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FOREWORD

This report was prepared by Bell Aerospace Company, Buffalo,
New York 14240 under Air Force Contract F33615-71-C-1528, It was
initiated under Project No, 7342, "Fundamental Research on Macro-
molecular Materials and Lubrication Phenomena, ' Task No, 734202,
""Studies on the Structure-Property Relationships of Polymer Materials,"

The work was administered under the direction of the Air Force
Materials Laboratory, Air Force Systems Command, Wright-Patterson
Air Force Base, Ohio with George F, Schmitt, Jr, of the Elastomers
and Coatings Branch, Nonmetallic Materials Division, acting as project
engineer, .

This report covers the work carried out during the period from
June 1972 through May 1973 and was submitted by the author in
June 1973,

- This technical report has been reviewed and is approved.

_El stomers and Coatings Branch
' Nonmetallic Materials Division
- Air Force Materials Laboratory
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13 Al>TRACT

The analytica! model for the erosion of g brittle matérml by multiple particle impacts th is revised in accotdance
with microscopic observations of the erosion damage due to the direct impact of glass heads, Frocedures are described
for obtaining the quantitative data required to make the model a predictive tool. Erosion tests were conducted in the
AFML-Bell erosion facility using 70 and 290 micron diameter glass beads and uniformiy graded quartz sand impacting
flat-faced specimens of borosilicate qlass directly and at an oblique angle. Excellent agreement was tound between the
average ring fracture diameter and the diameter of the contact area predicted by the Hertzian theory of impact for the
glass bead impacts. The damage mechanisms for glass plates impacted by sand particles and liquid drops were investigated
ho through microscopic examination of the progressively-eroded surfaces.

Weight-loss data are available for ultra-high molecular weight polyethyiene, nickel-coated glass-fitier remforced
epoxy, and graphite-fiber reinforced epoxy specimens exposed to rain and sand erosion environments The polyethylene
exposed 10 4 rain environment eroded in a preferential manner as hypothesized in the analytical model being developed
. tar glass plates based on the concept of pit pucleation and growth - Cutting wear was the prmdary erosion mechanism for
saind erosion of the UHMW polyethylene, Nickel-coated composite specimens with 3 and 6 mil coatings exposed to the
sand erosion eavironment and the 3 mil coating in the rain rnvironment exhibited huckhng of the coating Microscopic
examination of these specimens did not provide buckting ot the coatings. The erosion mechanisms associated with the
intermediate to long time rain and sand erosion of the graphite-fiber reinforced epoxy specimens have heen identified
A micromechanical modet for matenial removal due to bquoid droplet impacts is proposad using simple beam theory.

The criticat masterial parameters m this case are values of the mode | fracture toughness evatuated for an iitial crack
lying paraltel and transverse to the qraphite fibers, Examunation of the graphite fiber reinforced epoxy speciniens
exposed 1o a sand environment reveals that both cutting and direct deformation erosion e equally effective in removing
fragments of mateial o om the surtace which ot most contann o fews short seqments ot tibor and the sarrounding matrix,
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ABSTRACT

The analytlical model for the erosion of a brittle mate-

- N\

rial by multiple particle impacts‘*’ is revised in accordance

with microscopic observations of the erosion damage due to the
direct imvact of glass beads. Prqéedures are described for
obtaining the qqantitative data required to make. the model a-
predictive tool. Frosion tests were conducted in the AFML-

Rell erosion facility using 70 and 290 micron diameter glass

beads and uniformly-graded quartz sand impacting flat-faced

.specimens df"borosilicate’glass directly and at an oblique _
”langie.' Excellent agreement was found between the average . ring:_'
B fracture diameter and the diameter of the contact area pre- -
5 :dicied by the Hertzian theory of impact for tue glass bead o
1mpaots. The. damage mechanisms for glass plates impaoted by .
V‘}fsand partiules and - liquld drops were investigated throu5h o
=Q]m1croscapic examination Qf the probreﬂsively-eraded surfages.

weight loss data are available for ultra-high mclecu;ar

'*‘;['weight poljethvlene niakel-caated glass-fibgr reinforced. .

epoxy,; -and graphite-fiber reinforced epoxy sgeﬁimens exposed

?f'?a rain and: gand eresion envizunments.; “he pelyethylene ,
;;exposed to a rain envir~nment ernded in a preferential manner ;:
" as hypothesized in the analytical medel beins developed for. -
”'glass plates based on the concept of pit nucleation and. gr@w*v

Cutting wear was ?hé primary erosion meohanism for *and ero-:

(EES

~sion of the UHM& polyethylene.v Nicke1~coated composite specis
o fmen% with 3 .and 6 mil coatings exposeﬂ to the sand eroslen"'
[fnnvirnnmnnf and the 3 mil coatina in the raln envirconment
. exhibited buckling of. the ‘coating. Microscopic examination
. of thise upeolm~ns did not pruvide 1nsight into ﬂhe criticalf
conditions required to produce buckling of the coatings. The
"ernsicn mﬁchanisms associated with the 1ntermedlate fo long
 time rain and sand Prosian of the graphite-fiber reinforced
* epoxy specimens have been identified. A micromechanlcal model~




for material removal due to liquid droplet impacts 1is proposed
using simple beam the ory. The critical material parameters

in this cage are values of the mode I fracture toughness evalu-
ated for an initial crack lying parallel and ftransverse to

the graphite fibers, Examinatioh of the graphite-fiber rein-
forced epoxy specimens exposed to a sand environment reyeals
that both cutting and direct deformation erosion are equally
effectivé in removing fragments of material from the surface
-which at most contain a few short segments of fiber and the
surrounding matrix. ' ‘ ' '
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1.0 INTRODUCTION

The initiation stage of the general erosion process for
brittle and semibrittle materials can be idealized and des-
cribed in qualitative terms as follows. Particles impact a
solid material surface. The bulk materisl has a certain
micrastructure and a certain flaw d;stribution. The form of
the microstructure may be the gralns in a polycrystalliné
sollid, crystalline phases in a semicrystalline polymer, or a
disperse phase in a composlte such as the fibers in a fiher-
reinforced composite. The flew distribution may be prer~ipi.
tates in ductile metals, microscopic surfuace cracks in
Inorganic glasses, or delaminated regions at the fiber/matrix
interface in composites. The localized loadings are not sus~
tained but generate stress pulses which propagate through the
material, These stress pulses can induce minute flaws in the
material 1f they are not already present through interactions
with the microstructural features of the material, or they
can extend exlsting flaws to a point where they become unstable,
This process continues as a random function of time until
localized flaw distributions reach a critical stage whereby'
pleces of material are freed from the -surface., fhe efficliency
with which material removal is initiated Qill depend on the |

~magnitude, duratlon, and'frequency of thé-loealized loadings

and the material's response to these loadings,

In order tc understand the erosion process In -these terms .

~and to ottaln analytical evaluatlions for the rogion of speci-.

fi. materials, three major areas of investigation must be con-_
sidered: ' ' -

eCharacterization of the 1ocalizéd, time-dependent

pressure distribution applied to a material surfacg
by an impacting pariicle,

-1-
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¢(raractorization of the transient stress distribution
within the body due to the impacting particles; pro-
pagation of stress and shock waves,

oCharerterization of the dynamic fracture behavior of
materials based on the interaction of propagating
stress waves with the material's microstructure and
distributed defects.

The complex conditions described here are only an indication
of the overall problem. The objective in our modeling studies
has been to find justification for reasonable simplifications
in the gencral analyses reqQuired. FEvidence has already been
provided for inorpanic glass plates impacted by spherical"
rlass beads that certaln results from the Hertzian (quasi-
statice) theory of’ impact are applicable to a problem which

~invelves hisghly translent stress distributions. 1In the area’

of fracture mecharics we are atrempting to délimif'those ecn- 5"
ditions under which the. stafically determined fracture data ©

'“.oan be applxed to. dvnamic fracture prohlems. Rosults of thlo;:’f'
1:atvpe provide a. ratinnal basls" for expecting correlatinns

between erosion behavior and the mecmanical ‘propectied of

‘fparticular materials which are. determinéd from micromevhanicaizz
'f°ana1vqes based on mi"roscop*c exami"ation of the arosion damage'i;;f
at various- stages of the. overall erosion prﬂvess.f?“ailurﬁ 9u .
‘ -anm1ne the erosion procesq at the level we 3re urﬁes\ir
_ fhaq resulted 1n th ~'enera1 sparoitv ef vcrr@lations betwneh-h
_ 'srnsi«n and- mnrhaniﬁal pehaviar as exempli?iéd hy *he neﬁn i\v'”'

'j; rnsults of numervus invesfigators. Whilp ihe research repor!bdﬂ
:_fhere ‘has not_oomp’ntelg solved this problem, conaldcranle h~n4~5 -
- way ras ‘been made in understanding and analvzing 1hp ﬁrnatvv Lo
'-Lbehaviur of moderatelv oomplex material systems., : ‘

-2




2.0 SUMMARY

A portion of the research reported here is a continua-
tion of research described by Adier and Sha.(l)_ The micro-
scopic observations of 70 and 290 micron glass beads impacting
glass plates have provided a complete picture of the erosion ‘
process for the entire range of particle sizes which are of
interest in dust, sand, and ice particle erosion at subsonic
velocitites, | |

The nu?naral formulafion of an wralyfical model descrih~
ing the erosion of brittle materials(l) has been made more
_explicit in accordance with the exnerimental findings per-
"Laining to the erosion of glass plates. The present vesearch -
7_establighes experimental and" analytica] procedures for the o
‘attatinment of quantita*ive data to specify the functions

'I'rmquired in the revised equations governing the erosion pro—

i_cess. The. TESUItb of the erosion tests using: borosilicate

_'o”glass plates (“orning Glass works designation Pyrex 7740) for ;T:fﬁl
,{fthe erosion targets irdicated that the diameters of the ving :'7
:;fravtures produced on. the @pecimen surf&ces by both the 70 A

',jand 200 micron zlass beads impacting over. a velocity range.

'”';h“ from 200, fo hhﬂ fp@ were in excellent aprenment with the

. "tdiameters of the maximum ﬂontac* areas calculated from the‘<--'

) l:7‘ert~1an thecrw of 1mpact. This fact implies that thy tranér?;jfc_ﬁ
"-Asient nature of the bead impacts is of seconda*y 1mportance '

"cin the” specification of the Lnrormation required to describe [T
:*hﬁ general erosion process. : S .

The weight-lcse data obtained for-obliqne lmp&cts by

"_spherical glass beads at the same normal veloeity used in the = =

“case of direct 1mpacts on glass platés indicate that under

l;”nearly eQuivalenf conditions the magnitude of the welght 1088 B
~at the game-exposure time for 0511Qu¢ “Ampacts was two to three -~
times greater than the corresponding value for’ direet 1mpactst;*'

 The r;ngAfracture d!amete:s_wgrg found to b(yapproximately




equal for both impact conditians, however the penhetration
depths of the cone fractures were notioeahlylless for the
oblique impacts especially as the impact velocity increaced,
It is concluded, for a reason yet to be discovered, that the
probability for producing ring fractures for the oblique
impacts was considerably higher than for direct impaéts.

_ Exploratory investigations fof the direct and obiiquev
- impart of quartz sand pérticles'on glass plates were initiated.
For both impact conditions the normal component of the par-v_
ticle 1mpact veloct ty was held constant It was found that
the steadv-sta%e ‘erosion rates were nearly identical The

: s‘ig\%13 greater values obtaired for onlique impacts may e
due ta the faet that the specimew receives appruximatgly 30
nerberr more particle impav per. revoluticn in this case.
7.Mi roercptﬂ examlra don of the damage hccurring durln the

‘-,earlv ages uf Lhe nroaion prngess did not revwal any s&v'i‘_“'

f~f1pant diffprnnpﬁs bttWEGF the direct ‘and ahllqne impacts.

| - As would be exnafi#d fh& erﬁﬁion rates for’ the trrevularlv- , :
'shaped narticléﬂ are 0vnsideraklv hiyher than thﬁse tnr ﬂlass Lo

3-_uendq ot ‘an equivalent dimension.ﬂ The. basic requiremewis f@r
-;rhara*tnr ing fhﬁ particle shapes in a diatributian of

- lrrnfular"usnaped particles ArE described in ecniunvticn with_;~;¥:li

Cthe extsngion. of .the’ analvtica; mod - 1 tc ernsicn of brixtle
fgmaterials bv sand purttc;es‘ : o - : ,

- The 1nitia1 damage obsgrvvd on the fla! surface o? a8 R
'ﬂlass spac*nen arising rrom liquid droplef impac%s is aue

:i pr1mar11y fo the transient’ pressure distribution locally:
3 _fzJappligd to the surfgce._ Plane glgss surfac&s O!fer thﬁ advan-;ﬂ'~”
’*~l;;tagé of an irh@rently simpxe mechanical response. to the.

~*app1 pd loadings which closelv approximates that. cnnsxdereﬁ

J  in most af the mathenatioal analjses of strgss wavr prnpaﬁa-
_1;*gtion in an elastic half@space.- A procedure 1s autliﬂpd for
'-ﬁstimatiny the magrltude of the ‘ime- and spatxallv~depbhdnnt'

?'pressure pulse applled to a deformable roeface during the. _
"initial stages of a spherioal liqu‘d drOp striklng a mstvrinl_ -

.u- i




surface at low to moderate velocities. The interaction
between the deforming solid surface and the liquid drop is
taken into account and the transient stress distribution with-
in the solid target can be evaluated., ' The erosion tests on
-#lass plates provided insights into the fracture-ﬁatterns
which developed due to droplet impacts at 300 tco 500 fps.
Direc’ correlations with the numerical evaluation of the trans-
Aient stress distributions which could be made on the basis of

- the above analysis are not available, since the acquisition

of this information requires fairly exfensive computer’ pro- ,-'
-gramming which will be 1n*tiated in the fut ure, The erosion
,i'test estahlished that mater*al removal in-a rain environment
was a. prcierer 1&1 process of pit nuvloation and growtn,;.-

, ';fhnwe"‘r Height-loss data are not available due to crabxine
'i.’fof the snenimews which ccourred rﬁrcv» & quifivient numbe

of da*a pnints rould be ob*aiwad. This ﬂxpevimentsl obser-
_,,“vation and the transient 8*!952 wave analys's desorib@d above
"1providﬂ a basis foe ext*ndinp %bv aﬁa;*tirsi model dEVeloped 'Z;‘

Z*Lf_”iar sglid pgrtiele 1mpao’s to 1iquid drop impacts.-'

Wwight-losd d&ta &re available fnr ultr&-high malﬁcular

_ ffﬁwai? L {UHMWY polvw*hflenw n*rkﬁluooaﬁed aiass»tiber epoxy,
'faand graphi*e—r*her reinfoerced. 9prxv aneo.mnns exposed te ra&n _

anﬁ sand ercsieﬁ enViraﬁwﬁnts. A numbgr of’ specimens eroded

to varicus stages of *ha avarall &rosiﬁn prutess are also

;:'avaiiable fcr direct mie r@sLuplq,ident‘fi#a* chnof thé @peraer
" tive erosion mechanisms supplementing the ﬂi"rbscwpiv fnves-

*f.tigations whicn were oonducted uhile the specimens were bslna o

 j_1n¢r¢menta11y ereded 1n the AFMLaﬁell ratatinr~ar& facility

5Tﬂéfréin arééién-éharaétér!sticﬁ of UHNW'9Q1Y¢’h31¢“¢ |

‘géxhibited & strong tendency toward a process of pit nucieation =

. and_ growth.’ Over ‘a velocity range of from 500 to 112C fps
qrqthn time scale for which a partigular erosion mechanism is
_operative in these spectmens {s only contracted or expanded -
_'as the impact veloclty is increased or decreased but ne ~hange

ofa
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is evident in the sequence 6f dperative erosion mechanisms.
Material removal from aerodynamically-shaped Speciméns by
sand particles is due to the cutting action of the particles:
more material is removed at locations on th- specimen's sur-

' face away from the leading edge than at the leading edce.

