:i: the torque required to machine through individual plies of SiC fibers which are the
~ minimum values of the cyclic dynamometer torque recording of Figure 16. As shown in
N Figure 17, these torque values decline with depth of cut, indicating glazing as an
initial mechanism of tool wear. A nominally linear rate of decline in torque values
i occurs to approximately 0.150" depth of cut and is followed by a more dramatic
;ia decline. This change in slope indicated an additional mechanism of tool wear, loading
o bv the aluminum, which increases the degree of glazing beyond that which can be
:jz attributed to the machining of SiC plies alone.
[
- In summary, the rapid wear rates for diamond plated drills used to machine MMC
- are due to a combination of the hard and abrasive reinforcement which results in
:j diamond glazing and the soft metallic matrix which loads the tool and eventually
A accelerates the rate of tool glazing by preventing dulled cutting facets from being
P - discharged from the tool bond. Low speeds, high feeds, frequent dressing, and proper
23 conlant application are therefore recommended for the drilling of both the fiber- and
,.. particulate reinforced composites.
W
kf Cutting rate data derived from Figure l4, which shows core drilling results on
e SiC, 6061-T6 Al, and SiC¢/Al, indicate that the cutting rate of SiCg¢/Al can be pre-
'i; dicted by the rule of mixtures using machinability/cutting rate data for the two
. individual components of the composite, SiC and Al. One can assume that this not
,.! only applies to SiCg/Al but to all aluminum matrix composites regardless of matrix
[:. and reinforcement composition. The form and distribution of the reinforcement may
. alter this relation in a secondary manner.
>
e Since the mechanism of material removal for the reinforcement phase 1s vastly
. ditfrerent than that of the matrix material, e.g., brittle fracturc versus shear,
}! tools should be selected based on volume fraction reinforcement. High volume
P
N
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fraction reinforcements requlre techniques and tooling similar to diamond grinding
while low volume fraction reinforcement composites require tooling similar to that

used for materials which plastically deform and readily form chips.

! Figure 13 shows that for the 45 v/o SiC¢/Al the performance of the diamond

;t, plated twist drills and the diamond core drills are quite similar. Since significant
! wear of the plated twist drill prevented its reuse, core drills are considered to be
superlor to plated twist drills for high volume fraction reinforcement composites.

. Fligure 13, however, also shows that for the 30 v/o SiC,/Al, diamond plated twist

- dritls significantly outperform diamond core drills. he reduced volume fraction of

! SiC, the random dispersion of particulate, and the small 1/d ratio of the reinforcement
s are all believed to contribute to the enhanced performance of the diamond plated

N twist drill on low volume fraction particulate-reinforced materials.

Since the diamond grit size on the plated twist drills is significantly larger
than that of the core drills, the plated twist drills can tolerate larger volume
{ractions of matrix material without loading. However, larger grit sizes also cor-
respond to weaker bond strengths which are a disadvantage when penetration through
numerous plies of continuous fiber reinforcement is required.

- As hole size Increases, the force required to remove a unit volume of chips

e increases at a faster rate for the plated twist drills than the core drills. In

Q_ addition, since the diamond coated surface area of twist drills increases faster

.. with drill diameter than that of core drills, the cost difference between core and
R twist drills decreases with drill size. For example, a 0.125" core drill costs 4

St times as much as a diamond plated twist drill of the same size. A 0.750" diameter
¢ore drill costs 1.5 times more than a twist drill of equivalent size. Therefore, as
hole size increases, core drilling and possibily abrasive waterjet cutting become
more viable alternatives for low volume fraction reinforcement composites.

A similar cost/diam:ter ralationship exists between the core and diamond tipped
drills. For example, 0.125" diameter diamond tipped twist drills cost 2.5 times that
ot the same diameter core drill, whereas 0.750" diameter diamond tipped drills may
cost > times as much. Although the cost of diamond tipped drills is high, cutting
spoeds are also high. There may be no other toul capable of producing holes in
heavy sections of high volume fraction [iber-rcinforced composites. These drills
may, however, be proned to chipping 1f misused, as evidenced by the spade drill
results, but may be resharpened if removed from service before wear lands becomes
ecxcessively large. However, the cost of regrinding is high. Negative rake
diamond tipped drills are recommended over positive rake drills for additional edge
strength, especially with high volume fraction fiber-reinforced composites.

