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PART(I)




I ABSTRACT

In vibratory cavitation, the forces causing the cavities to
form and collapse are due to a continuous series of high amplitude,
high-frequency pressure pulsations in the liquid. The compression-
decompression phenomena causes the cavities to occur.

There are two important data to record for each material
tested: Incubation Period (IP) and Mean Depth of Penetration Rate
(MDPR). They are related in the following equation (where n and C
are constants):

(IP)™ = C/MDPRy,y (1)
A computer program was used to give us the best-fit line and

the best-fit values of n and C for each material.
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III WORK ITEMS PERFORMED

Three different materials were tested under standard conditions
( 1.0 mils, 80°F, 1 Bar in sea water) to find a correlation between
them. Also Al 1100-0 and Ti 6A1-4V specimens sent by Aerojet were
tested under the same conditions in order to have a basis for com-
parison,

Table [II summarizes the work performed in the first part of
our tests and Table I summarizes tests done using Aerojet specimens
only. Table II gives an average value for the Incubation Period and
the MDPR for each material. Further discussion on this matter will

be done in part V of this report.
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IV NEW REDUCED DATA

So far two important data were found using some measurement
and calculations:

1. The Incubation Period: Intercept of the abcissa of a curve

of cumulative weight loss vs. test duration with the tangent drawn
from the first maximum slope.

2. MDPR: Mean depth of penetration rate based on total surface
area (diameter 5/8")

The new redured data that are now introduced are namely:

1. EEE "0.1 mil" incubation period. This corresponds to the
time at which there is a substantial MDPR (small and finite). For
our case we used 0.1 mil as a point where time is recorded. This
was introduced because of its simplicity and practicality (it lends

itself to easy comparison).

2. Incubation Scale Factor k (= %%) where ¥ 1is the time at

which we have maximum cavitation (or inflection point) and IP is
incubation period. Values of k for different materials are tabulated
(Table III)..This new parameter k was introduced because it helps
predict when maximum erosion rate is golng to occur so that it

can be avoided.

V  RESULTS AND CONCLUSION

1. Al 1100-0

Three Al 1100-0 specimens sent by Aerojet were run at standard
conditions. University of Michigan specimens behave about the same
way as Aerojet specimens do. The IP for Aerojet specimens was
lower (about 20%) than that of the U of ¥ ones; however the averaged
values of IP for both U of IM's and Aerojet's were very close (©6.33

min and 6.85 min)., The MDPX data for Aerojet's show a hehavior



almost identical to U of M's 5 each MDPR vs. Test duration
curve has two characteristic peaks. The MDPRmax (averaged values)
as given in Table II, show 6.7 mils/hr for U of M and 5.9 mils/hr
for Aerojet- a difference of 12%.

2. Ti 6A1-4V

Two Ti specimens, supplied by Aerojet, were run at standard
conditions. Their results were very close to our previous tests
using U of M Ti specimens.

The average value for IP was 128.5 min for Aerojet's and 133
min for U of M's. The MDPRpgy was 102.4 mils/1000 hours and 112
mils/1000 hours for Aerojet's and U of M's respectively.

Altogether, U of M test specimens and Aerojet cannot be dis-
criminated because there is no systematic difference between the
materials. The small difference in IP and MDPRp,, values are due to
experimental errors only.

3. Incubation Scale Factor (k)

K varies between 1.5 for small mechanical intensities to 2.5
for higher ones. K seems to be independent of the material tested
but there is a slight increase of k as the intensity increases.
Both U of M test specimens and Aerojet's present similar k's.
S0 the predictability for maximum erosion rate occurrence is the
same for U of M's and Aerojet's.
Further analysis of the problem of cavitation damage of Ti 6A1-4V,
Al 1100-0, and SS 17-4 is done using the profocorder results and

computer program results and plots.