A sfeady~state erosion rate is quickly established in thiq
case. '

- The nickélecoated'compoéitgs;eXpbsed»to:a rain ernviren-

 ment developed & dense array of cracks in the coatihh~which
“rarelj peretra*ed the full thicknesg of the voatinb. 'The
;‘inzluence of the coating thiekness on erosion behavior was.
jj*nvesffgated.‘ A specim&n with a s mil caafiwg falleﬁ A
;floﬂalize& buckliny o' the coating follamnd h? catastrephic
- A[fallure cf the evtire buckled area. At this time a few sro- .
“v"sion b*ts &Ould be found on the surface which almas! peretra-'A'
T ted the coating thickness. A specimen with a & mil noating
':J:*did not exhibit the buckling 1nstab11itv, but rather the -
'ﬁg:cnating was ecmpletely nrcded in a 1@ealizad region. on the -
"}'leading @dge of the specimen at an exposure %ime which was R
f_.A_.iseven ttmes longer than that at which ,buckling Qacurred {for
B ,f*he 1 mil co;tiﬂy. ‘No messur&ble welght loss was observed in-
5 Ceither case. qp#clmens with: bet“ the 3 -ahd & miy nick&l Nnat-
7 ings were expozed to & sand envirenment. at T fps. Both
f,v@atirg tricknesses fai;ed by buckling of the' cgatingb wﬂich 4
L sxtended aver approxlmatetj ane‘half the. ~ength c; the sppcia'f’~’5 o
"'f;mer. Measurable u@igh* losses werse recorded in both. casag.;
. The rate of material removal was cons.ant arter a short ineu.
. batien period and essentially i-~ntical fer both sperimeﬂs.,_

*he & mil coat 1ng lasted tnrse ttmog 1cnger than 'he 3 wi)
ccating Ly the ‘sand environment and the spenimvn with the

- 6 mil coa‘zng had a wright loss’ appraximntelv three times

the welght 'o88 for - nhe 3 mil coating at the. tine of failure.

" Microscopic examination of the nickel-coated composiie speei-
“mena did not provide insight into the eritical condtflnns
-'required to produce buckling of. the coattng. '
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The erosion mechanisms assoclated with the intermediate

- to long time rain and sard erosion of the graphite-fiber
“reinforced epoxy specimens have been identified. For a rain

environment a micromechanical model is.presented for material
removal based on simple beam theory. According to this model

" the important material characteristics involved in the ercsion

' behavior of the composite are its mode I fracture toughness

'values evaluated: under dynamic- conditions for an initial crack -
 ' parallel Yo the fiber reinfornement and transverse to the ,

'_fiber reintorcement. The sand erosion of the graphite-fiber

_'reinforced epoxy. specimens occurs through fire~sca1e cracking '
_L,of both the fiber and matrix._ The ernded tragments ‘would con-

._tain ‘&t most -a few short segments of ’he fibers and the. sur-'

rounding matrzx. A -gteady-state ¢rest on rate is qui¢klv

'iﬁ:estahlished at an 1mpact velocity.o,'e30 fps after a very shcrt
7‘1n§ubatien period.. éﬁ'thélﬁas*s'éf the unircrmity of the
]_1fereded surface or the azrcdynamiaally~shaped specimens, direct

. defornstion and weer deformation ar~ equally effective in
"i}j[removing material frﬁm he surface or tnis eempcsite. T"



3.0 EROSION OF GLASS SPECIMENS

~ Erosion data were obtained for borosilicate glass spe:i-
mens (Corning Glass Works designation Pyrex 7T74C) subjected
to the direct and oblique 1mpact of 79-micron glass beads,
_ 2904m1cron_glass’beads, and quartz sand with & mean diameter
- of approximately 90 microns. The erosion tests conducted are
recorded in Tabie-I. Due to the.scope of the present program
‘it was only possible to run one or.at maSt_tkb_speéimens under
fhe'séme test conditibns, so the findings reported here are’
-j:only indications of. the general feitures of the erosion process. -
 These. results are- adequate hkuever er prcvtding guidance in ‘,
. extending the selid-part‘cle mcdeling studies to more reneral
o eroslon corditions. e

3 1 Gensral Qonslderaticns

s : 3 ﬁ‘gss specimens were used 1n the- e*ﬁsien tasts, The ;,"
S Atif;f.meehanical properties of- Fyrex, Tuseq.- silica, ‘and soda lime
3 . ,(‘;=i ‘glass are iis*eﬁ in *able tI. Table 111 indica*es the magni---~-m

R . tude of. :n» relevant indentatlsn paxareters based on the"'

e Hertzian thegry of 1mpact.3-Tb slide rule arcuracy the *hange  ;';ev R

f?»in the mngnitude of the imnact paraseters is ﬁegligibze for:

"chrex impacted by sada lime ktass beads: compared with futed o
- silica impacied by soda lime glass beads. ~Microscopic 1nves-.“
iit”tigatton of the general features of :he erosion precess 1w
:'fw<each case sﬁow them to be identlcal. 4 '

. The glass spaeimens were. rectangular parallelepipeds'
3. 25 in, x 0.87% tn. x 0.5 in, 1In order to obtain a unifors
' distrihutioh af particle impavta on the face of the specimen
Vané to eliuina*s edge effects, thin metal piates were inSeried
in the specimen holder so that only the central portlaw of the
E fspacimen'u surface {8 exposed to the particles dropping from
~ the norzle at the end of the blast tube in the APML-Bell oroe
< slon facllity. The spécimen conflgurations for direct impucts

-8~
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TABLE IT

MECHANIZAL PROPERTIES
OF
GLASS BEADS AND SPECIMENS

Soda Lime S
Glass _ =~ Fused Silics Pyrex
Density (1b./in.3) | 0. 0866 0.0795 " 0.0805
Poisson's Ratio . o.22 Toar oz
| | 2 S S 6
- Young's Modulus (1b./in.“) 10.C x 10  10.68 x 10

9,8 x 10~ .

-11-




TABLE ITI .
HEKTZIAN IMPAGT PARAMETERS
Equivalént Static - Radlus of Contact - Duration of
Load, P(1b.) _Circle, alin.) Contact, T(sec)
- 70 Microh |
Glass
Beads o :
200 fps- 0,215 0.350 x 1073 1,19 x 1077
300 fps  0.355 0.5 x 1003 1.10 x 1077
400 fps - 0,504 C 0465 x 1073 3,04 x 1077
500 fps - 0,653  0.506 x 1073 © 0.99 x 1077
290 Micron _ , _
- ulass . T ' S .
: Beads _ o j | :
200 fps  © 3.56. ‘ 1.430 x 1073 4,76 x 1077
300 fps 5.88 1,692 x 1073 4,40 x 1077
400 fps - 8,35 1.900 x 1073 4.15 x 1077
500 fps  10.80 | 2.078 x 1073 3,97 x 1077

-12-




and-oblique impacts when the normal to the specimen's surface
is inclined a%t an angle of 50° to the plane of the rotating
arm are indicated in Flé 1. - For direct impacts the exposed.
area on the face of the specimen is 0.82 in.? (1.05 1n X

0.78 in.) and for the oblique impacts it is 1.81 in. (O 59 in.
x 3,07 in.). Sl

A sieve analysis was made .of the 70—micron glass
Deads and a quartz sand supplled by the Amerlcan Graded Sand
Company, Paterson, New Jersey, which was to be narrowly dis-
tributed around. a mean particle size of 70 microns, - The sieve’
sizes used are listed in Table IV, and a comparison of the
size distributibn for the sand and glass beads is shown in
Fig, 2. It s seen that the diameters of the glass beads are
quite narrowly‘aistributed'around e, mean diameter of 70 microns.
The mean maximum lateral dimension of the quartz sand particles
1s estimated to be 92 microns; the size distribution is not
very'narrow, but fairly smoothly spread over a 100-micron range
above 63 microns. The angularity of the sand particles can
be cseen in Fig. 3. As a matter of convenience in writing, the
quartz sand will be referred to as the 90-micron sand.

Modification of the formula -derived earlier(l) for
estimating the number of particles impacting the surface of
the specimen 1s required to include the reduction in the sur-
face area of the specimen exposed to particle Impacts and the
incluslion of particles striking the surface of the specimen
obliquely., The final result is simply

Ny = _7—20—1\1—2@ -i—'- d'cosé (1)
s the number of particle impacts the specimen
experiences per revolution of the rotating arm -

N 1is the number of particles ieleaéed per minute
JPER = 21,233 ft. for the AFML-Bell ercsion facility

f is the lateral dimension of the nozzle in inches

where NI

-13-
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N - TABLE IV
SIEVE SIZES USED IN THE DETERMINATION OF

C PARTICLE SIZE DISTRIBUTION FOR GLASS BEADS
o AND QUARTZ SAND

‘Sieve I\iﬁmber Mesh Opening
Tyler Equivalent Mesh Microns Inches

80 _ 7 ©0.0070
| wo 15 .00k
N . wo . .90 . .0035
R e300 €3 005
oo 53 oo
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£' 1s the lateral dimension of the exposed area on
the specimen's surface in inches

d' 1is the transverse dimension of the exposed area on
the specimen's surface in inches

9 1s the angle of inclination between the normal to

the specimen's surface and the plane of the rotating
arm,

When @ = 90°, NI = 0 according to Eq. (1). This result is
consistent with the implicit assumption that the vertical
veloclty of the particles is negligible with respect to the
velocity of the specimen.

For the experimental arrangement illustrated in
Fig. 1, wrken® = 0°, 2 = 1.375% in., £' = 1.05 in., and d' =
0.78 in. and when & = 50°, £ = 1.50 in., #' = 0.59 in., and
d' = 3.07 in. It has heen assumed that the lateral dimensicn
of the nozzle 1s representative of the equivalent uniform
particle distribution across the specimen for the entire vol-
ume of particles dropping through the path of the specimen.
Admittedly this approximation does not properly account for
the observed lateral flaring of the particle flow as it leaves
the nozzle, however the uniformity of the flow near the center
of the specimen does not seem to be affected by the decrease
in the particle flow density at the ends of the specimen. The
results of Eq. (1) should therefore provide a reasonable esti-
mate of the number of bead impacts per revolution for the
experimental arrarigement used in the erosion tests.

For the glass beads a reasonable estimate can be
made for the number of impacts the specimen would experience
for a gilven bead flow rate and velocity. Further assumptions
are required tc provide a simlilar estimate for the sand par-
ticles. The simplest approach is to assume tmat the sand
particles are equivalent to 90-micron diameter gquartz spheres
and compute the number of impacts on the basis of the formula
in Eq. (1). The result for this case and for the two sizes
of glass beads are listed in Table V,

-20-
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3.2 Direct Impact by Glass Beads

The direct impact of spherical glass beads on glass
plates provides idealized conditions for a combined analytical
and experimental study of the erosion process and its relation
to the mechanical behavior of the colliding bodies and impact
parameters. The mechanical properties of the target material
and impacting particles are tnose of a brittle elastic solid.
The simplified geometry of the impacting particles allows the
Introduction of concepts and results from the Hertzian theory
of impact. The relations required from the Hertzian theory
are discussed by Adler and Sha(l). Additional experimental
and analytical results which are essential to the development

of the analytical model proposed by Adler and Sha(l) will be
described.

3.2.1 Description of Erosion Process

The erosion mechanisms operative on flat
surfaces of Pyrex and fused silica glass specimens impacted
by 70 and 290 micron glass beads have been established through
detailed microscopic investigation cf a number of progres-
sively eroded surfaces. The following patterns emerge.

The hasic element for the initiation of ero-
sion damage in glass specimens is the ring fracture(l). The
diameter of the ring and the geometry of the conical fracture
surface extending into the bulk of glass plates impacted by
glass beads is dependent on the radius and impact velocity of
the glass beads as well as the material properties of the
collicding bodies. For the range of conditions used in this
program the conical fracture surfaces are typically 5 to 20
microns deep and on the order of 1 mil in diameter at the sur-
face of the glass plate for the 70 micron beads. The 290
micron beads produce fracture surfaces which are 50 to 290
microns deep and approximstely ? mlls in diameter at the sur-
face of the glass plate.

-PP=

i‘giim'é»

s L}
PR R B R R e

¥
'

]
3
&
A
4
%
%
3
3
3




Subsequent impacts in the vicinity of the
shallow fracture frustrums produced by the 70 micron beads
initiate chipping of material from the surface on a very fine
scale. Microscopic observations of the time evolution of the
eroded surface indicate that once a ring fracture occurs it
is the nucleation site for the removsl of material. The
series of micrographs in Fig. 4 and 5 show the change in the
surface of the specimen before a measurable weight loss is
recorded. The micrograpns were taken in bright field, so the
black spots on the white field represent the material that
has been removed from the surface. The details of the eroded
surface are not visible, but the extent of the area removed
is quite distinct. The eroded areas grow preferentially
around a ring fracture by fine-scale chipping of material due
to intersecting ring fractures. This process continues to
remove material from the surface layer and expose a highly-
fractured and irregular subsurface from which material is
removed by chipping of small pleces with each impact.

In the case of the 290 micron beads another
impact in the vicinity of a deep conical fracture surface 1is
generally not sufficient to cause material removal but con-
tributes instead to a more severely fractured subsurface.
Additional impacts in this region produce a predictable pat-
tern of subsurface fractures at depths which still allow a
substantial layer of overlying material to remain intact. It
is only after a number of impacts have occurred in the vici-
nity of the initial ring fracture that removal of the material
exterior to the developing distribution of conical frustrums
takes place. The material conteined wlthin the frustrums
formed by the conical fracture surfaces is more resistant to
erosive attack than the highly fractured interstitial regions,
therefore material removal from the interstitial volumes takes
place at a higher rate than during the ring fracture develop-
ment phase. The interstitial material is removed leaving a
dense distribution of solid frustrums protruding from the bulk
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specimen; The various stages in the:-materiel removal process.
are shown in PFig, 6. The impacting beads chip small pieces
of meterial from these frustrums at a slower rate than in the
interstitial material removal stage. Asfthe-frustrums erode,
more surface area is susceptible to-bead-impacts. Chipping
of the highly-fractured and irregular surface of the bulk
material taxes place at s uniform rate and constitutes the
final pLase of the erosion precess. |

The microscopic observations of the erosion.
process’ associated with the two be~4 sizes. used 1in the ero-
slon tests indicate that the depth of the cone fracture sur-
face determines whether a single impact in the viecinity of 'a
pre-existing ring fracture will result in material removal or
a nunber of impacts are required before material removal is
therefore dependent on the radius and veloclty of the impac-
ting glass beads, however the general erosion process remains
unchanged over the range of bead sizes and impact velocities
used in this research,

The mechanlisms for material removal described
above are summarized as follows:

(1) material removal during ring fracture
'formation,

(2) - material removal during the growth of
nucleated e*osion pits,

(3) material removal due to chipping of the

' 'conicalerustrums_resulting from the -
fracture process in glass plates, _

(4) material removal due to chipping of the',"

- bulk material. ' : : '

: o Now that these mechanisms have been identified
this 1nformation will be. included in the mathematical formu-
1ation of the nasic erosion model, (1) '
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3.2.2 Analytical Model for Solid Particle Impacts

The reneral erosion process can be divided
into three phases. 'The 1o*al volume of material removed is

Av(t):Ayl(t)+AV2(t)+AV3(t) (2)

where AVl(t) 1s the volume of material removed at the time
t due to the formation and growth of erosion
pits on the surface of the specimen
AVe(t) is the volume of material removed due to chip-
ping of the conical frustrums
AV3(t) is the volume of material removed due to chip-
ping of the bulk material

In terms of the previous model,(l) the general erosion pro-
cess can be described by dividing the specimen into two
platelets: a surface layer defined by the mean depth of pene- g
tration, D, of the conical fracture surfaces and the remajnder :
of the bulk material. The volume Vl of the surface layerbis

now composed of two components,

V, = AD = %}j’o‘o (AV, (+)+AV,(t)) (3)

where A is the area of the specimen exposed to the erosive

enviromment.
AV, (t) = nDAAy (t) (%)

where n 1s a shape factor which will be described below and
AAl(t) i1s the area removed at time t from the free surface of
the first platelet. With AVl(t) defined, the evaluation of
AAl(t) is of major concern.

The number of ring fractures formed on a
unit area of the specimen at any time t 1is

-31-
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t
N(t) = /O (1-08) (1)-N(7)Ag)no(T)ar (5)

where AAl(r) 1s the area removed from a unit area of the sur-
face layer at any time T=t due i{o the impacting

particles
AO 1s the area of & ring fracture
n is the number of impacts‘/unit area-time
o(T) ls a time-dependent probability that a ring

fracture will occur.

The variables are now expressed in terms of a unit of surface
area. Corresponding adjustments should be made in Eg. (2) to

(4).