Abrasive waterjet hole cutting is a viable rough hole making process for all
tvypes of composites. While tooling costs are low, 1nitial capital investment
osts are, however, high.

CONCLUSTONS

Drilling specds/penetration rates for 30 v/o SiCP/AI and 45 v/o Si1Cp/Al com-

1M

,:b: psites wore 2.5 ipmoand 1.5 ipm respectively, for the 0.50" diameter polycrystalline
v . . . . , . . . . °

e. Jdramond tipped, negative rake, twist drills.  The drilling performance of the

e diamond plated twist drills, diamond core drills, and dianond tipped spade drills is
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:#n tnierior to that of the diamond tipped twist drills, especially for small holes.
i Fhe initial cost of the tipped twist drills, however, is extremely high.
Mooy
L
W& Diawond core drills are a viable alternative for larger diancter holes in high
! volume traction reinforcement composites. Frequent dressing, low speeds, and high
:n: fveds are recommended for these drills. However, intermittent flushing of the cut
X JC area (e.g.. Interrupted feed rates) is required for high volume fraction rein-
7SI forcement composites.
-
~ » . . . . - - . .
oY Diramond plated twist drills are a viable alternative for hole drilling low
0 volame fraction particuiate reinforced materials. However, thev cannot be success—
tullv applied to high volume fraction fiber-reinforced composites. Unlike the other
dritis tested, plated twist drills may not be resharpened. However, their cost is

1

onlv b that of a diamond tipped drill.

Diamond tipped spade drills are unsuitable for [iber-reinforced composites due
Tootieir low edee strengsth.

Abrasive waterjet hole cutting is viable alternative for rough, large diameter
hele making In both particulate and fiber high volume fraction reinforcement

5 Compo i tes
3 -A\
S

] The faillure mecharism of any diamond coated drill used to machine metal matrix
AW . . . . - .

ﬁq Cempedttes 1s oprimarily celated to the onset and degree of glazing. When glazed,
' Jdtamond grains wear flat and new cutting facets are infrequently exposed. Compound-
> . .. . . . - . .

P 1ne this problem 1s loading which reduces the clearance betweern diamond grains and

Y 1 v 3

~u brZwen the boad and the workplece.

I.-

The machinability/cutting rate of any metal matrix composite van be predicted

- b the ru's of mixtures using machinability/cutting rate data for the individual
o Sompanents onfoa conposite.
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Figure 1. Delamination of a fiber-reinforced composite
which resulted from excessive cutting forces. Dull tool
at inset. Mag. 8X
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Figure 2. Radiograph of drilled hole in SiC¢/Al composite. Mag. 10X
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Figure 3. Photomicrographs of SiC metal matrix composites.
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Figure 5. Plot of depth of cut versus time to attain a given depth of cut for

s four core drilling conditions.

- J ol e e i . - .
: )220+ .- |
. |

o ; + 0
-, o |
. + 0 ‘
®) 1% + 0 |
, + 0 i

™o SRR + 0
) . |
ERETE & ,
. = ‘ it
= 310
I = i ) 8 X x X X X

S g - x X x x %
..‘4 8482

- N0s0 = v 5
= I
- ) %o J&+ O + Hole 7 = 187.5 Ibf w/Coolant
R 3 Hole 8 =375 Ibf w'Coolant |

1040 x Hole9 = 187.5 Ibf wio Coolant f
!
o 4T A Hole 10 = 375 Ibf wio Coolant
T
B 0
) 4 v v T TTTTTTCT T T T T

80 120 160 200 240 280 320
Time (sec)

Figure 6. The effect of thrust force and coolant on the performance of
the diamond plated twist drills.

3 '.n‘- ﬁ#l“\.&". 1"'.'.. L

4

[

[ 11

‘l

[ ]

.