VI APPENDIX

\BLE I : Aerojet specimens at standard conditions in sea water
\BLE II : Comnparison between Aerojet and U of M specimens

\BLE III : Incubation Scale Factor results

g 1 : Cavitation Erosion Apparatus
2 : Photo of instruments used in cavitation erosion study
3 : Picture of U of M specimens
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\TA and PLOTS for ALll00-0 Aerojet specimens
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Figure 2. Photograph of the High-Temperature
Ultrasonic Cavitation Facility

1. Amp\i?—ier‘

2. Vibratory Horn

3. Pressure goage
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3.  Heal Treatoment cage
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C URVES

OF CUM, WEIGHT LOSS VS, EXPOSURE TIME
AND MDPR VS, EXPOSURE TIME




MATERIAL DAMAGE SHEET
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MATERIAL DAMAGE SHEET
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AMPLITUDE: 1/ ,O,m;x’.;.(y_k SJ_ _ NUMBER: /T -4
WATER: _ _ &0 U=l APPROX. DATE: |2 [=2 /77
TEMPERATURE: _ ROF DENSITY: 0.0 75| Vow fud
PRESSURE: Loabm AREA: O 248 in% . _
TORQUE:___ _ e M.D. P. FACTOR:
PRE-RUN: . c= 990‘/!7
COMMENTS: ,
coa0 98 (W) €2
MDPR L T LiEE
T rco Sahm Aulod €9 nin
DR / T.69 nnli/
/’C'L)(
o  DATA
TIME  CUMULATIVE! WEIGHT CUM. WT. M. "13—15“-- M.D.P.R.
INTERVAL TIME % LOSS , LOSS ‘ (WL;/
C ) ? () 1 () (rmg) Hr
R T S EYCE)
E) c o2 L 4.8 . £q
3 q L a.q 7.9 | 4. 3¢
3 K 23 q.§ L
3 1S 2.6 /12 .1 4. 72
5 | 25 4.0 /4. € . 2.72
10 | 30 5.3 4.7 2-239 "
IO : 40 4.4 24.3 Z.¢%0
) C s o , 2. 26.¢ Lol




Ly cers W L N

R
S e
i R EES! 'l i | i [ ERERRE RS PRRE R e ! i
o EERNEI i | R DS RRE SRR Lo ! -
W ! : | ! i i broohee C :
Pl [ I I S R R ' . : N N ! |
i H IR I [ i b I o
S o pi [ ,w i N ; _,ZH._;,W 1 i .r
i i ' SRR EEEET EERRS RUNE RN B i W ! i
e w | P | SLIEERI RRET IR PN I ] i |
H | | SEREN EEE TR PR NS RE RN AR i |
1 ! . L | IF N N I ,,"T.“, i | Vi
o (R R R s T R i i “
| : i P R SR N i !
I i ; [ T : ” | | |
! i ! i 1.
i i . ! i i :
| H i H ' i
Cobs | i | |
. i : w i : .
g , ; Lo | L
i i I | i
i m SRR R T R B |
; L EESI RN IR, i
8 ; : e i |
| ot \
i ! | au |
M E
i H -
| N A A
| ; ,
o
t

O Y U
-

e ¥ e N

PR
a

.....
,,,,,,,
. [ FRRSRE B :

1 ) TT0

e b JONS e RPN fave nn
R e oo

-

-~

#
SRR IR FE O RET P I dn , _, | i P
: , [ AL N O
| ; i i :
i b ; !

SECTFETES DURRY RREET FUER ERUNE EONTY EENRE ER AR EREERRNL RS IR R R v
SEEIEE L N ,W g :Y\@.v;ﬁ? Das
i) e ] £H408 £ T o0l

it e s e e A ERE s Ee o S R Eet T RS A SR N S0 RETE S i PR DU SRS Lo
S e e e L il e Ty = 00 1Y

=}

EV Y

7 ALHSI2EM

~

o

~



61

!

/

2

&b S

U

’
o~

Rl

~
&

7\\ P ;":‘-:'
e

Z

-

|

2 ... >0
COM. TIME Crmin)

2 Squares to the Inch



MATERIAL DAMAGE SHEET
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MATERIAL DAMAGE SHEET
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MATERIAL DAMAGE SHEET
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PART(I)




I INTRODUCTION

The two most important parameters that we measure in our tests
for each material are the Incubation Period(IP) and the Mean Depth
of Penetration rate(MDPR). The IP is found from the cumulative weight
loss vs. exposure time curves. Then we find MDPR (volume loss per
exposed area) using the material densities.

A felationship between IP and MDPRp, ., was found from experimental
data and it seems that the two quantities are related to the following

equation:

= = X

IP\' MDPRmax2
IP,]  MDPR

max1i
This equation can be simplified into:
(IP)% = C/(MDPRpayx) (1)
Various attempts were made to draw the 1P vs. MDPRp,, curves
manually but were lnaccurate and therefore a computer program was

written to calculate the best-line fit as well as n and C.