The surface area of the specimen exposed to
the erosive environment changes with the exposure time, and
the material removal due to the growth of pits once they are
formed must be subtracted from the total area available for
producing new ring fractures. Although overlapping ring frac-
tures do occur, it is assumed here that once a ring fracture
is formed there is no possibility for another ring to be
formed in the seme area. This is a2 valid assumption for the
shallow fracture surfaces where an impact in the vicinity of
a pre-existing ring is more likely to contribute to the growth
of an erosion plt than the formation of a new ring fracture.
It is for this reason that the total effective area of the
ring fractures preserst at any instant is also excluded from
the surface area avallable for the formation of ring fractures.

Referring to Fig. 4 and 5 it can be seen that
very few ring fractures are produced during the earliest stage
of the erosion process. There is abundant evidence that
numerous particles have struck the surface by the distribu-
tion of very small nicks in the surface, however, these [laws
exhibit relatively minor growtihh during subsequent exposure
to the particle impacts. The ring fracture population bemgins
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to increase after an incubation perloa. It is conjectured
that ring fractures are Leing produced on the surface due to
multiple impacts at velorities which are substantially below
those which would be required to produce a ring fracture due
to a single particle impact. The reascning is as follows.

The original surface has an initial flaw distribution, but as
the particles collide with the surface a more extensive flaw
distribution evolves. The probability that a ring fracture
will result is increased with increasing exposure time. This
effect can be seen most clearly in Fig. 5 where a negligible
number of ring fractures are observed on the surface of the
specimen after an exposure time of one minute. During the
next one minute increment in the exposure time numerous ring
fractures are formed. Research on the evaluation of the pro-
bability for ring fracture formation on glass plates due to
solid particle impacts has concentrated on single particle
collisions over a range of particle sizes which is above that
usually of interest in erosion studies. In order to account
for the observed time-dependent probability function in multiple
particle collisions, it is necessary to devise an adjunct
experimental program to obtain the data required. Considera-
tion 1s being given to static and dynamic indentation tests
using particle sizes corresponding to those used in the erosion
tests and glass. specimens which have been exposed to multiple
particle impacts for a range of exposure times which are less
than those at which ring fractures are first observed. It is
known(e) that the threshold fracture stress in dynamic tests
is higher than that found in statlic tests, however the attain-
ment of the velocities required for single impacts of glass
beads less than 300 miscrons in diameter would involve a much
more extensive experimental facility than the static tests.

Let ?q be the probability that a ring frac-
ture will be produced under conditions corresponding to those
for a lightly eroded surface. The time lasy; in the formation
of ring fractures on the surface of the pglass specimens can be
represented by
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o(t) = @ (II%IE) (6) ;iz

with the valqes of the parameters m, and M, being obtained
from microscopic observations on ring fractures. General

trends in ¢(t) for different size beads and impact velocities .
can be noted in order to establish relationships between my, :
My and the variables which are to be specified in the model. *

As material begins to be removed from the
surface layer, an increasing number of impacting beads con-
tribute to the growth of the nucleated erosion pits and cannot
be considered to be avallable for ring fracture production.
In order to take this effect into account in the modeling
studies, the form of the time-dependent ring fracture proba-
bility function in Eq. (6) can be modified so that after
reaching a maximum it approaches zero as the exposure time
increases. It is preferable 1o modify ¢ and let the number -
of impacting particles remain constant, instead of trying to
devise a method for deciding on the number of beads contribu-
ting to:ring fracture formation and the number contributing
to the growth of erosion pits as a function of time.

The formation of erosion pits is a function
of the ring fractures formed on the surface of the specimen.
Gulded by the microscopic investigations of multiple particle
impacts, |

N, = &(D)N(t) (7)

where Nu(t) 1s the number of eroslon pits nucleated at time
t per unit surface area '
g(D) 1is a function of the thickness of the surface
layer which 1s determined by the penetration of - i
the fracture surface into the bulk of the speci- :
men and is dependent on the radius and velocity
of the impacting glass beads.
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For o the very smail lass beads, g(D) can be equated to unity.
ach rine fracture i« cogsentially a nucleation site for an
vresion pltoas can be seen in Wi, 4 and 5.

The aresz removed from the surface of the
specimen through the srowth of erosion pits is specified by

t au ()

By (1) =~[O S Ky (t-T)ar (8)
which simply is the summation of the number of erosion pits
nucleated in the time interval 7, r+drT times the growth rate,
Kl’ they experienced fiom the time they were formed to the
current time t,.

Combining Eq. (%), (7), and (8).
-t t t t

Eéil =./¢(T)d7—g(ﬂ)] ¢(T)/‘.9§égl Kl(T—e)dOdT~Aqf N(t)e(T)dr (9)
() o Jo )

The erosion of the surface layer can be evaluated by solving
this éingle integral equaticn for N(t). The erosion tests
and adjunct experimental programs are being used in conjunc-
tion with the Hertzian analysis of solid particle impacts to
supply explicit representation for the functions e¢(t), Kl(t),
7(D), and Ay

A limiting case of Eq. (9) can be considered
to substantiate its validity. For very small beads at a suf-
ficiently high impact velocity the probability for ring frac-
ture formation approaches unity and g(D) should also be unity,

then Eq. (9) reduces to

t, t t
N(t) _ . _ [ [dn(e) . _ . \
= -/O ar '(o[»_de K, (T-©) dedr-A_ LN(T)d'r (10)

To further simplify this equation, assume Kl(t) = 0 for
O<tew, which means AAl(t) = 0, then
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gl,g+nAoN=n

N(t) = §_(1-e"PMot) (11)

The maximum number of ring fractures which can be found on a
unit area of the surface of the first platelet is given by

1
Nmax Ay (12)

where Ay is the area of a single ring fracture. It is seen
that this is a reasonable result in view of the assumptions
made. The form of Eq. (11) also shows that the number of

ring fractures increases as a function of time when the number
of impaéts on the surface 1s increased.

Once AA;(t) is determined from Eq. (8), it
can be substituted into Eq. (4) to obtain the volume eroded
from the first platelet. It was stated earlier that the
eroded volume from the first platelet was composed of two com-
ponents: AVl and AVQ. As AVl increases with time, a distri-
bution of conical frustrums are exposed on the eroded surface,
This phenomenon 1s particularly evident for the 290 micron beads
as shown in Fig..6(b). The frustrum density after removal
of the interstitial material reaches a fairly saturated state
before the frustrums are eroded further. The distribution of
frustrums on the specimen surface constitute the portion of
the first layer for which A‘V2 represents the eroded volume.
The parameter n is taken to be a constant defined by

lim

teeo

&V, (t) = nvy (13)

Then the evaluation of n can be made by assuming that a typil-
cal frustrum is enclosed by a rectangular parallelepiped with
volume DHQ. The parameter 7 1s related to the difference in

volume between the parallelepiped and the volume of the frus-

trum,
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where r, 1s the radius of the ring fractﬁre at the surface

of the platelet (A0=nr02) and S 1s the radius at the base of
the frustrum a depth DD below the surface. It 1s observed

that a near dense array of frustrums remains after the inter-
stitial material is removed for the 290 micron beads. In this
case H=2S, so

n=1- 713 [“-gq* ) | (15)

Microscopic cbservation of the erosion pro-
cess as a function of time for the 290 micron beads shows
that the density of ring fractures increases to a maximum
value and then decreases toward a number approaching that for
an array of frustrums whose bases almost completely cover a
unit aréa. Frustrums are removed with the interstlitial mate-
rial when their bases are not in contact with the bulk mate-
rial but lie in-between two adjacent frustrums(l). This
behavior should be taken into account in the present formula-
tion of the model. TIn the case of the 70 micron beads, the
growth of nucleated pits and chipping of conical frustrums
occur a very short time after a ring fracture develops.

The form of the governing equation for the
erosion of the surface layer in the basic model can be com-
pared with the corresponding equation derived in the earlier
stages of this research (Reference 1, Eq. (4)) which may be
written

£
avy(t) = Dfocf(t-r)2 I, (7)(1-28, (7))ar (16)

substituting Eq. (7) into (8) and using Eq. (5), Eq. (4)
heromes

) |
avy (t) = nnfo Kl(t-'r)g(D)n'I’('r)(l-AAl(T)-N(T)Ao)d‘r (17)
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The general growth rate function Kl(f -7) replaces Fl(t 7‘2
and the pit nucleation probability function is now nmore

explicit,
' I,(t) = g(D)ne(t) (18)

The microscoplc observation of the eroded surfaces also showed 8
that the area of the number of rings nucleated chould be gf
excluded from the area availuble for additional ring fracture %%
formation as Indicated by the lest term in Eq. (17). i§
. N , 'E%

- Now that the erosion mechanisms cantributing }%

te AV? and AV, have also been identified, more explicit mathe- @g

matical repreéentations will be provided for determining the

volume removal due fto these stages of the géneral erosion pro-
cess, For different erosion conditions the neasured differernces
in the weight-loss data are associated with the time at which -
_each erosion mechanism (contributing to AVl, AV2, or AV3)
becomes operative and the degrees to which it influences the
overall erosion behavior. It is now concluded that the over-
all emsion behavior can be described for a broad range of

bead diémeters and impact velocities in terms of the nresent
formulation of the analytical model.

3,2.3 Experimental Evaluation of Model Paraméters

Programs aie underway Lo acquire data per-
taining to each of the parameters required to obtaln explicit
results from the analytical model as represented by EQ. (9).

' Each of_the~four parameters, Aqs P D, and Kl will be dis-
- cussed here in relation to methods for obtaining the necessary
 information. ‘ A
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3.2.3.1 Ring Freacture Size Distribution and
Probability Function

Quantitative data pertaining to the ring
fractures formed by the colllsion of the gless beads with
glass plates on a scale appropriate to solid particie erosion
are required in the development of the basic model. Tests
PY-12 to PY-19 (see Table I) were run to obtain information
on the probabilities for ring fracture formation és a function
of impact velocity. In order to determine the threshold velo-
city for ring fracture initiation, specimen PY-12 was run for
 _10 sec, intervals beginning at 38 fps and proceeding in incre-
- ments of 19 fps in the velocity until ring fractures were

" observed on the surface. When ring fractures were found at

approximately 170 fpé the number of rings at several loca~-
tions on the gpecimen surface were counted using an optical
microscope at MMOX. These areas were then scanned a second
' time and the diameters of the rings were measured and recorded '
The disfributlon of ring diameters for -mpact velccities of
188, 208, o 6 and 246 fps are given“in Fig., 7 to 10, The - --
avera ge diameter in each case is listed in Table VI. The
average.diamétef of the ring fractures for an Iimpact velocity
of 246 fps is decisively greater than 226 fps and the distri-
bution curvés show a shift to an increased population of

. larger diameter rings. Each value was determined on a samp-

. iing of 200 rings. The agreement with the Hertzian theory
(Table III) is excellent., Comparing the average ring diameter
for Tyrex impacted by the 2990 micron beads at approximately
QOO_fps with the corresponding value for fused slllca, 3.17.

mils compared with 2,63 mils(l), it is seen that there is a

“"sizable difference between the two glasses. The explanation

for'thisidifference réquires further investigation.
.4”¥'  T ,‘;4 The near equallty of the average ring dia~
 meter. at velocifies below 22€ fps is not given any signifi--
~.cance_at this time, since the sampling at 208 fps was 130
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TABLE VI '.

RING FRACTURE frRCEABILITIES AND AVERAGE DIAMETERS

Average

Diameter
Number of Number of of Ring

Impacts Ring Fractures Fracture
Impact Velocity per sq. in, per s8q. in, '] ‘ (mils)
RPM fps
200 188 9,500 1,725 0.18 3.15
220 208 10,400 5,710 0.55 3.17
240 226 11, 400 7,900 0.69 3.17 o
260 246 ' 12,300 11,000 0.90 3.38 Ly
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rings and at 18t fps it was only 40 rings due to the sparse
ring fracture population. These tests will be continued at
velocities greater than those reported here to observe further
the trend in the average ring diameter as a function of velo-
city. So far the results are most promising 1n terms of the
Hertzian analysis, since ring fractures generally do occur
slightly beyond the contact area as predicted by Hertz theory.

It was already poninted out that the proba-
bility for the formation of ring fractures 1s a time-dependent
function due to the changing surface condition of the giass
plate when progressively bombarded by the glass beads. Quan-
titative measurements of the time-variation of the probability
function ¢ will be made subsequently. The tabulations in
Table VI are simply based on the number of ring fractures
produced by a known number of bead impacts. These results
are still tentative but do provide some perspective on the
relationship between the impact veloclty and .

A series of tests (PY-20 and PY-21) were
run in order to obtain the distribution of ring fracture dla-
meters for the 70-micron beads (Fig. 11 and 12)., The mean
diameter at 375 fps is 1.25 mil and 1.28 mil at 450 fps. The
mean depth of the ring fracture surface was found to be
approximately 9 microns at 375 fps and 10 microns at 450 fps.
Both values are consistent with the Hertzlan predictlions of
the maximum contact! diameters which are slighily less than
1 mil as computed in Table TIT, ‘The data obtnined are based
on the measurement of 200 ring tracturea unling optlcal micro-
scopy at a magnificatlion ol hhox,

3.2.3.70 Geometry of conlenl rnetues “urtacer

Wher, viewlne the eroded nonetace of t hes
slass gpeclimens In the microneope, The deptho ool bhe cone

fractures can bhe mengared Toomberonn o trooatye o atl the
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surface and then the base of the frustrums once they are
exposed. The lateral scale on the microscope can be read to
an accuracy of a few microns. The tangent of the cone semi-
angles obtained in this way never agreed with the values of
68.5° for glass and 65.5° for fused silica<3) measured under
quasistatic loadings. The measured values of the semiangles
under the present impact conditions were found to range from
45° to 60°. A similar observation was made by Bowden and
Field(u) in conjunction with a lead slug striking the edge

of a 0.25 in., glass plate whizch was 3 inches square. They
observe from their high-speed photographic studies that an
important feature of cone fractures is their angle of inclin-
ation with the top surface of the glass plate which lies
primarily in the range of 50 to 60 degrees. This means that
the included semi-angle is in the range of 30 to 40 degrees
which is in conformity with the rough estimates made for the
semi-angles for the primary cone fractures investigated in
this program. Bowden and Field(u) note that if the horizontal
and vertical displacements at the surface for the steady state
solution of a Rayleigh wave are used to compute the direction
of the maximum tensile stress, an included semi-angle of 34°
is predicted. Due to the passage of a Rayleigh wave the mate-
rial particles at the surface of a semi-infinite half-space
follow an elliptical path with major axis in the vertical
direction. When Poisson's ratio is 0.25, it turns out that
the cotangent of the ratio of the major to minor axis of the
elliptical path corresponds to an angle of approximately 34°
however the pnysical meaning of this result is not clear.

A number of investigators have considered
the formation of cone fractures in glaés plates, however there
are only limited data pertaining to the fracture of glass
specimens impacted by small diameter solid spheres. While
qualitative aspects of the fracture process under these con-
ditions can be describhed, the quantitative evaluation of the
derived relations must await future experimentation on the
specific materlals used in the eroslon tests.
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The experimental work of Hamilton and
Rawson(5) on two different glasses wlth various surface treat-
ments indlicates that the linear proportionality between the
applied load and the indentor radius at fracture 1s not gen-
erally true in the Auerbach range(l). The followlng relation
is obtalned

P, = KE" (19)

where the values of K and m' listed in Table VII are deter-
mined from the data plotted in their paper. Pc is the cri-
tical fracture load applied to a spherical indenter of radius
R. The values of the parameters K and m' are for Pc in kilo-
grams and R in millimeters. On the basls of the variability
in the form of Eq. (19), Hamilton and Rawson argue that the
linear P_-R (Auerbach) relation is not a universal relation
and thereby dismiss Roesler's( ) argument that the linearity
of the PC—R relation would require a special flaw distribution
function common to all brittle surfaces. It is our observa-
+ion from the data reported by Hamilton and Rawson(5) that

the relation for the Hertzlan range
P, = K'R° (20)
is similarly replaced by a general relation of the form given

in Eq. (19). The values of K and m' for this case are also
listed in Table VII. ‘

Roesler(7) developed a scaling relatlon
for describing the propagation of a Hertzlan crack as the load
applied to a cylindrical indenter is increased. The radius
cf the ring fracture, S, measured parallel to the plane of
the glass plate asymptotically reaches a state which is des-
cribed hy the relation

o5 = kp?/3 (21)
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TABLE VII t
EXPERIMENTALLY-EVALUATED PARAMETER FOR b
THE DETERMINATION OF THE CRITICAL FRACTURE LOAD * %
o ﬁ;
8
Auerbach Range Hertz Range %f
m! K m! K ?
£ f
Polished Plate Glass : s
As received 1.032 14.1 1.706 2.28 i
4 minute etch 0.812  32.0 1.671 5.29 E;
7 minute etch 0.720 43,6 1.558 36.2
Float Glass
Tin bath surface 0.778 35.5 1,606 6.14
Free surface ; 0.694 43,0 1.576 37.7
-50-




Roesler estimates that this relation holds for a load P equal
to twice the load required for initiation of fracture, Pc’
since after this point crushing of the glass surface takes
place. The experiments in support of the scaling relation
derived by Roesler were carried out with a flat-faced cylin-
drical indentor instead of a spherical indentor. According
to Roesler these test conditions were used rather than the
customary spherical indentor, since spherical indentors do
not produce large and regular cone fractures. For spherical
indentors secondary fractures, multiple ring fractures, de-
velop as the contact area grows with iacreasing load. It
will be assumed that FEq.(21) is also valid for a sphere
impacting an elastic half-space.