. P O NI A R R TR T RN .r.-‘ "‘J‘J-(‘J‘-IJ'(I.’-(":F
: 'ﬂ :z.--r av’ s'r*\\-"\\ '..0'! _, *w'-.-. g -.$s-\*\ -\ 'u*, o




Ps
Y

A

L

Y

AP -4

I

P
¢ e

x l\ .' r‘. -S

0.500 ﬁ
Hole 8 = Plated Twist Drill

Hole 11 = Core Drill
Hole 12 = Tipped Teist Drill
Hole 14 = Speed Drili

‘.
N e
©
&
O
J I R
x b o0

Ll

L
] 3

0.300

e

Depth tin.)
o

‘l

0.200

* 4 D) i
Y oy “hy?

rd

|
]
|
\
L
0.100 7% © 0
a

o
0
a)

,

.
fan]

WmeT 7T T T 1T T T 7 T T T T 7

T
0 40 80 120 160 200 240 280
Time (sec)

T

T
320

l(l.,llll'll.
25500

P A

Figure 7. Plot of depth of cut versus time to attain a depth of cut into
the SiCs/Al with the diamond tipped twist and spade drills and the
diamond plated core and twist drills.

2 o

LN L 9T
’, f‘t“‘ f. r"-/,

‘l

.

5 %

S

LR AR

St
AR

-
D)
.

Iy
t

'@

[
LI 3]
[T AN

L, L LY

A

Figure 8. Diamond plated twist drill after one hole

into the SiC4/Al workpiece. Mag. 5X

LAAAAN

- e

%.v

12

IS o,

-

o»

RSttt R

LRV - L A bt L L
PRI R B XS WYL



-
"’l‘.l

,,...
'}
et
(O N 3
'_- ]

A
"
)

o’

EI
L e N

£
A RRAY

[
2 %
LSS

LY ": N {r'\ j o
". ¢ ‘.x[-s{'fﬁ

2
L

w
»
=

&5

»

-
A

-
R

b %o % &
)

1\

AR
2

YD
2

L%
a2

REEEN 2

a

ot

Sy

D
+ ¢ 0"a s s «

-{,,ﬂ.
aatr b

:....‘
@4
>

A
L)

o 4
" .I/. i ’ ’

/

LN - RN
" "f"','!"‘) '.’('. O
L] 9!

L [e

PO ST AT CO Lty
v(‘ ‘ .

20
19
18

17

16

15
14 7
13 1
12
11 7

Time {sec)
4 OO0 O 5
1 1 1

1
O

do

S = W WO

L T T T T T T T T T T T T

T T
0 4 8 12 16 20 24 28
Number of Holes

Figure 9. Plot of the time to complete a hole versus number of holes
drilled for the PCD tipped twist drill.
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. Figure 15. The 0.25" and 0.50"" diameter holes cut by the abrasive
. waterjet process into the SiC¢/Al workpiece.

Dn

. MWWMH\W
0} —~
[V R A T N T S VO SO VN Y A A VN U NN AN (U (NN (N (S VOO T I N Y
Torque: 0.8 ft-lb div

[NESENC

Figure 16. Dynamometer recording showing torque data. Chart speed 1 mm/sec,

2 = o P

»

3 3.2

]

! 31 -

' |

d 5
- 2.9 -«

3 ;

. 2.8 :

Y i 2.7 .

{ 5 B

£a26 ;

. 25 i

N~

! 2.4 i

D ..
L~ -
. ‘
" 22

. !
.- 2.1 L '
- 0 0.04 0.08 0.12 0.16 0.2 0.24
Depth of Cut (in.}

Figure 17. Torque required to machine individual plies of SiC fibers versus depth of cut.