T ANALYTICAL PROCEDURE

If we take the logarithm base 10 of both sides of(1) and simplify:
n log IP = log C + log 1/MDPRp,«

Cr, by rearranging the equation;
log 1/MDPRp,, = n log IP - log C (2)

If we want to draw the curve log(1/MDPRy vs log IP then (2)

ax)
has the equation of a standard line: y=mx+b where m is the slope and
b corresponds to the log of the proportional constant. In order to

find m and C, the following equations



were used

n
i.xj_Yl- _ix]_ 2y1/n

i=l

CAEA)

n n
10[(l él el m(iél xi))/n]

Q
i

These two numbers are the ones that are most important in the MDFR and
incubation period analysis. In addition to a proportional constant for the
best-fit line, a constant can be found for each pair of data points using

the calculated slope according to the original equation
C=(x™(y;) or C= (Incubation Period)™ (MDPR)

By finding the provortional constant for each pair of data points, an
analysis can be made of all the provortional constants obtained for a set.

The average proportional constant is calculated by

1l n
C= - < Ci
N i=1

1 n .
= - =z |c -Tl
N i=

The proportional constant root mean square is calculated by

1 3
RLES = [ j S C 2
Vi



IITI. Results and Computer Output

The computer output enabled us to get the values of n

(exponent) and ¢ (constant y-intercept) for each material tested.

*
Then best~fit lines of (Mﬁéﬁ—) vs. IP (Tan intercept and
(—ﬁéﬁﬁ) vs. IP (0.1 mil) were plotted for each material.

In previous experiments, values of n were computed manually
and found to be close to unit (1) which means that the MbPR
is inversely proportional to the first degree of IP (see
relation (1)).

This calculated result was confirmed using the computer
program. The exponent n varies between 0.901 and 1.32 for the
material tested, thus the best-fit lines make approximately a
45° angle with the horizontal axis. The small deviations are
due to experimental errors only. Note that n is independent
of the material tested. The constant C varies over a broad
range of values (i.e. 12920 to 64429). Since the C's indicate
only the position of the lines (y - intercept) and not their
behavior, they do not influence our results.

In summary the plots made by the machine verify relation (1)

better than manual plots.



IV APPENDIX

i> MDPR and INCUBATION DATA ANALYSIS

For ALIIOO0 0
SS17 4 (CAST , WROUGHT )

TITANIUM 6AL 4V

Z) PLOTS OF (l/MDPR) VS, INCUBATION PERIODS

For ALIIOO0 O
S€17 4 (CAST, WROUGHT )

TITANIUM 6AL 4V



D MDPR and LINCOBATION
DATA ANALYSIS
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HOPR OAND INCJLATICL CATA ANALYSIS
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$2080.000
53217.285
TU4536.500

4—‘-4

i
196
4

Jo e o
J()G‘&I\

76
i
7
7

7
S
G
0
O

DD AND INddoallon SATA
STAINLLSS Socoil 17-1
N St

INCUBATICY DATL YoPn DATA
INCET LGOS (INCRTN)  ofy LS {abDR)
J. 300 2.041392 136avvu ~2. 141703
J.000 3.079181 1250400 —2. 08297
JedJdv 3)303) 214,509 -2.o551428
S.OOO g-~4 Uuﬁ ?74.J00 ‘;-540549
5.200 2.101368 1Jvaldidd —£.dduwldd
0.000 2.7%461z23 198.000 -2.2Y%0b65
J.J00 2.0791381 136,000 -2.141763
0.000 1.301029 1800.000 =-3..55272
L OF LINE(EXPONENT,K) = 1,242
DPROPORTICHALITY CONESTANT = 01544, 711
TISTICAL ANALY3IS CF PaUPCHTIiONAL COJSTANT