Benbow(3) carried out a series of experi-
ments employing the cylindrical indentor and an unidentified
fused silica. The experime:ial results are reported in gra-
phical form in hils paper. The values obtalned from the line
fitted to the experimental data provides an explicit repre-
sentation for Eq.(21). It is estimated that x = 3.84 x 1073
in/(10)%/3.

The depth of penetration of a single cone
fracture can be determined from the information which has
been accumulated. The load applied to the specimen by an
impacting bead is determined by equating the kinetic energy
of the impacting particle to the strain energy at the time of

maximum impression. According to the Hertz-Huber theory,(l)
y 5 375 -2/5 6/5 2
Pm =3 ('5"92) (k1 + kg) Vo R (22)
where ps is the density of the impacting sphere
V. 1is the impact velocity
o}
2 2
1-vy 1-v,
kl = El , kg = —EE—— are the elastic modull for the

sphere and half-space, respectively. (v 1s Polsson's
ration and E is Young's modulus).

-5]_-




- Values of -Bp are listed in Table III'for the materials éﬂd.'~
impact conditions used in the experimental program. Assum- 7
ing Roesler's scaling relation is valid for a spherical o
indenter, h

28 = ¥ % when B_>P o (23)

where acrording to the experimental data of Hamilton and - S e E
Rawson(5' the critical fracture load is glver by Eq. (19) ‘
Hence, referring to Flg. 13, we finally obtain

S-r' < h ' '
D = : - (211-)

mlo

_f._..

.

vhere r, = Ksa 1s the radius of the inner ring fracture gﬁ R o
the surface of the specimen ana & is the radius @ * o §$
of the contact area computed from Hertz theory. = ' %é

For the present only very rough approxi»
mations will be made for the parameter appearing lnqu (24),
The coefficient x in Eg.(23) will be equated to fhe}y&lue,:
determined by Benbow for fused. silicsa: k = 3,84 x,ldf?ih/ §= o
'(lb)2/3. The radius of the inner frabture ring will be - V\'f;~~f\:
equated to the radius of the maximum contact area deter- ’ .
mined from the Hertz-H her theory and listed in Tabie.III}
and, until more accurate measurements have been made, 8 will
be set equal o 60°. The values of D calculated Jor both
bead radli and 1listed in Table VIII aver the velocity range
used in the experimental program are in general égreemeht
with the experimentally-determined valies, Table VIIT also

provides the vglues of the-shape factors; n. calculated from
Eq.(15) using the computed value of 8 and the value of roua

a5 recorded in Table. TII




"F;gure ‘iQf‘*Remﬁf@n between the Load Applied to a Cylindric‘al Indenter and the
- Maximum Radius of the Cone Fracture Produced in Glass
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. TABLE. VIII
CGMPUTED FRACTURE CONE GEOMETRIC PARAMETERS

- Radiusat oF e U ghape
. ‘base‘.of cone . - - fra.cture belcw : - factor -
fractme, SLIL) surfa,ce, D. (1n.) S n

70 Micren .
G a,ss Beads

200 fps - o. 73 %1073 o.200 x 10‘3( 5. 2y) . 0.5BR. -
13007 fps O, 96 x 1073 0.306x 107 ( 7.88) 0.577

“heo fps-;] 122 x 1073 0.433 x 1073( 11.08) 0,601
500 fps Colbkx 1073 fo;508kx_1o_3(_12 gu) . 0,614

290 Mieron %
Glass Beads

200 fps - h4Bx 1Q'3 175
300 fps - 6,25 % 1073 v - 2,62,
 hoo fps 7.90 x 1073 U346

500 fps . 9.35 x 1077 4,20

( B4,5p) 0.628
( 66.54) 0.648
( 88.0p) - 0.660
(106:58)  0.667

CIE I Y
s
o, ‘
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” 3 2. 3 3" T{oded JArea Growth Ratcs I
: ‘ 35§; The growth rate,_ (t), for: nucleated :gﬁ
»erosion pits can be determined through direct observation of-
areas ‘from which material 1s being removed as a- function of
the exposure time, however, -for’ both ‘bead 8izes the areal
- ;patterns have geometrically'in ricate zorms which are tedious e
_ . to neasure: accurately. In ‘srder to obtain more, detailed ’:. '
f_;ﬁ]finformation for the. statistical‘analysis of the growth ‘rate
7-function, an electronic image‘ :alyzer was used in: conjunc-
'“tion with & low. power optical microscope.r Tne experimental :
setup wa° only preliminary in order to evaluate the- feasi-=: '95 o
3.bility of using this arrangement ‘to ortain quantitative mea~ ‘
© sures of the. change in the eroded area at a number of" locations
- on the specimen surface as a function of the time of exposure.¢ L

: The evolution of damage on the surfce of a:;?é
':'glass specimen Impacted. by 70. micron beads is shown.in Fig.'fv_
4 and 5. In bright field:-the ‘detalls of .thie eroded surface -
‘are suppressed but the outline of regions from whieh matsrial
-has been removed standout as black patches on a white surface.
A video camers 1is used to view a por ion of the specimen sur-
- face through the ejepiece of an. optical microscope. A magni-
waication factor of 15 s satisfactory in accordance with the
-scale of the. erosion damage« ) - ' ‘

: By using the specular reflection charac-
‘teristics of a smooth reflective surface, measuremenus ‘can
be made of the percentage of ‘an arbitrary rectangular ares
that 1g .undamaged. The-firgt step in this evaluation is to
illuminate the surface to. separate, through the reflected
light intensity, the original ‘Burface areas from the ‘pitted
aréas, This is done by forcing the illumination,angle and
thefviewing angle to both be perpendicular to the surfadce,
The'undamaged,areas_thén appear very bright due to the strong
specular reflection from them, while pitted areas appear dark.
~ This lighting scheme 1s depicted in Fig. 14, If the intensity
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Figure 15 Illumination scheme to. separate damaged regions from
. : undamaged regions by 1ntensity

~56m

- Relative Ubamaqed , | - Undamaged
" Area : : -‘. ) Surface

1
L
|-
[
]
|
|
T Intensity Increasing

Figure 15 Intensity distributions of partially demaged surface
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qﬁ,”'tion of" the surface, when viewed with this lighting :
: were gr.phed it would aopear as in Fig. 15..

e In nubeeouent development of the areal :
measuremeng equipmcnt the surface, illuminated in: the manner [Q**
scribed will be viewed by the television camers with the -
Ao“ a microscope equipped with a two—dimensionel micrometer
'e;'so the same area cun be vi=wed after additional .expo- =
ifto the erosive environment Since the video signal is
:1thful ‘voltage’ analog of the~1ight;1nteneity, the. voltage-::

distr{buflon of the signal 18 the?same as: that shown in Fig.

_ S This video signal is first split into two
-components. A threshold circuit ‘has. a bilevel output; it is

high whenever the input-signal is above &n arbitrary but fixedﬁhi

level and’ low when the input- signal is below that level. If

" this threshold level is chosen to be T as shown in Fig.. 15,

ﬁthen the threshold output will be high when undamaged surPace'
1s being scanned by the television camera and low when the _*

surface being ecanned is demaged. The relative amount of time .

. the slgnal 1s high 1s then proportionel fo the amount of -

undamaged surface area in ‘the video picture. The rest of the JT"i,i
processor consisgts of:.a circuit to- measure ‘the amount of' time
the threshold signal is high. This is accomplished by gating S

_an oscillator toa counter with the threshold video.~vAn- _
_addifional useful feature is 8 varieble window which can be :
used to freme exactly that region to be measured.— :

The arrangement used in the initial teste

111ncluded a plate which masked the fece of ‘the specimen . except o R

~ for a hole approximately 0.2 irch in diameter. A holder was -
'-fabricated for the specimen and a scale wa 8 used to position_

'fthe hole over the same ares on the specimen at the next incre-if].i;__
ment in_the_exposure:time.: The accuracy in returning to. the _-‘I"




: dsame 1ocation was not satisfactory, so the readlngs taken at
this stage in the development of the equipment are of little-
..~ value, The sldes of the hole in. the plate also produced a \
3nref1ection on the video picfure ‘which. further hindered the

‘{ettainment of aoceptable results. ' ' g

AT e Lt e

3 2 4 Weight -loss Data

_ "f- Weight-loss data were obtained for the direct .
;Impactlof*the 290 micron glags beads in test numbere PYe&O and
iPY-il, and ‘for ‘the 70 micron glass beads in test numbers PY-29 E
Tend PY-23 ‘a8 recorded in Table I. The weight-loss ‘curves in -
; each case ‘are shown in Fig. 16 to 19, Reference.to Table V
' -provides information on the area exposed to the erosive envi-,if
~ ronment and estimates of the number of perticles striking.the-_ .
‘exposed area. It should be noted that the direct impact tests
for the ?90 micron glass beads were for a different experi- e
. ,,;mental arrangement than that shown 1n Fig. 1. In thlS case - - .
'°f.u52 25, ‘8q.1in, of the speoimen's surf&ce are exposed to the bead5A17r
A:;.impaﬂts. In these 1nitia1 tests the arrangement 1n the AFML?'ff.d
J?gﬁsell erosion facility for dropping glass beade in the path of'f;ﬁ5
'dgf”the specimen at the end of the rotating arm’ resulted in a- non-jnfﬁ
- ““uniform distribution of beads across a portion of ‘the lateral™ .
N _f‘dimension of the epecimen._ The disadvantage of. this arrange—f@,df
teaffijment 1sthat different areas on the specimen surface willbe. ' '
| ”jfwﬂ;et different steges of the erosion process due to the non-rli-”fiﬁ
 f'uniform number of bead 1mpects nccurring along the specimen f:
ﬁ}eurface. The measured welght-loss data-are then reflécting = -
,,:,_;ifthe cumulative effect of two or- more erosion mechanisms beinef:f'
dd’ff};operetive as & function of fhe 1atera1 dimensions of the.
_;f ff;speeimen and not simply i function ‘of the exposure time:t;eﬁu
3fﬁ1581mp1e modificatione were mede in the nozzle at the "end. ef"}i
.'ff;the blast tube, but the desired result was not achieved. ERa
f:ijvover plates were- then used as: indicated 1n Tig. -1 so that ‘thie o
“.;»specimen is" exposed to a uniform dfstribution of’ particles
f-which exists near the center of the stream of parficles

-58~ R




~falling in the path of the specimen. This modification in

the testing procedure is more in line with the analytical
model which does account for & temporal but not a spatial
aependence of the erosion mechanlsms that have been ildentified
in the solid perticle erosion of glass specimens. The nozzle
used in tests PY-10 and PY-11.did spread the beads over the .
full length of the specimens, but when the arm wae rotating,,
“the density of bead collisions with the specimen was skewed
“to the outboard end.. - :

: The general form of the weight loss curve  1 _
~in Fig. 16 correlates quite ‘well with the microecopic obser-»j
_ :vations of the operative erosion mechanisms as described in |
. Section 3.2.1, Ori the basis of the analysis provided in
 Section 3.2.3.2 it is also possible to check quantitative
: --ff;details of. the erosion proceee.r The. cone depth calculated
i for 290 micron beads at &n impact: velocity of 200 £ps (test

iift;prising the surface layer of the specimen as defined in B
. gection 3, 2, 218 1h4 Mg The volume of the surface layer is

';Zmeterial for & dense rectangular array of fruetrums covering
:Ethe exposed surface area of the specimen, and AV2 corres-~~‘~

“mags. of - the material in Avl 18 90 mg, using the ehape factor

A'F]freeistant frustrume, and a pericd of uniform material

- ':removal "orrespondlng to chipping of the. frustrums and the

- bulk'material,. Microscopic examination of specimea PY-10 at
' f;v7the end ‘of the ‘test indicated ‘that moat of the snrface 1eyer f

,,-fwas removed exceet for aosmalx portior of the surface at: the -
,_ginboard end of the specimen where frustruma were st1ll intactQ}f'
* fThe calculated mase of material oorreSponding to. AN and V..

t,;tspecimcn.'zr”':;- :
sl r‘;;esqe

U py-10) is 1,75 mils (Table VIIT). The mass of matertal com-,~'*-”'
_agffdivided 1nto two ccmponents- AVl representing the interetitialf'f1‘

lfponding to the volume contained within the rrustrume., The ;" RPN

-'fin Teble VIII.A The curve in Fig. 16 8hows. &n initial incuba-:7;fgy
Vition period- before meaeu:able weight loss occure, ‘& period of'*f'f;
__m>h_ facce1erateo welght logs when the material is removed from the,f°fff

”‘7?{high1y-fractured interstitial region between- the, more nrosion'jjf?f

. ghow: excellent agreement with obsnrved erosion- behavior of the;:r:
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R 2 similar analysis for test PY-11 (Fig. 17)
'"*indicated tnat the mass of materlal corresponding to- avy and
‘* tlon of specimen PY-11 revealed that relatively few collisions
~_fwere ocrurring over th-. inboard half of the specimen. When :
° the test was terminatad, the surface layer at the outboard
5 _-";;end of the snecimen was a,most rompletely removed but about
';’€¢ fone—e1xth of the specimen’ surface was sparsely eroded at the
 jf5{?1nboard end._ A moderately dense array of frustrums covered
© the central portion of the specimen. = Since several erosion -

mfijlspecimen,Aif is" d‘ffi<u1f tc correl&te the’ anticipated ero—-r':
4‘sion behavior with the 1arm of the curve in Wig. 17. However,iﬁ'
'n{the basis of - the ccndition of the 9roded specimﬂn surface B
V: the end of ‘the test fhe calculated ~asses fo* the surfac
layer- are quite rﬂaaonable._ ﬁq: : '

‘and 19, A second glass Specimen was run in each case (PY-25
and. FY~26) 1o obtain ‘the” weight loas during the - aarly stagea
of the erosion process and thege reeults are also shewn An-

;ﬁproceaa 13 seen to vary considerably between the specimens

ra_ea are &omparable in fhe later stagea of the erosion pro- o
_cese, even though the magnltude of the weigh‘ lcss*may not ‘
ggbe close for the same expesure fime. ' IR

R ceo Again, uainb ‘the data 1n Table VIII the
= 'f”fmasa of the surface laynr for specimen PY-22 dnd PY-23 is"

47119 mg and M43 mg, respectively. ‘The surface Area exposed -

S te particle impscts-1s 0.B21 sq.in.. Referring to Fig. 18 and
19,4t 18 seen that ‘the 70 micron beads do not produce the

7:V3 1s 218 mg. and 326 mg., respectively, .- Microscopic examina-

V~7ﬂg;mechanisms were opera\iVL acrosg the 1ateral dimensions of the B

: The weight-losa data for the YO-micron glass ;lf}iQ f
beads 1mpacting glass sperimens PY-22 at 37; fps and PY~2? at  1‘jf~ﬁ5
450 rpe &nd e bead flow rate of 950 g/min are. given inFig. 18-

the-. fignres. The duratiow of the initial stage of the- eroaaonif;;fs?7

*fd;'hcwever, the 1nd1vation In Fig._lg 13 ‘that. the erosion,g g

i *§.,bu1ge in'the. Weight~1088 data as in the case of the:290. micron -

'f;gfbg;¢§., The stead;-state erosion rate is quite uniform at

‘ '--ﬁile |
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'>an imp&cr VPlﬂoi\” of ﬁ%ﬁ fps but ahows less uniform*ty at
375 fps. After the initial period depic*ed in Fig. 4 and 5