16

Wy Tadadig FOUNNINOLN """‘.f.r NI la..ﬁ ".r'fff _ R R O AT i Sy S T By
4, ‘V‘ «‘.hw'f‘ i “.' “. ~f #‘. l’ .' .') A LW % N N

P I )



nrooTn
RS

STRISOTION

FA
.
—

Ho. ot
Copies Th

1 Ofrice ot the Under secretary or Defense for Research and Engineering,

. The fentayon, Washington, 00 20301
Y Commander, 1.5, Ariy Laberatory Command, 2300 Powder Mill Road, Adelphi, MD
i JUSA3-1197
,_-:‘ OATTN: Technical Library
Y ; , . ) . . o .
~t Jommander, Defense Technical information Center, Cameron Station, Building 5,
(- 3010 Duke Street, Alexandria, VA 7/304-6145
L ATTN:  DTIC-FDAC
')
,‘)\ Metals and Ceramics Information Center, Battelle Columbus Laboratories,
o 505 king Avenue, Columbus, OH 43201
Ly 1 ATTN: Mr. Robert J. Fiorentino, Program Manager
P "
~ . . .
:*\- 1 Defense Advanced Research Projects Agency. Defense Sciences Office/MSD,
oy 1300 Wilson Boulevard, Arlington, VA 22209
B Headquarters, Department of the Army, Washington, 0C 20314
W@ 1 ATTN: DAEN-RDM, Mr. J. J. Healy
5
'
j Commander, U.S. Alr Force Wright Aeronautical Laboratories, Wright-Patterson
Vol Air Force Base, QH 43423
o 1 OATTN:  AFWAL/MLC
-‘,:. i AFWAL/MLLP, DL M, Forney, Jr.

AFWAL/ZMLBC, Mr. Stanley Schulman
APNAL/MLLS . Dr. Terence Mo FL Ronald

b

;\d AFWAL/FIBEC, Tr. Steve Johnson
Y N - o T y N
N LooTdward L Morrissey, ATWAL/MLTE, wright-Patterson Air Force Base, OH 45433
ha
i Aarry Research Cttace, P00 Box 12711, Research Triangle Park,
<y’ , SOl .
( ) N ation Processing dttice
R Qearge Mayer
i
::, Arcy Matertel Comeand, 5001 Cisenhower Avenue, Alexandria,
- LOATTN:
3
b “y srmitent ) Mynitions and Chemical Command,
i:) : phiy, Jr., PLASTEC, Director
e
S Tommander v, Ay Ay iation tysters Command, 4300 Goodfellow Blvd., St. louls,
E . F \
_.: ATy AMDAY =Nt Law
e _
‘x*‘ e Ballictic Fecearch Laboratory, Aberdeen Proving Ground,
-
® i - TN
-l'~-
=" arcy tloctrarics Jesearch and Development Command,
v R IERBRRE!
g 1
e, N
v
.
d et anchee 0 ey v benc e and Technalany Center o 00 Jth Street |
.' War oo alhe, PR
R . My Titery ook
A
!'~ - arpnder 00 Sy Mter e D pntee il Activity,
."‘ s e e oney e f oMY BN
,'. PooATTN s Gyl e e
> ‘
andaey FERSEER Fodatome Craent iyt Tafarmatyne Tenter
- SO AP er L W
LS VAT e LA
PN !
” ! I e
(4
S
W
L)
b
-~
s
] - - - . - - - - - - - A A o
W o,y O "y L o LR 4 v 'r‘\:,\:. -q‘n:-f }\ \;‘ .“. . ] 7] X .%. b [.. N
) G VRt hat e At e, 0 il n s Dt e fntiar it