HNATIC MUAN
DEVIATION
DARD DEVIATION

YEAN SQUARL
UM PROCPORTICNAL CCUSTANT
¥UM PROPOETICNAL CCMNSTANT

£ ok ¥ Kk k &k %x k % k x x

¥ ok X X

19519,

s
3¢

05137.781

016

25134.406
©6651. 438
196783.003

47762.148

¥ x ox ¥ X ¥ X



GDPe AND IHCJZaZION OLTA ANALYSIS

QMo T T s aTT T - _ Py o
O LA LNLILIY Siloi 17-L Di \Ln-i)
- a0 R T th A ]
Talds808T xTLECEPT
S, s e emo . o ey e et
IACUBATION DATA Suda dald PEO20ORTIOL AL
I i & ¢] T v IR A AR TR ATy Y TR o) SUEN AT CY M R N M
INCET LOG(IKCETYH) SePd LOo (UDPR) CONSTANT

72.9000 1.845098 133.000
75.039  1.875461 125,439
50.000 1.696979 2140099

2E OF LINE(EYPOWENT,N)

! PROPORTIOCNALITY CONSTANT

e 1917355
-2.J 35297
4

- -
TLe2o

)

$7039.263
366%5,199
23 36823. 104

(VW]

1522=

3
Ny

[

0852.121

ATISTICAL AWALYSIS CF PuCeUnTIOHAL CONSTANT

CHMATIC NEANX

v DEVIATIOK

vDARD DEVIATICHN

T MEAN SQUARE

“MUY PROPCKTICNAL CCNSTAN
40N PRCPORTIONWAL CCRSTANT

¥ % %k Kk X X ¥ k %x % X Xk X

X

x

26852.500

124.597
47022.473
36852.733
37039.293
36695.109

® %k %k ok % ¥ ¥ & ¥ X



S vy e e bt v o
EDPE AYD 1aCUCATIUN UATA ANALYSLIS

STXIYLIoY Sicon 171=4 Pl (CasT
Je + i1
INCUEATION LATA doPa vala PLCZORTICHAL
INCBT LOG{IRCLTY) cBPr LOg (appr) CORSTANT
J.000 Z.0417:92 128endd —2. 141783 42433.545
1J.JJ0 0 2.07%131 1250400 —2.033297 42735.25
0.000 2.079181 130.00U =2.7471763 472220702

L0093 1.9%93090 214,500 —-2.33142¢8 44610.113

'3 OF LINE(EXPONENT,N) = 1.2182223

' PROPORTIONALITY CONSTAKT = 44225,.285

TISTICAL ANALYSIS CF vuOPCKTIOWAL CONSTANT

HMATIC MNEAXN = 44265.734
DEVIATION = 1656.155
DARD DLVIATICN = 38456. 297

' MEAN SQUARE = 4

e
w
(o}

P
1

6.

[ea)

W

MUM PEOPOCRTIONAL CONSTAJT 7233.790

"
&=
o
(V]
(V8]

MU¥M PROPORTIONAL CONCTIAST 42483,945

* ok % x Xk Xk Xk x k% X %k x x ¥ ¥ x X X ¥ %X X ¥ ¥ ¥ X %



YOPE AXND Iuldiratlavn DATA ARILYSIS

INCUDATICN DAaTX dOPR CATA PrO2CrTICNAL
INCBT  LCG(INCLIN) 2P LUG (GOPE) CORISTANT

5,300 J.095973 18Ju.Jud —3.255273 1913%4.6J2
5.000  2.2.1134 1742000 =2.o43549 15141.760
J.II0 2.041392 1)ve o =200vdudd 21499.121
3,000 1.799240 15604000 =2.290065 22345.202
3.300  2.146128 J.IUY —v.955635 2359,3884
E OF LINE (EXPONENT,N) = 1. 1465826

PROPORTIONALITY CCNSTLANT = 14265.379

TISTICAL ANALYSIS CF PLOUPOLKTIONAL CONSTART

1ZATIC MEAN = 19040.234
DEVIATION = 9530.410
DARD DEVIATION = 35610. 625
MEAX SQUAKE = 22129.047

UM PROPCRTIONAL CONSTANT ol41.766
MUY PROPOEFTICNZL CONSTANT = 2859.884

X % ¥ ¥ ¥ % % & ¥ X ¥x X ¥ ¥ x Xk %x * % ¥k ¥x ¥ ¥k ¥ %k X
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I e T
SDPE OAND TWCUoLa™TiON DATA ALAL

STAINLESS 5ILia

U

INCUBATICN DATA L
IXCBT LCG(IKNCLTN) CUb L
0.000  1.3901028 130u.duv
5,000 2.243238 174,309
$5.9000 z.%613066 100 Uui
1JedJdd 2.140128 196 . JJdV