~ the procéss of mater#al remeval is oy fine-scale chipp&ng or
the bulk materla '

o L _*‘”he eon ical frustrums formed -on the surface
af e he glass speclmens by 70-micron beads impacting at 375
7 fps »re ghown in Pig. 20.. The removal of material is in the'
 ummedtate- vicinity of each rirg shortly after the rings.
appear on the sarfs Fig. 20 can be comp&reu with ¥ig, 6
whers &- denge array of rixg fracturc © develops be*ere large; '
o sca‘e ma*er*al remaval takes place. The conditton of the |
'-?_ surzace in the latter «‘ages of “the. erosion process i3 illus—v-
tr&teﬁ.;g;;§g¢ 21, It ‘‘Rows the u:ifonn fine-scale chipping
cef the highiy™ fraci are&r surface. Thes »ais of ‘the erogion
'-éariislea-cén be uﬁgpgr§ﬁ with tﬁO&é'“‘ 'a iwpayts by the
Aégﬁfmiéran h§;§s ag éh@aﬂlihzﬁig,{é.' '

3 ﬁhl qu& lmp&c* nv “*éasfﬁﬁaﬁé

S In eréér tﬂ évaluate the ext @n: of *he erog‘“%
damag@ predu;ga by the ”Q« ard “Qﬁﬂmi .@n glass beads anﬂiiié_ :
&Gumicrar sand ixpartir? wbliguely empareﬁ ta-direet .
impaﬂts, ihe par?ﬁ*le *va ratﬁ“iand-'hﬁ particle velarity
ngraal R th§ snﬁa*msr*g quv*aoagmert,main*a’!rz i Lne valuves
used for ﬁi“ect oo I osr T s‘tzéss the Loimi
:umkpr af parsicls im?!c;@ mv s“ﬁt*?tﬁ by gha é&@ctﬁ**s v
each a&% xill ae the s%‘t af ey ﬁﬁhéx uzpv@ut@ t a1 7

Hy {oxiilqug"} x"iamif;_. A T {oiveny bx BV

-s&ere'ﬁ -if;;gr - s“,(kr'iw?ﬁ el L@ Typerdthin experi-
i v ‘ ‘{atrﬂauﬁing ¥, (1)
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Flzure 21 FEroded surface of a glass speclmen at
an advanced stage of the erosion process
due to 70-micron veads Impacting at

375 Tps (1163%).
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) () (b))

where the slight difference in the nozzle dimension, ¢, for
each case has been neglected and n is the number of revolutions
per minute for direct impacts. It 1s seer. from Eq. (26) that
the weight-loss data for oblique impacts can be compared with
-that for direct impacts by mﬁltiplying the values of the
weight loss for the oblique impacts by the ratio of the exposed
 areas., For the 290 micron beads the exposed area for direct
{mpacts is 2, 25 84.1in. while it 1s 0.82 sq.in, for the 70 .
micron beads using the experimental arrangement shown in _
. Fig. 1. The exposed area for obligue impacts is 1.81 sq. in.
- in both cases. Lt fOllOWa from Eq. (26) that

A £.4, - :
1 _ 11 S
%L 1L ()

- 'mhe ratio of the areas for the'2901mieron beads is 1.25 and
0.453 for the 70 micron beads. -The'weight?loss data for
'oblique impacts are'piotted both in temms of the actual mea-

' surements and wieh the adﬁustment for the difference in the
eroding areas. '

3 3 1 Oblique Impact by 290—Micron Glass Decads

The weight-loss data for normael impact velo-

cities of 200 and 300 fps and a bead flow rate of 370 g/min,
-are glven in Fig. 22 and 23. It is noted that the convex
hump appearing in the weight-loss data for direct impacts
(Fig., 16 and 17) after the initiation stage corresponding to
the setuence of erogion mechanisms described in Section 3.2.1
1s also present for the oblique impacts. Comparison of the
curves for anormal impact velocity of 200 fps shows that the
welght loss for the oblique impacts is from two to three times
higher than that for direct impacts at the same values of the
exposure time. The magnltude of the welght loss can be brought

-CE-
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into coincidence w1+h that in ?ig, 16 if the time scale in
Fig. 22 is exnanded bv a factor of two.ﬂ,

M*croscopic examinetion of a series of incre-
mentally aroded specimens revealed that the operative erosion
mechani sms were .identical to those already- discovered for L
direct imnacte of 2 290 micron beads At the termination of -
test .PY-_I material was completely removed from the inter-.

taking place. Test PY-35. was terminated at a point where tne
exposed frustrums were still intact and & small portion of
interstitial material could still be observed on the eroded

~ surface. These observations carrespond to the characteristic

' shapes of the weight-loss data reported in Fig. 22 and 23.
The particular phase of the overall erosion process predomin-
ating as the exposure timeAincreased appeared uniformly over
the face of the specimen. ’ '

Detailed microscopic examination of the cone
 fracture showed that they were circular at the surface of the
specimen. Histograms of the diameter of the surface ring
fracture are given in Fig, 24 for specimen PY—38'and PY-39
and in Fig. 25 for specimen PY-36. The mean diameter of the
ring fracture is 3.28 mils at 200 fps and 3.80 mils at 375 fps.
Theee.relues are based on a sampling of'more thentlzﬁ ring
freeturee. The mean cone penetration depth below the eurface
of the specimen is 1 mil (25u) at 200 fps and 1. 6 mil (Mou)'
at 375 fps. These depths are somewhat: below thoee computed '
in Table VIII The corresponding cone fracture data for direct.
'impaets are a mean ring diameter of 3,17 mils anhd “cone depth
- of 25-30u at 200 fps and a mean ring diameter of -3. 72 mils
"*and eone depth of u5p at 375 fps.

71

stitial regions and chipping of ‘the protruding Irustrums was
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3.3.2 oOblique Impact by 70-Micron Glass Beads

Welght-loss data were obtained at normal
impact velocities of 300 and 375 fps at the same bead flow
~rate of 950 g/min. used in the direct impact tests. Fig. 26
and 27 indicate that a steady-state erosion rate has not been
achleved even at exposure times which are well in excess of
those required to remove the surface layer of material from .
the specimen. Comparison of the weight-loss data obtained
forfdblique and direct impacts at a normal'velocity of 375
“fps (Fig, 18 and 27) indicates that the values of ‘the weight
-loss for glass plate at an impact angle of 50° are from two
to four times greater than the direct impact case. Again,
as in the case of the 290-micron beads,,closer agreement can
be achleved if the'time axls in Fig,'é? 1s expanded by a fac-
tor of two. From the limited data available it appears that
the erosion rates are comparable at the same exposure times,
however the probabiliuy for ring fracture formafion is greatly
;~enhanced for the oblique impacts._ '

'_ 3, h Direct and. Oblique Impact of. Irregular1y~5haped
' Parficles

Most of +he work -on solid particle erosion hae oeen ;-
" involved with the long-time, afeady-state erosion rates,

f‘ ~Mode1s describing ‘the steady—state erosion bvsolid particles
1‘; fhave been developed oh the basis of laboratory erosion tests
_ ; f5femploying aanﬁblast testere._ The. basin premise employed in 'ffi?‘
. “.these: semi-empirical models 13 that & certaln amount or '

‘energv 18 required to remove material from the surface of a
target maferia* and that eanh material has a characterisfic

 ferosion resistance. Two different modes of particulate ero- -
sion are distinguished empirically corresponding to ductile o

 fand brittle erosion” behavior of the target material. -
- sandblast experiments uniformly-graded sand. par*lcles oarried

'“by a hibh-veloritv airstream impac* the tarxet material The -
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results of the test are reported in terms of the mags of
materlal removed per mass of impacting particles.

The research reported here is an initial effort in
extending the concepts and experimental correlations esta-

~blished for spherical particles to irregularlyashaped quartz,

sand particles The experimental procedure employing the AFML—
Bell rotating arm differs from the solid particle erosion
tests conducted in the sandblast apparatus in that the com-
ponent of the Impact velocity normal to the specimen surface
was held constant in the direct and oblique impact- tests
These conditions afforded an opportunity to'evaluate the
influence of the veloclty component tangent to the- surface of
the specimen on the erosion behavior of the glass plate.

Oorly a slight increase in erosion rate was found and no real
distinction could be observed microscopically in the damage
due to obliquely_impacting irregularly-shaped particles
compared with direct impacts.

3.4.1 Erosion of Materials by Irregularly-Shaped
Solid Particles

Finnie<8’9) developed a mathematical model
for describing the erosion of ductile materials as a func-
tion of implingement angle based on an erosion mechanism whereby
material removal 1s entirely due to the displacing or cutting
action oflan abrasive particle impacting a perfectly plastic
material surface. The equation derived by Finnie was moder-
ately successful in describing the angular dependence of the
steady-state erosion rate for a éiVen set of particle and
regime parameters on the basis of a single erosion test. The
model predicted that there would be no erosion of ductile
metals at normal impingement angles, however this result does
not agree with the experlmental findings. More general models
were propoéed by Bitter(lo) and Nellson and Gigchrist(ll)

which included both cutting wear (proposed by Finnie) and
erogion due to repeated deformation., Repeated deformation is

..7’2-




~ductile. materials areaed by na:urgl certam;ninis o
~_a distribution ef particle s*zes and ﬁ* .j5; o

[ Z e

~~,responsible for cracking the surlace of a brittle mat eria1 '

with subsequent intersection of cracks and msber 5l renoval.
These equations provid» better curve fitting of the e_aerx-

-rmental data, These formulas.include the idea of a particle

energy threshOAd below w&ich deformaticn erosion ceases and

'a minimum effective anﬂle of imp ingement belew which ductile

erosion ceases. vaplementation of Eifter*a muﬁel requires

o kncwledge of the. energies required to remove a unit volume. S
of & m&terial b; cut*iﬁg wear and &e*&?mation wear, respec-~-*i‘7'
}.tively. T?4° par&&eter are determined by perferming at - _
_ least two tests and back~ua1culating to determine he-ﬁ#ees-g";"‘k'
sary values. Nellson and atlchrist(11) provided stapler |
':equa‘iens for defcrmation wear than those of Bitter 4
‘were -able to aCQQunt ?cr the angu*ar depen&%aye of the wro iqr :A

* process and included another parameter to be gvaluated expe-

:‘mevta*ly which is the ncrmal xeloc1t¥ ca&aaﬁth below Qﬁich A
'Vna erosion takes plicﬁ.; These medels nave no pradict*vé ana«

{10}

cifj te deseriba ‘the s*eadv-state erosien of trint4~“

_ *n genvral the érﬁaion ra* “ia a *functien.

of a number af parumetars a33e¢&ated with e *mﬁab*'r&gzwe
~ the Ampaucting parti*les, the - arget ‘and. the partiecle’ target
,vitnteractior; “The accumula*ien cf exnnrlmeﬂtal dnta. ha& ahasr
- ‘the relative importance ar scae of the 1mpaci regime pars.
gmetsrs which. include the distributiﬁﬂ of the par*i»le tmpact
' veleeitiﬂb, impirgément angle, and a@xovn’ratior. T par-
fticla parameters are the ﬁistribut&ov of ?artﬁc&ﬂ glges,
_Ishapes Ard Qusntitafive measures of pﬁisi*s‘ ard mechanicsd
'1prapﬁrtxes‘ The target paraa»’e*s incliude qyar'&!a¥iv¢ miA~
'VSﬂfes-of {ts phys cal and mechanical propert {es and *he
' cnndltion of the surfa”e before exposuro ?n tie erodsnr n'v‘
ronment. '
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The experimental data obtained for glass
bead impacts on glass plates have successfully defined the
operative erosion mechanisms associated with a set of con-
ditions which could be used to gain understanding for model-
ing the general erosion process for arbitrarily-shaped quartz
sand particles. The use of glass beads and ﬁlass plates made
possible the introduction of mathematical analysis to provide
a ratlonal basis for the inclusion of particulaf particie,
target, and regime parameters. This includes the influence
of particle size and velocity; however further extension of
the model to sand erosion of brittle materials requires
detailed information on the quantitative characterization of
irregularly-shaped particles, the contribution of a particular
size particle in a distribution of particle sizes to the over-
all erosion rate, and the influence of the angle of attack on
erosion behavior.

The approximate particle size distributions
used to establish some correspondence between the quartz sand
and spherical glass beads used in the controlled erosion tests
is not adequate to provide a quantitative measure of the geo-
metry of irregularly-shaped solid particles. 1In order to
evaluate the relative erosiveness of a given solid particle
environment it is important to be able to characterize a given
sample of particulate‘matter by means of simple parameters
which define the shape of the individual particles. A survéy
of the literature on classification of particuléte matter
which is of general interest in erosion research revealed that
there 1s no adequate set of parameters to provide a quantita-
tive description of particle shape.

Hausner(lg)

has enumerated several require-
ments for a suitahle method for describing the shape of a
particle. These requirements and assumpticns are listed

below as amended by Heywood(l3) and further modified here.
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{1} The quantification of particle shape
1s a three-dimensicnal problem, however
from the standpoint of practicality it
is treated as a two-dimensional problem.

(2) The diameter, or any other quantity
related to the actual size of the par-
-ticle, should not be used in the
characterization of particle shape.

- 7ﬁchape is s geometrioal property distinct

e from s*be ‘

'A\eLa?acrerizaticn.bfﬁparticle.sh&pe -

o~
[N )
" —

. must consist of a series of factors, -
the knowledge of-which should perait
Adraﬁing‘an approximafg sketch of the
particle, . _ |

. An additional observation by Hausner 's that even the best
_characterizaticn of particle shape will be an approximation.
He then proceeds to define three parameters which are descrip-

tors of particle shape: the elongation, bulkiness, and surface

factors. ‘These factors are not _ndependent of those proposed
by other investigations,

The lack of uniqueness in specifving +hp slze
of an 1rreaularly-shaped particle 1s discussed in detall by
Kaye<14) especially for particle with re-entrant particle pro-
files. Statistlcally-evaluated Feret's and Martin's dlameters
are compared for this case, Teret's dlameter is the projected
length of the particle profile with respect to a fixed direc-~
tion. Martinr's dlameter 1s the length of the llne through
the particle proflle parallel to a fixed direction which
divides the particle profile into two equal areas, He states
that Feret's dlameter, which is consistent with the shape fac-
tors propoged by Hausner and others, 1ls identified as the
dlameter of a circle with a perimeter equivalent to that of

«80-
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the particles, whereas Martin's diameter does not appear to
have a simple relationship to any obvious particle physical
parameter.,

A small portion of the quartz sand particiles
showr: in Fig. 3 exhibit re-entrant particle profiles., Kaye(lu)
defines a convex hull which does not include convex portions
of the particle profile and shows how Feret's diameter is
still meaningful based cn the concept of a convex hull;'-Thé
Involution of the particle perile'wculd_be the difference
between the actual particle perimeter and the‘peiimeter‘of

the comvex hull., In general, the majority of the quartz sand
pértiéles,used in this study are angulér with . small per-
certage of acicular particles: the percentage of acicular

particles increases as the particle size decreases.

The particle characteristics usually reported
in the literature nn sclid particle ercsion are the mesh-size

15-17) have

of the particles used, Only lead and coworkers(
included more detalls pertaining to particle characteristics

in thelr erosion tests and modeling studies.

After completion of an extensive testing

15) (16)

program( , Head and Harr
applicable to natural soils which includes consideration of
the energy transferred from the impinging particles to the
target, the natui= of the response of the target, and the
nature of the erosive agent including pertinent descriptors
of composition, angularity, hardness, and size distribution,
The result of this effort was the development of a welghted
regression analysis program (WRAP model) in which

attempted to develop a model

2

A=Tf (% , R, sina, cosa,-%, g) (28)

where A is the erosion rate measured In volume removed per
unit mass of dust, V is the effective velocity cof the mix, R
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is the effective roundress derived from a quantitative evsglu-
ation of the particle shapes, H is the effective hardness of
the dust particles, a is the particle impingement angle, R
'1s the hardness of the target, and E is the erosion resistance
per unit velume of target, Head and Harr use the effective
parameters which they define as the sum of the parameters
associated with the individual size components of the dust
‘welghted on the basis of the grain-size distribution of the
dust. A different form of interaction between the dependent
varlables was found for brittle and ductile materials.