L WL WL W AT W e e e T L

ty LOOIE e arc i, Deve Toprent it D pieer g oty
Fort Selyair, VA 00 g
IoATin
i
1
i
Jormander . U050 Army syration Aapghied Technalogy Sirectorate, SLoatinn e
1 Techaning, Acty ity VL0 Tort tustia, VA 2o S-5577
COATTN AR TR TY AT Ml dames Guriez, Aerospace Dngineer
corrander, oLt sty Tank-Aatonat bee Comiand, wWarren, M SR090
IoATTN s A T e
gt e Lenet aedbots Laborator o LTWSLL ISA AMUOM, waterviiet, NY 10159
AT T N LR LT
! =T, el Do Ahemad
1. gooor ol by sesewch and Jevelopment Center, Annapolis, MD 21407
TooATT v Michae ) Vasarlaros - Code 2214
wase o vl Teonne o, STu L Quancy Street, Arlington, VA 20017
DT M L T el Ty - Code MAT N s
ol s searon Dabor ttory . oaasninagton, EVRYAS
R T e B
) N T T T
N ! ity -
(T S Y, ATt A am
: 3T i
! L fishroan
MRS Syt WAr, Wbt e Cin
TooaTT, Tap e s dnny - 4wl
Civie oste Dwepedlapmient Senter oaartnster, SAa 190
LooATTY v t Lo = ke Lt
Trorl T artace geapanc Conter o ahinte e, e sprana, Mo P09
T -7 Gehe o Enltr o« iode w4
l -‘r RN 'r](‘,.r l.l“‘v'utl W - ‘f“:?' ' "':
Wetrenst erma,tisa o and pice Sdniniateation waeshington, D00 20blp
PooaTT e Mgl AL Greentield, Dragran Manager tor BMateriale, fode <TNp

ataen s aeranantics and Lpace Admainictration, Lew!s Hescarch fenter,
Teegniandd T 34118

TooATT Tl Dyress AL Dicar o Mail Stop 106-1

eranaatios and Lpare Administrition, Marshall Space Flight Center,
H b 1
A o <

At ina.

rent a1

Lol e ndngheamrie r g il e MER Lab
N Yo oal A atlnon, BHAL, Bldg. dR12
The L el Coerpoaes . PO Boe 16755 Philadelphia, BA 0 1914
. Ha otert UL Tareaney . Manl Stop PEZ-16
R WNLenn L e oy, YJ‘_. RESR r-fnp SRR
o, et e et Loy gy ne .. Toxti1le Patere eparthent |
foaa iy e cren catorator g, Drperimental Statann, eairangton, iro 14
. T B T T AT NN AR IS
; Lepte e wtdrin
Ve b Tew s nearraeated ] Manotac taring v,
Yool Lol L pa e Pare | ledonds Beach Ta 9007
. v T AL T, Mater gl Dencensansg Conter o Dldg o 0 S BT
F N N R T S L VL e S RO (TS TCRRats IV SV AT A WU VR (TS & KNP T I ATRIN
st b M !

P . LS e
Iy .’%.r__}-,_.'__a Py

- o




S
u
l\
A
7 a
NN
f‘
-
3
f!
I-
-
S
g

)
’l
s

P

—~

’\“",gfl.’\"-,'

’ HFK-).

v .

&

CRLAEUNNT

“@ AL L@

- »
-

e

*e’a’a

.’

[
-
»
o

e

)
3

) ) Iy )
n“v"‘.’!‘,l. ..l..I. A o.')c M

No. of
rontes Ta

LooDro o Bnagwam . Das, Engineering Technology supervisor, The Boeing Company,
PLdL Box 3999, sSeattle, WA 98124

1 cerey Davis, NETCO, 2025 fast 23th Street, Building 5, Long Beach, (A 90806

Lol Soseph £l Dolowy, Jr., President, DWA Composite Specialties, Inc.,
J1133 Superitor Street, Chatsworth, CA 91311

I Mr. HYovert £, Fisher, President, AMERCOM, Inc., £948 Fullbright Avenue,
Jhatswerth, (A 91311

) o -

fr.olonas AL Gonzalez, kaman Tempo, €16 State Street, Santa Barbara, (A 93101

Lot Jares G. Goree, Jdept. ot Mechanical Cngineering, Clemson University,

Stemean, SO 29631

AVUD Specialty Materials Division, o Industrial Avenue,

. ob Gubbiy, Charles Stark Jraper Laboratories, 55%% Technology Sguare,
G1osration U7, Canbridge, MA 02139

oMel Juone DLosack, Southwest Research Institute, 6220 (ulebra Road,
Tvo7a

" 9

tzean, The Aerospace Corporation, P.0O. Box 92957
CA 0 9uuny

L35 oanceled,
caceneed California Company, Burbank, CA 91520
LooATT ML Rad FL Simenz, Department of Materials and Processes

-ed Georgia Company, &6 South Cobb Drive, Marietta, GA 30063
Materials and Processes Engineering Department
“r. James Carrol!