E OF LINE (EXPONENT,N) =

. PROPORTIOKALITY CCNSTANT

3
H

"HEATIC MEAN

| DEVIATICN

'DARD DEVIATION

" MEAN SQUARE

UM PROPCRTIONAL CCNSTANT
MUM PROPOERTIONAL COLSTANT

* %X Xk %k X% X ¥ ¥ %X %X ¥ x %X

1

i

"

CAL ANALYSIS CF PLOPOKIICHNAL

"

"

*

1515

17-4 FH (WIRCUGHT)

all

DATA PrOor08TICRAL
LuG (Drh) CONSTAaNT
c. 255272 obUSZ.213

1‘-.{_.‘*\1)“9

£ UwU000

L. 290005
1.2027998

e4429,512

c7044,933
14107.598
45746.512
09256. 500
86790.938

35782.599

X ox ok %k ¥k x

doe790.93¢
3%732.599
TE5T4.909

COUSTANT

¥ ¥ % K % X



IMCUZATICY DATH

INCBT

23,390
$0.009D
15,399
15.000
1Je099
10.000
'5.200
15.000
134900
)0.000
1J.J00
30.000

3.000
10.000

'E OF LINE (BXPCNENT,N)

" PROPORTIONALITY CCHNSTALT

TISTICAL ANALLYSIS CF

HEATIC

LCC(ILCETY)

Ze023245
2.11:542
1.577723
1.0977722
2.322219
1.954242
1.875061
2.0271189
1.954242
3.477121
3.322219
2.681Z41
0.477121
1.954242

MEAN

DEVIATICON

DARD DEVIATION

MEAN

SQUAKE

AND

PR
POFAN LRV PR

1dCU AT TLUN

CITANIOLG

T4

N Ty
[ Y §

[CIRP T A

HiouCEPT

LuPa DATA
1JPh LUs (WDPR)
Te31) =Jd.022031
Tl 240 L. 0406570
gl.3d0 —1l.9didysy
10634000 -_.033425
42.200 -1.025312
79.7110 =-1.094d231
127.000 =-2.1J3804
158.200 =2.1932056
82.9049 -1.514925
2.900 =0.591065
Je91y =ul.592177
5.860 -0.70789¢8
133400090 =3.000399
41.90U0 =-1.61:2783

PROPORTICNAL CCNSTANT

PROPOKTICRAL CCNSTaANT

F—

i

* x %X % x ¥ ¥ %X X %X X x X %

U.9181247

4721.000

5412.8395
20067.908
22%51.750
vJdu2.Jd74
11347.750

1090.724

Ltmr v o
Aldbloid

PROPOKTIONAL

AL

N
CONSTANT

200,415
9710.0607Z
5751.55%9
7060.762
5720.239
4925.715
6688.723
11347.7590
5108.148
6074.285
4389.223
1690.724
2741.931

<552.3830

PrOP0KTIONAL CORSTANT

* % % %X ¥ % % % % %x % %



SUbPH AWD LUCUZALICU O4aTA ANALYSILS

TITAWICL GAL-4V

Jo i odIl
INCUBATION DATA d0C0a DAl DROPORTIONBL
TC3T  LC3 (INCBTN)  4uPa LUs (NDPR) CONSTANT
13,900 2.954:243 7.001d =J.332051 TL5484.500
5. 330 2.454844 G42,2)0 =1.ulda312 19676.523
Y0.000  2.0900009 Ty.iid =1.800z21 119€0.4902
PJe 2090 2.1401238 127.J009 =2.10380¢4 27736.539
12.300 2.140123 T158.cUl ~ce 199206 34512.184
1Je.0J0  2.17€9391 E2.udd —1la5i4025 13295.539
13,000 3.255273 3.900 -0.591065 13757.875
10,2000  2.954243 J.30v =J.7678913 9712.523
8.000 0.902030 1000.000 -5.000000 9641.770
VIRV Y .518514 1.300 -1.612783 22773. 664
0.000  2.204120 1177340 -L.040651 28094.852
.33 2.176091 87.9909 -1.Y43989 20673.793
15,000 1.977723 108.000 =-2.033423 15441.172
'L OF LINE(EXPOUNENT,N) = 1.0897655