The WRAP model includes the influence of
particle slze as a welghting function for other parameters
and a single factor, Wadell's roundness parameter(18), is
employed to characterize the shape of the particles. On the
basis cf the earlier discussion, this mode of particles char-
acterlzation is probably not adequate to provide good pre-
dictions of the erosiveness of a range of particle geometries
and size distributions. An alternative statistical formula-

tion will be considered.

The predlctive ability of the WRAP model for
brittle materials was not determined by Head and Harr(16),
however the predlctive capabllity of the WRAP model was sub-
sequently evaluated for two ductile metals (type 302 stain-
less steel and 6061-T6 aluminum) eroded by 220 mesh alumina
particles and 220 mesh fluorite particles(l7).' When the
model was adjusted for a higher maximum particlc velocity,

300 m/sec., as opposed to 18% m/sec in the earlier work 1mparted
by the carrier gas and changes in the dimensions of the blast
tube, agreement between the model predictions and the experi-
mental data for alumina particles 1s claimed for impingement
angles between 20° and 60° with good estimates of the maxi-
mum erosion rate; however, the general trend of the model
prediction - and the ekperimental data as a functicn of impinge-
ment ungle show little resemblance to each other. The
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comparison is less encouraging for the fluorite varticles
where the nredicted maximum erosion rates underestimate the
actual values by a tactor of ftwo for the stainless sieel and
a factor of four “>r the aluminum alleoy. Tt is interesting
ta note that the flucri'» particles with a Moh hardness of
4,0 and higher particle roundness ithan ithe alumina were sij-
nificantly more erosive than th- alumina particles with a
Moh hardn: ss of 9.0. 1In the case of 60G1l-T6 aluminum there
is nearly an order cof maeritude difference in the measured
eroslion rates for these two parlicles. The WRAF model predicts
that the erosion rate increases wlth pariicle hardness and
roundness. FEvidently, there are olher factors which must be
taken into account with rersard to particle cheracterization

and testing procedures,

3.4.2 Weirht-louss Data

The weirht-loss data for oblique impacts
were acquired under conditions which differ from those
reported for gsandblast experimenté. Tn the sandblast tests
the velocity of the airstream is held constant and the inclin-
ation of the specimen with the airstream is changed. Under
-these condltlons the velocity component normal to the surface
of the plate varles as the coslne of the angle between the-
“normal to the plane face of the specimen and the direction
- of the alrflow. The experiments conducted in the AFML-Bell
rotating arm facility were desirncd so that the particle-
impact. velocity normal to the plane face of the glass gpeci-
men was held constant. This approach would allow ¢ betticr
evaluation of the change in the effective erosiveness of the
particles with anrle of attack without introducing .l!ditioml’
-nonlinear effects associated with a variable. lmpact. velocity.
- Due toreiperimenfal difficulties encountered in obtaining
data in the runs for glass bead impacts, a nombérable gt of
data 1s not available for both direct and oblique 1mpacts.'
It is found on the basis ot the runs which can be compared
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that the steady-cstate erosion rates are the same towithin
experimental error for the glass beads impacting at an angle
of 50° and normal to the plane surface of the specimen. Dats
are more complete for the 90-micron quartz sand. To within
the degree of variability found for the erosion behavior of
glass speclmenz, the steady~-state erosion rates can be con-
sidered equivalent with the oblique impacts tending to be just
slightly more erosive than the direct impacts.

3.4,2,1 Direct Impact by 90-Micron Sand

From the sieve analysils reported in Fig., 2
the average lateral dimension of the quartz sand was found to
be roughly 90 microns, The flow rate for the sand particles
had to be reduced to 260 g/min. from the 950 g/min. used with
*he glass beads, since the weight loss for sand was greatly
accelerated over that observed for the 70-micron *iags beads.
The welght-loss data at impact velocities of 200 300 and
375 fps are provided in Fig. 28 to 30,

In comparing the weight-lbss’data'for:thef
sand particles with that obtained using glass beads, 1t is

"neﬂessary to take the different bead flow rates into account

In the present context the number of impacts per revolution

:'recordediin Table V would provide a better basis for compari-
son. Even after accounting for these differences the experi- -
- mental « CWdi*ions, the sand particles are found to be consider-ﬂ,

ably more erosive f han the glass beads

The géneral character of the weight-lo
curves shows that after an initial stage of uns1nady erosion
rate, due in part to the fact that the welght measurementq
are only accurate to 1 mg, and a probability for measurinp

"errors exlsts, a uniform rate of material removal 1s established

at each velodlty. The'values for the uniform erosion rates
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are plotted as a function of velocity in Fig. 31, The raw
data can be described by the following relation,

= (3.35 x 10710)y3:65 (29)

where I is the erosion rate expressed in mg/sec and V is the
impact ve3ocity in fps.

3.4,2.2 Oblique Impact by 90-Micron Sand

7 The sand flow rate was maintained at the
same rate that was us«d for the direct Impacts which was
260 g/min, MicroSCQpié_examinaticn aof the erbﬂed surfaces did

-not reveal any'dirferences between the damage due %o oblique .
" “impacts and that_associated with_diréct impactsﬁ '

The neight-loss data at normal impaﬁt

"f'anocities of 200, 300 and 375 ps’ are shown in Fig. 32 to-
23hs After & *elatively brief 1nit1al period of unsteaay mate~

rial removal & steady rate of- material vemoval 13 established

The steady-state erosian rates at. each velocity are recorﬁed

in Table Ix., The data at 300 fps appears to be-somewhat

~ _ancmalous, however the data at the other two velocitles are

canSistent'lndicdting that the etdsibh-rates'are sllghtly;

‘  h1gher fdr'cblique impaéts at an angle of attack of 50*.
“the surface of the specimans than direct impav?s when the

normal 1mpac* velocitv 1s held constnnt

. 3.&.3:_Microscop1c Exaﬁiﬁgtion

Microscopic examination of snecimens ?Yfﬁz

+0 U6 snd PY-82 to 55 for the direct and oblique impsct of

the 90-micron sand psrticles under the condittons listed i, .
Table 1 indicated that chere was very l1%tle diiference in
the form of the ercsior damage in each cage., A series of

N
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TABLE TX

STEADY RATE OF MATERIAL REMOVAL FRCOM GLASS
SPECIMENE FOR LIRECT AND OBLIQUE IMPACT OF
30-MICRON SAND AT VARIOUS PARTICLE IMPACT VELCCITIES

Frosion Rate {mg cer/unit area)

Normal

Impact Impact Impact
Velocity Angle Angle
_{fps) 0° 50°

200 | 0.100 . 0.105

300 0.425 | ~0.224

375 1.00 1.26
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micrographs is provided in Fig. 35 and 36 which shows repre-
sentative damage areas on the surface of rach specimen and
comparisons between equivalent impact conditions for direct
and oblique impacts. ‘'these areas were selec.ed in a random
manner, however & qualitative evaluation of the resulting
damage in each instance shows minor differences in the impact
indentations for direct and oblique impacts. The impacts =at
375 fpc are the most damaging, and this effect appears in the
larger indentations which are formed at this velocity. Quan-
titative evaluation of the damgze 1s required .n the modeling
studies in terms of speciflic characteristics of the particle
indentation: the distribution of size, shape and penetration
as a function of impeact velocity and exposure time. This
effert parallels that of characterizing the sand particles
comprising the ercsive medium end will be investigated in the

near tuture..

The progression of damage on the eroded sur-
face of specimen PY-50 can be seen over a limited range of
the exposure time in Fig. 37. The same area is monitored for
each time increment. Once a localized plt develops it does
tend to grow; however the nucleation rate ic high for the
sand particles, so numerous additional pits vill be formed
in the vicinity of the flrst one before it has grown appreci-
ably, However, ithere 1is stlll abundant evidence that pit
growth 1s preferential,

3.5 Liquid Droplet Impacts

A number of mathematical analyses applicable to the
quantitative eveluation of the transient stress conditions
which prevall within a material body when it is impacted by
a spherical 1liguid drop ere considered in this section.

While the complete mathematical problem for a drop sirlking
a deformable material surface at moderate veloclties is bevond

-9l
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b. 3’0 [y,

Flowve 2T Progressicn of plttire o ylany specimens
due to coblique Impacls by “G-mlceren aard
at a ncrmal impact veloeity of :T"’i) I'ps
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the existing state-of-the-art, a number of reasonable
approximations to the general problem are presented here.
Only a limited amount of numerical results are provided due
to the complex nature of the mathematical solutions which are
avallable., This research is only an interim report on the
advances in computer modeling which offer considerable potén-
tial for evaluation and development of material systems with
greatly enhanced erosion resistance. The required computer
codes will be compliled and developed further to achleve this
objective in future work on this program.

The erosion damage mechanism has to be established
for different types of material response. For brittle mate-
rials the magnitude and duration of the critical radlal sur-
face stress component may be the most imwortant factor. 1In a
ductile material the critical shear stress trajectories ,
would be more significant. The availability of data on tran-
sient stress distributions within the interior of the solid
- body provides a means for quantitative evaluation of the
critical conditions under which tallure of a particular mate-
ria’ system.lis likely to occur and to cvaluate the erosion
_resistance potential for materlals from computer madeling '
studies. | -

Table I lists the tests condacted on glass specimens N
'exposed to a standard rainfall of 1 in/br. of 1.8 mm drops
on the AFML-Bell rotating arm. Although the glass spccimens
1mpacted by glaes beads could sustain velocities around 500
fps without fracturing, this was not the case in the ratn -

~ erosion tests. It was found that rain erosicn damege on -
"glass was inconsequential ‘below 400 fps. In order to relleve
the stress applied to the speclmen ir the speclmen holder at
the end of the rotating arm at velocities above 400 fps, the
glass specimen was snortened and the specimen then bonded to
an aluminum backing plate to reduce problems with fractveing
of the ends of the glass specimens, This arrangement was

- -98-



adequate to acl.'eve the velocities required to produce erosion
damace by water particle impacts on the glass specimens but
not for the exposure times requlred for the acquisition of
weight-loss data.

The number of Impacts that the specimen receives in
the rain fields produced in the AFML-Bell ¢rosion facility
can be calculated in & manner similar to that developed for
solid particle impacts. The rainfield is constant orer the
complete area described by the specimen in one revclution,
This area is |

A= fr(rg“‘-r1 (30)

~where r1~108 in., rq~111 in., are the distances from the cen--i
ter of rotation to thp Lnboard and ou‘board ends of the speei-
men on the rctatinq arm. The number of drops per hour, N,_is .,

given by

. jwr~ . A-' . ,” :”::  vl
where kB is the magnttude of the rainfield 1n in./hr. and r

) _ 18 the radius. or a. raindrop. According to .Eq. (e2) (Reference L
1) the density. of ‘a given flow rate of particles in a gravi- .

~1tat10n&l field at- LY dis*ance below the point from which fhey

‘-lfwere released with zero 1nit1a1 velocity 15

where g = 32 2 ft /sec.2 and X 18 measured 1n feet Thé

‘plane of the *otating specimen in the erosion facility is

"about & ft below the apex of - the traJectory of the spray of .

'rluid drnplets. To obtain thn number of droplets the. specif'
* men encounters. per revolution, the density. from Fq.(3?) is
multiplied by the volume the specimen passes th:oug“ per
.frevolution. : ' '

g9
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where d 1s the height of the exposed area of the specimen's

N (33)

surface in inches.

For the aercdynamically-shaped specimens usually
employed in erosion tests on the rotating arm and exposed to
1 in./hr. rainfall of 1.8 mm drops, d = 0.5 in., so

Ny = .5 impacts/revolution

The flat-faced glass specimens exposed to the same rainfall
encounter G.75 drops/revolution. These estimates of the
Vimpacts the Specimen receives will be used. in evaluating the'
eroslon behavior of the materials 1nvestigafed 1n this probram,,'

3 5 1 Mechanics of Liqnld Drcp (cllinions wgth
utforrable Surfaces : -

The damage produced on selid surfaces due tc o

"ﬁfliquid particle 1mpingement arises from two sources: . the hig*:

;pressure which 15 generated over the expanding impact area in

© . order. to hring the drop toa sudden _stop and the hlgh-velocitv”f
;: ~1atera1 £1ow of the liquid subsequently escaping f'rom - xh«
'»_hign~pressure zone.‘ Detalled knowledge of the flow pafterns -

and impact pressurrs devoloped durlng the coll*sian of a )
liquid drop and a detormablc plane ‘surface 18 8’111 unavail- S

able. In this case ‘the governing field eque‘ions and hourdarve:ﬁ‘

3~:09nd1tions are ceupled and pose a - very difficult mathematival .
problem, While it is a 'formidable task to solve the ccupled -
B mathematical prohlem. approximations to the general phvsical

-'~0nd1tians can be made. ‘These alternative apnroaches fall
into three major catrgnries

100~




Evaluation of the magnitude of the pressure

sveloped at the interface between the drop
and the solid surface using a one-dimensional
shock wave analysis which accounts for the
compressibility of both the liquid and the
solid.

Evaluation of the pressures and defcrmations
assoclated with the drop assumihg'the solid
surface ls rigid. ' '

Evaluation of the stresses and deformations
within the solid after preseribing a prné~,

- sure distribution whieh ¢ assumed repre- - -
sentative of that develaped at the 1nlerface L
Lotween the drop and the surface of the |

~s0lld st gome stage 0 the vnllision proccss.r.-

A number Qf hibh-speed photnvraphir 8tudles\u 17~33
FT(?“’ifi{-‘ quali &fiVE 1!1815{,’121 1!“‘;0 *he phﬂnmpna assogiated with :

 ~A]‘fh= ‘zingle impact of 2 liquid droplet ¢n a diformable surface.

5;qu;1d rets sxriking a selld. sur'acp at 9&00 fps exhibi'pd &
o.r irs *LMe of lus for ‘hﬂ paak- prﬁsaurp to be ob{ained which
-__§rﬂn denaged to a much Towsr- value within 2 to 3uw which {s _

Cthe time 1t took reloaqe wa\és ta propsgaae inte the 1nterinr =
"i?a? the Jjet, (20) The Jet contirues in iﬁp!ﬁ‘ the nurf&ce for N

‘Tanﬁgaer °0us. however the liqu!d,snlid irterracial pressure is

‘n_tfaf &. greativ reduced 1eva1 A§§ﬁﬁﬁﬁ 1o be equal to the stagna-

"~11cn pres*urﬂ alon8 the axis of svmmatrx, The- experimental data
on sphe*irai ‘droeps gt riking a $Glxd aJrfacn £t111 cannot pro-.
vide a quantitatXVQ piviurv o the tnmgérﬁz magnitude and dxs-

tribution of the llquiﬁ go*id iﬂ* ¥4 %zax presavre, '

_ praileu aﬂal”f ‘a1l studlsc hav» onlv been
‘provided for the pressure di“,ribu fon due to a liquid drop
striking fmuuth rigid aur'ar;'" u"3°) Nuang(?q in parti-
cular has prﬂs-ntea inp mfug Lumplete mto:anlvs analysis with
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- few degrees.- “runton ard ~Camus

"vkhé ratie nf \ﬂﬁ 1s‘era4 {E?«igﬁ‘“éluﬁity tcAvr» impacA ve’o-?
: jﬁ**v desreases as *hs impact yg*ac EXy incr9a30£._ aﬁ@% St

- §‘o?€r
L ‘ u“r&‘,z&\ {}i

computer solutiens to indicate that time-evolution of the
1mpéct pressures and lateral outflow at impact vzlocities of
980 and 2450 fps. Huang's ‘calculations support Engel's con-
tention(2u) that the pressure buildup and lateral outflow
occur'simulﬁaneously after the initial contavt ls-mau:.;,' _
although the jettirg is nor ‘appreciable durinb the parlé stage
of impact. This contradicts the more widely heéld opinion of
Morris(gs}, Heymarn( 7),Aard Bowden and - Field(h) that. Tateral

flow rannot hngih ~pfore the tcmpressien wave in the fluid

moves ahead of 9hp-CirCU1ar boundary Hrtwenn the drap and the"7

solid surface. At apprnximatelv 300 tps.'*hesL ca‘culafinne

'1ndtvatp that tnetrritioai edgn angle is on the order oF 8

{2 3)

yraphic evidence thct undcr these conditiens Ui Lrifival

, howsver, profidw phutc-.,'