[,

Miterial oncepts, lao., 2747 Harrison Road, Columbus, OH 43204

TAT7N Mrel Stan J. Paprocki
1 “r. 0avid Goddard

1o Jr. Monan S, Misra, Martin Marietta Aerospace, P.0. Box 179, Denver, (0 80201

LMl Patrick o, Moore, Staff Engineer, Lockheed Missiles and Space Company,
WIrginization 6.-60, Suilding 104, P.0. Box 504, Sunnyvale, CA 94086

1 7. Gyran Pipes, Prefessor & Divector, Center for Composite Materials,
niyeraity of lDelaware, Newark, DB 19711

Dy card ML Prean, Priancipal Scientist, United Technologies Research Center,
Yatl o ttap 4, Fast dartford, 0T 06108

Lo Dr L BL AL Posen, Materials
Yree, pring Honse, PA 194

.

Sciences (orporation, Gwynedd Plaza 11, Bethlehem

77

LoTrer s Mars o Yienman, Division of Engineering, Brown University,
drcadence WL GEYls

7. Tye, Energy Materiale Testing Laboratory, Biddeford industrial
eford, MU 04005

Yroo=3bert O Van Siclen, Vought Corporation, Advanced Technology Center,
‘ e PUG1A40 Tallan, Tt 75266

st deanedan [Lowawner, Jepartment of Materials Science, “chnol of Lngineering
ol e e Loaences, dniversity of Virginiz, Charlottesville, VA 72903

Voo tard Jasten, General Blectric Lompany, Valley forge Lpiace Center/Manly,
CL e mERE L Philade Tphaoa, PAC 19101

Ciesa e L ey Materaaly Technedagy Laboratory, watertown, YA 3017 0-000]
LT LML
A T AT OISR Sy S TSRV ST AR o WS S AN D A S A N
On S0 . W, SGTY ORI "Ll
‘-1_.‘0...‘0 ..,- » LA .q ..'0‘0'0.‘-"‘«'0...0 1l o ..0, “‘,’lan ) .0.1‘| .0‘0.," BadalaliaXaXal 10,0, B 09, 58,08,

T AT AR
.. "\%



R U LN SO
o e e AL Tl Bdotdeg iy g




5 o gk ) e - 2 o
5451 IRLREYY sassnAnRTURR S e s ORI LY
sl N g Pl oo NS P n-n)..-xl.. IR S a, e By
LNCNENTE U] £ ol nf il o Wl ..,......,/..._.r AN Sl EAARPAIE K NANIA
IR R R LA L . u-..-...-.. A .
-.--V\-..v.- .._ f\--ﬂ- -\fl-v;-)-" .4 ..... 4 .._JJ.. -ﬁ--.......--hf ‘M.. . e, Lar'y 1 s 2"s

DI Yl Sk Y A0 I - S’ Al

v

2

4

4 . v s e e e on o ~ et R R

SRR < el Ll L P AP ot Taga a1t ) F--.--u Ut NGy & T T @b I Y Y YA Y
-.“n...'-\.__ by 2o I ﬁ-# . - -.u-...-‘u. .. N-\-\h-\-\. v\-;.\.wt ..'I-J‘-n '..\ .-f‘....,. ,..‘.....\\\r\\\l-

\J

\J
[ Sab
Y
S\ )

N
N,

A
e AR
\n'bl'\ﬁ\v“
g n N
L] ", Ad
'. .I

v
v,
Gl

N
4
3
‘L

Ll
™,
W

1)

)
Y
“\

.

La
o
Cd

\
2%
,\nf

~

N
o

™
.-
3
AN )

0y
i

‘~

o
-
Ll

&
L9

-

o

K uv\uil\ <

et X s
PO

"
w

"~
3

e\

Ly
",

5 0% \.\
)
e
oA,
AN

N
“~
"G

\a
"