PROPORTIONALITY CONLTANT = 17552.0609

TISTICAL ANALYSIS CrI PkUPOKTIOHAL COKRSTANT

HMATIC MEAN = 16960. 730
DEVIATICON = 6200.879
DARD DEVIATION = 24318.191
MEAN SQUARE = 20364.078

I

MUM PROPORTIONAL CCNSTANT 34513. 184

MOM PROPOERTIONAL CCNSTANT = 9641.770

|

¥ % % ¥x ¥ k% % * X % ¥ ¥ *x x ¥ % %X ¥ ¥ ¥ % ¥ ¥ ¥ ¥ X
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1/MDPR (MILS/1000 HRS)

0. 00100y

0. 00010t

ALUMINUM 1100-0
(TAN INTERCEPT)

N=.339
C=4721

o.ooooHH

INCUBATION

i
L{

10
PERIOD

Hwo
(MIN?



1/MDPR (MILS/1000 HRS)J

0. 00100y

ALUMINUM 1100-0
(0.1 MIL)
N=.841
C=17553
0. 00010}
0. 00001 " “
1 10 100

INCUBATION PERIOD (MIN)

Note \j\:m line we2 drawn ithout vsing -the lower mest

poirt, whisth  wos incens jstemt  with 1t rect of ~he data.



_0.1000¢
() STAINLESS STEEL 17-4 PH
W CTAN INTERCEPT)
o N=1. 08
O =
So.o100f £ 14720 +
— i+ 7+
~ +
o
1
—
2
— 0. 0010}
0z
0_
)
p
N
—
0. 0001 + t “
1 10 100 1000

INCUBATION PERIOD (MINJ



0. 1000

-

N STAINLESS STEEL 17-4 PH
% (0.1 MIL)
T
o N=1.24
- C=b613944
O 0. 01001
—
N
Vs
]
+—
>
0. 0010}
e
a_
-
2
~
i
0. 0001 + 4 {
1 10 100 1000
INCUBATION PERIOD (MIN)J



0. 10007

STAINLESS STEEL 17-4 PH

.J
U
i CCAST)
L CTAN INTERCEPT)
O —
S N=1.32
O0.0100+4 (C=37153
o |
N
69
_
—i
2
0. 0010}
e
O
()]
>
N
— |
0. 0001 } 4 —
1 10 100 1000

INCUBATION PERIOD (MIN)



0. 1000y

= STAINLESS STEEL 17-4 PH
e (CAST)
L (0.1 MIL)
3 N=1.22
O0.0100+ (C=44225
—
N
)
]
+—
>
“—0.0010¢
0
O
R
>
N
4|||—
0. 0001 “ “ i
1 10 100 1000

INCUBATION PERIOD (MIN)J



0. 1000y

0. 0100y

0. 0010y

1/MDPR (MILS/1000 HRS)J

STAINLESS STEEL 17-4 PH

(WROUGHT)
(TAN INTERCEPT)

N=1.147
C=14265

0. 0001

10 pmo :Noo
INCUBATION PERIOD (MIN)



1/MDPR (MILS/1000 HRS)J

0.1000¢

0. 01007

0. 00107

STAINLESS STEEL 17-4 PH

C(WROUGHT )
(0.1 MIL)

N=1.203
C=b4423

0. 0001

10 pmo Hmwo
INCUBATION PERIOD C(MIN)



1. 00007

TITANIUM BAL-4V
CTAN. INTERCEPT

0. 10007 N=.918

C=4721

0. 01001

0. 0010y

1/MDPR (MILS/1000 HRS)

0. 0001 t t n i
1 10 100 1000 10000

INCUBATION PERIOD (MINJ



1. 0000y

TITANIUM BAL-4V
(0.1 MIL)

++

o.»ooo.: N=1.09
- C=17553

0. 0100¢

-

0. 0010y

1/MDPR (MILS/1000 HRS]

0. 0001 " 4 + +
1 10 100 1000 10000

INCUBATION PERIOD (MIN)J
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1/MDPR (MILS/1000 HRS)

1. 0000

0. 1000+

0. 0100¢

0. 00104

L

TITANIUM BAL-4V
(0.1 MIL)D

++

N=1. 09
- C=17333

0. 0001

H"o Hmo Ho"oo Holm.uoo
INCUBATION PERIOD (MIN)
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