>;anble falls in the range mf Prom 13° *@ ‘9“, ar the radiur u;'
T tre v"nyac* area at ‘tanis paint is" frcm 0,23 to 0,33 times *»p:'
_radius ot the d“un. These re&ults are zﬁnsinten* with the = - ,
. j'ime~dppendeﬁ* drop. ﬁ@nfighraiians cnmpg*ﬂ& by'“hang and sup-fi'
'1 ,Pcrted by tﬁa\rcmpﬁz§? afiRly vele of. Tylert | o

PR . R L

RS

Eusng's resul"ﬁ‘fqg'm‘ é.sc 1 alf‘ate m&z

effect 1§ evissnt Xn the shctrbfhphic afudy o(; enki%s &r$

X LG
{‘g} ﬂhere sA‘c 21 -mm drogs Weve !ﬂpacteﬂ b Y @teel;

,V$lnai?V'T§*iﬂ of:. 300 Lo 3?%@ fpa. 4 plot at’

=3

'_ls*erﬁl “§leﬁii; as i fun*ticn ar *hs(&mpac‘ \éloaitv whnwa ,
‘1*&&\ *he ratis ot the veloci*j of LﬂL“f&l ﬁgfflay: o the velcx

city & f@:§g3c~ iz apprcximatel & at an impact. "Pl?ci;v er«,~-
2 -

- 3004 *psAxhi 1Y is only 2.4 at 2500 ?és.A Fyell's mear
"“i%gzss*ement or-radtal outflow for a. 3 &m drop. str!k@na a-plate
'rfksgxymsibvigé Haoceylate at appr@xiaa\exy IOFQ fps reaulted

in’ *éugﬁ}V'*ha same ratic between *ha radtai eutflgu and:-ina

-_norﬁgl iﬁga\t valﬁéitg a5 Tound vg Jﬁnk{nggaﬂd Sgoker.;;.

s

R . S . D . L - g Lot
e T -le.-~;~" - E 1 T s




S 0, € wataate. s

o Yo
.<.¢Funvon and Canus<e3’ ‘have also provided .

ono o rapxir cavitat ion ‘bubbies within an

WS, o s Wi ot e BE e ek 2 e e -

VR

ffgul*s trom the expansion of the com-
j;s flow begins. Brunton and Camus
liqmiﬂ overahoots and a negative

_ face %rovagariwr into the liquid as
g9 a *e $ion i ‘ jﬂg"fiv_:,mpvsasiunawave. .Cavitayich

)

S x;.i;, f-ﬂ A* : ‘ wvaﬁ *hn rear face of the
pactiss drdp : Lon. of the impact pressure

he pee “!‘i‘é!)ﬁt‘ o

B 3 p"i in&llf “*igcs?ed.hy'
- the Lumvyigél caléu!aﬂ 
. “the phevographic |
;;' ﬁ?mm@gatgr’drﬁp‘tﬁpaéts
e ¥ #ﬁﬁ‘?gs;ﬁ;d .
L ‘*ra~ %h@”greasgré
s rompare favorably
ralrdrop sellisione,
Rusng's analysis
; W the dynsimics of &
?hﬂ pressure dis*r!wutlsns
;a.aaﬁ &a&‘ial soordinates
T 'ﬁes w& wsu‘§ 1ike sg.ﬁewﬁisp.' |
. ¢ :' . f'f-P-Lﬁff%ﬁé ry ai%'\r'urasini*s ﬁ&“‘bQ f@uﬁﬂ i the

Vo
X

ﬂ~“ ‘1%3?&*:rr~ 2o ésgﬁins.the h&*ﬁne of the prasgure 43.trivetion
*whic% dpvcwnps ﬁ? & ¢§§ﬂ surfaee i&pae*ﬁd by & liguid dvﬂpiei.
L LJ- Tha magrd & 1de’ of R pﬂwsgurﬂ sulse transmitied to A defore-

RSN ﬁﬁiﬁ ma&wrigl hy a 3§qn§§ Arop has deeh evalusted in t¢r§s ,
',-}5:~c,;*h§ a&aus\ic *ﬁg@dﬁn@ of the 1lguid wid the solfaw ﬁierial.
h,.;.“‘-\. . A . N “\Q\S; \.
,. oo 0 . - i ) .

s o e A Aot st i e




pOCOvO | i )
o= - 34

where [ and pl are the respective denslties of the liquid
and the solid and C_ and Cy are the acoustic velocities in
the 1iquid and solid, respectively. V _1is the impact velocity

of the liquid droplet. Tnls apprcach 255umes that a uriform™
pressure is Impulsively appli.. cver the entire plane surface
~of a semi-infinite half-space. Tt 1z found that t2 lonal
impact pressures In-rairdrﬂp 1mpawts'k‘ moderate veloritics
are of a mamiinde that the ?1qu1d is ”OﬂpEPSS“dAﬁefﬁrﬂ lateral
ou*flow is init*afed The»vglosity of sourd, €, will be
ircreased due to the change iﬁ ﬂe'51ty.7 ”1~me ntary shock wave

h } PR ,
(e tﬁ»esflmate the magnitude

theory was employed b Worr1«
el the tni 1&1 presrure te smitted_tc ¥ seild under these

‘ﬂ@bdi*ioﬂs.

VJn%ng’ﬁ ﬂumer*cal ipﬁzca"“ ievigeﬁ for
eb*&ir‘ﬁ¥ q tle s fve sg¥ lma¥@s ; g2 dit r*bu* an
.aqrn«fatpﬁ witi 8 cnhpfeaﬁlble ‘1Qx§d Armn &* r*%inp ﬁ_fi 4}
sur’a‘ﬁ ird;ra’es thiat a. h*%it“*@*iﬁﬁi prﬁsstrh ﬁi%*"ibwrivﬂ'

'g*ihé"aréﬁév

; Prﬂdr~iva“es during fhv'“ﬁr“ Pa?iY s*anws of “ﬁo ”alliszxn.
e msximum value of the Bress rt
AL iﬂra;: Ak ﬂ&&?*ér S on &fri
"iﬂﬂ g é*t% r're uni’ar& C2 4

;i“ 'ﬂe ﬁa“‘$'a e

. ,.:1{ .?: 3’32}\} -(-.{».\1'»:._-_

ot 4reﬁ.**

:h» p?@ '“rﬂ

ﬁﬁ

_,ni“n.ﬁeﬁrgaagg;’
:_‘3?‘)""} 3{&*31.‘

~'.“ef§1d£rine'i' '.

‘ ”7 1% 15 Toun 3 S
*:m«x;au& é EBUXYE '_)app*nx! ixkﬁ‘p@5®‘n,
:‘numerisa! resal*s‘ e d ’ﬂé;c te z&& Ahe wExd mum - prrwsu D ﬁgrs na
3"‘0&’*‘1 Q8 {s QS? E‘ 3‘ ‘§ TRave TEew (ﬁ’r?&n.}.é fara

# ¢
. oot ‘ ‘ _
'riﬁ&d «u f«ﬁe a&@ f‘“rﬁrﬂ rép*@s»v4-33~ msxﬁmua galusn L8t

L Are ;5k»1f *u‘\nf:r' fya p?ﬁﬂaurr ,»r*oah»\ o n deformable




§, surface, the lccalized contact zone will be depressed; hence, |
) the_felative velocity of approach of ‘he 1iquid is less than
what it would be for a risid surface, 7
o P i
< . , ) . _Blowers/32) Investiigzated the propagation of |
o . stress waves in an elastic half-space subjected to a uniform
ey ’ T ' pressure P dﬁétribu*ed over an expanding circular region on
f; 'its surface whose time-dependent radiuc is drduced from the
Z%f tdealized model of a compressible drop striking a risld sur-
: race depicted in ¥ig. 3°. If the impact velocity is v
_ thpv the radiun of *he con*act area, aft), inereases with time
. o gccerding te the relation |
1 S alt) SRRVt (V] M? (3%) i
witere R 15 the radlus of the spherical dreop. The radial velo-.
) cits of the expanding contact area is ' '
o o L (R-V LWV - ' rain
T R - . &) -*"\/c” T ,‘.)? — 134
- ‘For small values of t‘cnﬁparéd to the durativn of the impae:
¢ . ' : o ‘ '
. B - ‘The pressure distr%ﬁu?iég'an_fhe surface of the solid {37
‘ ' sdopted by Rlewers 13 hie analvsis fs of tn. Carm
) F(r.t)'&'F for r?kt}: ' Fasiy
, i {3y
" = ¢ for kYo '
The magnitude of P has 6 he preqrr‘*\d and 1s taken ‘o bhe a %
~ known quant ity. |

rhe vn‘ovi N of the rxpardiﬂ" circuiar houndary
is 1nitxa11v sapersanlc hut decr»asee as i"T. The disturbance

30 AT A o AR e n P S oo
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Y R
Sphericat Drop

Solid Surface

Timet =0

Figure 38. Idealizvd Model fc  Evaluation of Time-depeadent Radius of Expanding
Contact Area for a Spherical Drop Striking a Solid Surface
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experivriced Ly e 2elid medium will then be due to the pro-
1 the
propagation of & distortional, or shear, wave traveling at a

paraticn of & dilatatiorn wave traveling at a velocity c¢

velocity Coys ana 1 Rayieigh wave propagating along the surface

at a velocity ¢, whieh »v -lightly less than Coe
1 = VRTE (I-29) (39)
/B

e =\/m1+v$

where T 1s Young's modulus, v is Pcisson's ratio, and pis

the density of the medium,

As long as the boundary of the loaded region
ig moving at a velocity a(t);cl the radius of the disturbance
will be the same as *that of the 1lsaded area. When a(t)<cl,
the disturbance will move ahead of the load and will continue
to travel at the sonlc velority of the medium. The time at

which &(t)=c, can be determined from Eg.(37).

1

2
Ty = (5%7) ~ (L4e)

For times greater than T Blowers displayed the scluticns for
the deve.opment of the dilatational, distortiqnal, and Rayleigh
waves as they propagate shead of the loaded area along the
plane surface of the elastic half-space. Limited numerical
results are provided for the case when (cg/cl)E = 2/7 or

v=0.3, This value of Poisson's ratio is approximately equal
to that of gteel for which cy
that the transient radial and azimuthal surface stresses at
time t = 871 are primarily compressive with extremely high
tensile stresses found only in a narrow band immediately behind
the Rayleigh wave front. Blowers comments that although
extreme radlal tensions arlse, the extent of the radial dimen-
sions in which they occur is always quite small, Thus each

= 19,500 fps. DBlowers snows
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point experiences the criticel tension for an extremely short
duration., Blcwers conjectureszthat this result of the analy-
sis tends to raise dcubt in ﬁhe,effectlveness of the Rayleigh
wave as the cause of tiquid Impact ercosion damage.

" Blowers' analysis assumes that the magnitude
of the applied pressure is constant over an expanding circuiar
arez. 1In actuality the magnitude of the maximum value in the -
pressure dis:ribution and the form of the distribution is
chaﬁging with time. As indicatéd earlier a fluid mechanics
analyeis of a spherical drop striking a rizid surface has been
provided by‘Huéng(eg) using a numerical scheme. The results
from these»computatibns sgree favorably with the existing
ervperimental data, Tue pressure distributions at the ligquid-
solid interface, the isobaric distribution within the drop,
~and the radial velocity of the contact zone have been computed
as & function of a non-dimensional time unit and the spatial
coordinates. Computed results are available .in Huang's
thesis<29)ffor a 2mm water drop impactirg at 980 fps. Under
thése:conditions one dimensionless time unit, TH = 1, is equal
to lus. For these impact conditions and taking the solid
medium to be steel in conformance with Blowers computations,
£q. (40) ylelds

| 7 = o2k x 1077 gec.

Vfre

for k = 2.544ft/(sec)

The time-dependent radius of the loaded area
computed by Huang for the non-slip boundary ccndition agrees
exactly with the radius obtained from the simple model used
o, -~ lowers and glven by the relation in Eq.(37). The radii
corresponding to the full-slip boundary condition also employed .
by Huang differ by less than a few percent from the values
based on the simple model. This agreement is found to hold for
values of the contact ares radius approaching the radius of
the drop.
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The computer models of a compressible liquid
drop striking a rigid surface provide a reasonably accurate
approximation to the pressure distribution_applied to a rigid
surface, while Blowers' results provide a quantitative evalu-
ation of the transient stress distribution within an elastic
solid subjected tc a known uniform pressure distribution.

~Although the exact conditions prevailing at the interface
between the drop and deformable solid cannot be analyzed
directly, the two appfoaches'above can be combined in a way
which provides at least a reasonable approximation to the
coupled problem. For extremely low impsct velocities the
pressure dist~ibutions obtained from the droplet models can
be used directly to ascertaln the response of the solid
medium. However, at impact velocities which are sufficient
to compress the solid by a significant amount, an elementary
shock wave anélysis of the interfacial region can be employed
to estimate the magnitude of the pressure transmitted to.the
solid.

In reviewing Huang's results it is seen that
the pressuré distribution is hemispherical up to the point at
which the maximum pressure 1s reached and then it assumes a
more uniform distribution as the magnitude of the pressure
subsides with the onset of substantial lateral outflow., In
order to employ Blowers' analysis, the applied pressure dis-
tribution during both periods will be assumed to be uniform
and have a magnitude equal to the average value of the actual
distribution.. The fluld particle velocltles corresponding to
this préssure can be determined from the Hugoniot relation
for water at each instant of time. The procedure is illus-
trated in Fig. 39. A family of curves, reflection Hugoniots
for water, are generated and plotted as shown in Fig. 39(b)
with time as a parameter. This approach &llows the pressure
pulse to have & finite rise time in conformity with the two-
dimensicnal analysis for a spherical drop, The conditions
prevailing at the interface between the drop and the solld
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Figure 39. Evatuation of Pressure Transmitted to
a Solid Medinm by Liguid Droplet tmpacts
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medium are approximated by plotting the pressure-particle
veloeity relations for the impacted solid on Fig. 39(b) as
shown in Fig. 39(c). Assuming the pressure and particle
velocities are continuous across the interface, the points of
interaction of the reflection Hugoniots for water and the
Hugoniot for the solid provide the instantaneous magnitude

of the pressure applied to the solid surface accounting for
the compressibility of the solid medium.

A falr approximation to the spatial- and
time-dependence of the localized pressure imparted to a deform-
able solid by a spherical liquid drop impacting at low to
moderate velocities has now been achieved. The magnitude of
the pressure distribution can be used with Blowers' analysis
to evaluate the translent stresses which arise in response
to the disturbarnces propagating into the interior of an
elastic half-space, As the magnitude of the pressure increases
it is possible that finite amplitude waves’ will pvopagate into
the solid medium(33 35

Recently, Peterson(36)“advocated'the reduc- .
~tion of the transient 1liquid droplet problem to a quasistatic
analysis based on the Hertzian theory'bf impact 1n_order'to
evaluate the respcnse of the target material., On the basis
of Huang's computer analyses, he assumed a hemispherical dis-
tribution of pressure as reprewentative of the loading

_conditions during the period of: pressare build-up. Peterson's

',rapproach would be valid 1f it could be established that the
qu&sistatic stress s*ates are atfained quite rapidlv after
the passage of the Ravleigh surface we'es. : '

Once again we refer to the published results
of Blowers applicable to a uniform load. applied to an expand-.
ing.contact area representativo of a spherical droplet colli»'_
-'gslon. For.a very short time interval ‘after the Raylelgh wave
,ipropagates ghead uf the moving periphery of the lo&ded area.'

flll- '




both the radial and circumferential stress compcnents are
tensile and of unequal magnitude in the region between the
Rayleigh wave front and the boundary of the contact zrea on }:
the surface of the nalf space. The static solutiou for a
uniform load acting over a circular region on the surface of
an elastic half-space shows that the magnitude of the radial
stress and circumferential stress components are equal but
the circumferential stress is compressive while the radial
stress 1s tensile in the reglon exterior to the loaded
area.(37) In principle it is possible to evaluate the form
of the stress ccmponents at larger time Intervals using
Rlowers' results, however access to hls computer program has
not been established at the present time. The validity of
Peterson's hypcthesis that the statlc stress distributions
~can be used after the passage of the Rayleigh wave to esti-
.mate the response of *the target materials to droplet impacts
can therefore be tested directly. Poth Blowm's(j ) and '
'Eason(38) point out that the static values. of the di<place~'
ments are approached- qui*e rapidly along the axis of svmmetry
_-of the loaded area. ' ‘

. A significant amount of additional work 13
}required fo obtain -an operatlonal computer eade which will .
'prov de’ meaningful quantitative results. - However, such a prn-j
gram would properly delineate the conditions under whivh 8
q*atio analvsis is acveptabln and those for which & transient

stress wave problem must be wonsidered._ The three-dimensional a

elastic analysls also provides more aovurate evaluatiun of

| ~the magnitude of the stress oomponent~ within the solid mediur  "

than the elementary one—dimensiunal approachus that have been
‘prevalent in erosion studies. Havine more dccurate approxi-
matione to the maximum stress state the sollid must endure and
thelir dnration will lead ~~re efre"*ivvlv to the de»alxwment
_of realistie connectinns with a mat(rial 8 mechanical and
physical properties, fracture behavior and microstructure.
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3.5.2 Experimental Erosion Data

“Thenn the same specimen holder used for the
solid particle impacts was used in the railn erosion tests

without additional modification, the glass specimens exhiblted'“y_; 
a strong tendency for cracking in the early stage of each test;f~ -

A number of changes were made, however only a limited amount
of experimental data pertaining to liquid drop impacts were
obtained within the present program. In subsequent testing

smaller 3pecimens wil? be pmployed set in a thick polyurethane-”

support ‘which is inserted into the existing specimen holder
at. th~ end of the rotating arm.: No weight-loss data were
obtainéd since the specimen fractured before more than a fow
weiqht measurenents could be made. '

The cumulative damage on thg surface of

7_specimen PY~1 was negligible after an exposure time of 40
‘min. - An occasional microscopic crack could be found on thp

surface, but it appears that the 1mpact veloclty of: 300 fps_{fi

is not surflclent to produve extensive surface cracking.
1The fine cracks which did appear did pot- show any particular .
»inharacterlsflc which could be. related ‘to the pressure dis-- "ff°
rtrlbution gnnerallv assumed to be associated with. water drapf,A2
- let callisions. A small number of flaws must be present on
. the surrace whiwh are of surficient ‘size to extend to low-~
?Q'power microscopically obsarvable cracks” at th pressures |
- developed bv a drop 1mpa¢flng af 300 rps. |

Spcqlmen PY-2 snnwédla'sparse distribution . -

- of microscopically visible cracks penetrating the interior
of the specimeni There was some tendenoy tnward a concentrlc
- . ring configuratl 1on with at least a portion of the cracks

cenleredraroubd an identiffable origir. The slope_of the

‘fracture surfaces extending into the specimen provided some
idea of the direction of the transient stress pulses generated .
by droplet collisions. rlosed curves where the internal
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';'forack'inter89cts the surfece were found on the surfaces of
~ specimens PY-2, PY-3 and PY-5. The curves were quite irregular
-and did not have the circular form observed by Bowden and
"Field(*’ for jets striking glass surfaces at considerably
highe* impact velocities., The lateral dimensions of the closed
regions ranged from a few mils up to 13 mils. Some areas
did show a slight tendency touward corcentric ring formation
;wi*hin pie ~-shaped regiors with an included angle in the range
of 45 ta 60 degrees. Several cracked regions on specimen PY-3
_;originated at semi- circular cracks with radii around 2 to €
“mils, . The cracks penetrated 60 to 80 microns into the bulk
'ma+erial Tt is estimated that the fracture surfaces are
] _; Cinelir ed . at angles from 29 to 38 degrass to the surface of
":i~,thn opecimen. | |

o The magority cP the «ubsurface rractures had_
' *haracteristic form., The fracture Shrface extendinp from ,
" - the surface of the specimen into the bulk material was very -
fjxsmooth for a shert Alstance below the surfave anﬂ *hen exhi-
o ri?ed A hackled appearance for the remainder o“ 1&5 extent,

, . - A _ Fine-acale chipping inltiates throqgh the. , .

'liintersoction of ‘the random crack formations on the surrare. _.7f
'.i:f“pphimen PY-5 gave some indication of the lonher-term er\sion7

. behavior. Four large pits which were 0,1 to.0.2 in. wide

!j,wern presont on- the surface before the spe*imen rractured

"f At 500 f'ps the material removal mecha:icms ar& Quite pre--7
*f ;rerent1a1 and the erosiqn procesv confonms ta tre funﬁamebtal :

-'hfpnthesis or the erosion model. ‘ 3
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4.0 GENERAL FPOSTON MECHANISMS

Table X lists the erosion tests conducted on ultra-hign
molécular-weight pelyefhylené; a nickel-conated epoxy composite
and a graphite-fiber reinforced epoxy. The specimehs were
"exposed to a standard reinfield of 1 in/hr of 1.8 mm- dTnDsA
in the AFML-Pell erosicn facllity. The QO-m;eron sand des-
eribed in Sec*icn 3.1 was used for the solid particle erocive
mdeium, In all-nf-nh_.veats the flow rate was eﬁoAggmin,

n, 1 Frosion of Ulfra High Molecular~We1ghr Polyethylene

‘A geries of flat- faced and n*andard aerodynamically- .
flshaped polyethylene specimens were subjected to the standard )
A‘rainfield (1 inhr, of 1.8 mm droblets) any. the 90-micron sand -
"characterized in Flg. 2- and 3 The ultra-higb molecular weight
(uaww> polvethvlene is- Hostalgen GUR. supplied by the American .
~Hoechst Corporation, The flat-faced polyethylene specimens -
'were rectangular parallelepipnds 3. Egzin x Q 5 1n. o

”, The masnitude o ﬁe erodlng area ls d*fferen* on o

-,';taa sur:ace or each specimeﬁ ronfigura*%cn. Ths erodinv area

]»';ror the flat fared specimens is 2,25 8q. 1n.,(3 0 in. x ..
0,75 in. Y ‘and r¢r the aes advnam1¢ shape 1t is 1 25 sq.,in..‘

."ffﬁowevar there is an anguiar affeﬂt due to 'he curVaths of -
. ,,the aerodynamic sﬁape which wakps a direct compar!scn between & |

ach Specimen ccnr guration Bonewhat Aifficolt; The rlatafaceﬂl-f
p*cinens were uspd in an. a»tempt to el*ninate the. 1nf1uence ‘
of this curvaturs on the srosion rates and to 'acl‘itate the
- nicroscople exawinatlop of_ghg-ercsion damage.

- The surfaces ef the pol&ethvlene specimeﬂs were

:“pollshed befcre *ect;ng._ The condition of the - 1nitia1.sur~j

' faces before testing 1§ shown in Flg., 0. A point was reached
in the polishing operation beyend which additional polishing -

of the surface did not produce sny reflnement i the surface

condition on #-mirroscop$b-1eve!. '
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"Snrm of the ervsion mechsnisms .chﬂrative in these ma: erial -

L preesrined mite
,.gsparticuﬁar maxnriaﬁ 5‘%*Mﬁ,‘&vp zes 11¢vnti “ted ard descrsha
”~&r&lv : '

Rain eroa;or ’es 5 or three %pecimens of

'pol»e ylene at 500, 730, and 1120 fps indicated that the

’.;{time scale for which a. partiyular erosion mechanism is opéra- ]
Ctive in thege speoimans is cnly contracied or expanded as the
~© impact velocity is 1nnreased or decreased but no chanfe s .

: _evidént *r'*hp seQuenﬂe f onerative eroqion menhanismo. It

o . was theretcre decided e conduct the’ remaiﬁing contr011ed '
:;jferesian ‘tests at a single velocitv insfead of &~ ranﬁe of velo-
‘_gfcities in order to concen itrate on descr$b1ng the erosive
‘itbwhaflcﬂ in more de*all *han would be possible if each speclr.

7 7aen;ya§ run a* a different velogitg¢ Thig abprnach is edopfed
tfffﬁ~§11'o? ihe:inv@s%ifa?ihns,p?'eréslgz weehanlisms fqrf”Hv:9A~“'“
'ra'erial vsfems censidersd in. %hi: reﬁwarsvf" AS long'ae the

xa*rms\ are. nat *tpe:danc'o "wv parti e ,upaﬁ*‘vL1m~ztxn

%t V*ifcltf-depv*Q{P=§ ‘r the gr\ﬁivr ra*ﬁ& can be va,il
e “ﬁquvﬂﬂb t? ﬂrﬁk‘ﬁr mv"harlsmﬂ *r a'

Q&.‘}J *

‘6~ tﬁe Qnrruvnamicsxlv-shaped spPCIMens

*kﬁ Sﬁﬁ *ﬁ the & &r&ard rsinfiﬁ id &t impant veloeities of ©.GU,

S srﬁ N;:S “@ﬁ ity wa Cﬂﬁy that 4t 500 fps no welght leas
i Y

was receed aftﬂr an’ rxpcsurn time of 10 minutes {specimer

35} and at,llgﬁ [ps th# welght lows was toc large alter 30

- sexonds for detsiled investigatfons of the evolving erceiern
;nécﬁ&mismn,"_Tﬁergrnré 730 fps war selected as the mes! cutts
ahle vtlnciﬁy'fﬁr"chtuining aeigh{-iﬁss data and for inves* i
. garing the erosion mechaﬁiéms repponsile for material removal,

At 500 fps no welght loss was recorded for the flat-faced
specimen, ¥%, after 1 {O-minute exposire time, however & 1ow
density a?vsmali plre, luss *han & sils fi dismeder, wers
verinnine to develop on the surface &t *hizx time, '
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Weight-loss curves were obtained for bott:
specimen configurations at 730 fps as shown in Fig. 41. The
data are nct corrected for differences in the areas expnsed
to the erosive environments.

&t T73C fps a uniferm distribution of flbers
were raised from the surface of specimens E8 to E10 after a
very short exposure to the réin environment, After an expo-
sure of three minutes small pits began to appear on the sur-
face of specimens ES and E9, The average size o:f the pits is
rive mils. The mechanism by which the pits are formed appears
to be the ralsing of portions of the material surrounding i
small crack in the material. Several pits are devold of this

-raised portion, but it has apparently been forn away during
§ed pors _ p :

subsequent impacts. The interior of the small pits show a

- fibrods cemposition alors *he walls but the base of *he plt
"is venerally smooth, The pit density on the surface of the
sbecimen i{s not very creat. A strone tendency for the pits

B

which were rormed 1o Srow was clearly recosnlzed In the sul-
. sequent misrographs, SHequences of growth tn thege speclimens

cay be soen in Fig, 2 to U4, Permanent .detormations an the

surfacc of the speciwns were also cbserved af'ter an exposure

t{me of ten minutes, Limited welght-loss data have tren
ohtained for these specimens. The surfade o the gpecimens

‘at the end of the tests were very rouigh, nowsver Lt did net
“appear that any hew meshanigma ware ﬁeing'écii¢agﬁd gy this
time. The preferential growth of pitted rggiens wgs'stili
_prevalent, ,Fflar fo thls time 1t was chgerved that tna line

dopressions In thes rurface d1d provide gites for the sddi-
tional removal of meterinl v tearing piotes rrom the

'supf&cé. This erozicn procsss occurs after the formation of

disrrete pits and can he seen In Fig. BG{ey.

§.1.2 nmnd Frosion

The sand eregfen of ‘hie acrodynamic-ghaped
speaimens of pulyethylens was investisa'ed uainge the emicron

-119-
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() Exposure time 1 min, (110X)

(b) ®Exposure time 3 min., (110X)

Figure !> Pit growth on the surface of polyethylene

specimen E9 (730 fps in standard rainfield).
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(c) Exposure Time 7 min. (110X)

3 (d) Exposure time 15 min. (110X)
L

Flgure 42 Pit growth on the surface of polyethylene
specimen E9 (730 fps in standard rainfield),
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(a) Exposure time 3 min., (110X)

(b) Exposure time 15 min. (110X)

Filgure 43 Long-time pit growth on the surface of polyethylene
specimen B9 (730 fps in standard rainfield),




(c) Exposure time 30 min. (60X)

(d) bxposure time 40 min. ](GDX)

Figure 43, Long-time pit growth on the surface of pol ethyléné ‘
: specimen rg (730 fps 1n standard rainfield . :




s BRI %A\. ...L X

(a) Exposure time 7 min, (110X)

(b) Exposure time 15 min. (110x)
Figure by Pit growth and coalescence on the surfece of
' polyethylene ‘specimen E9 (730 fps in standard
rainfield).
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(¢) Fxposure tine 30 iim, (110%)

{d) - Exposure time 40 min. (70%)

Filgure L& Pit growth'and coalescehes on the surtace cof
polyethylene. spectmen EQ (730 fps In standard
raim ield} : : ' :

A T




SUBEE G a i . --\

sand at a flow rate of 260 g/min. and an impact velocity of
880 fps. The welght-loss data are plotted in Fig. 45. It
i1s seen that a steady rate of erosion is quickly established.
This data can be compared with that previously reported.(39)

The sand erosion mechanism is quite distinct
from that associated with rain droplets. The permanent
indentations of the sand particles are readily identified along
the leading edge of the specimen and the cutting action. of the ;
par*icles can be seen along the curved sldes of the apecimen._.

" Most of the material removed from the specimen occurs along
' the sides of the specimen between ‘the ‘angles of. 20° and 50°

as megsured from a plane passing: th*ough the longitud-nal

-"'8X1o and 1eading edge of" the specimen..

u 2 Erosion of Nickel—Coated Glass-Fiher Reinforced
' Eroxy _ . o P
' A series of eix specimena of a nickel—coated glass-

L fiver reinforced epoxy with costing thicknesses of 3 and 6.mils
AﬂffWere exposed to rain and sand eroeion environments._ The pre--~fra
-;,_,7'paration ef the apecimene is described by wegver(“o) The o
: .,f;gpecimens tested,_as recorded in Table x are the soft-nickel r:, .
'*;Icoatinss.,-;' T o T

The initial condition of the surface or these

A;";:lspecimens 18 indicated .in Fig. U6, The surfacea are. moder- ;T~~”

R iifately rough with ‘he 6 mil coatings being cocrser than the

- 773 milcostings. wo types of initlal surface features'are ~ '
'"nk_fobeerved-‘ amall clyindricai protrusions and extended pite._-f Lo

k 2.1 Rain Erosion fff s
Two specimens, D-1-3 with a 3-m11 cocting

::77and D-h-6 with . 6—.11 coeting, were eroded at 730 fps in ”?:-*-w o
'T—;tne standard rainfield It was evident from opticni microaopic,}

Ao
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Fipure 6 In{tial surfane cunditicl of nickel-coated
: © o Zlagsg fiber refrforesd spoxy specimens,  {(110¥Y
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'examination that the surfaces were experiencxng very tine-scale
fplastic deformation without pitting. The initial phase of
- the erosion process produced a distribution of. cracks on the

surface hnich only extend a portiovn of the way into the thick~
ness of the coa*ing. These fractures generally occur most

-veadiiy &t the base of the protrusions which are initially

present on the s urface., The cracking becomes,more «xtensive

- a3 thp _exposure time. increaSes. Over the duration ﬁ?,these

,_:tests no weight loss was recorded -'Cn a hiérdscopic level
’there was no evidence of eny e?osion mpchanisms wilch woulé
?nontrmute o "tat;azl&l removal. .

Failure occurred 1n specimen D-1e3 at an

: exposure time or 15 minutes by Iocalized bucxllng of fh- ,
~ coating at the outhoard end of the. specimen. The. overatl con-
~ flguration of the failure s shown in Fig., 47. The buckled _ H
L r*ﬁ&es extend 300 tc 400 mlcrcns above the wrface of the coa?-_f
. ing. }ig. #8 and 49 show the cracked reglon surrcunding the
,_';ridges ag well as the QBVQIOPMQHL of pite which exterid well
- into the coating and 1n some ctses to the anrrace of the sube
 ‘fl'strate,-," : ' ' o

In srdar tc seﬂ_what wcuid happen tc »he -

pizcoating,ncs thnt 133 had buckled lccally, the s;wy::iumo,.-r~ S
- placed on the rotating arm and monitored ror evidedne.: ?~*~oss“ o
_ damage. The test was terminated at 19 ‘minutes wher, a.‘ o
'portxan of the coatlng surrounding the buckled re; Lo% wes
'«onpletelg removed from the substrate as shown. in Fix. 0.

At this tim« some pltting and extensive crack!ng was cbierved.

‘1near the cen;rr or tho speclmen a8 111nstrated in Pig. 51.

Specinen p-b-6 with a 6—:11 coa*xng was '

'Aruund to be ccnsider&bly more resistant to the ercsive environ-

ment. Negligible damage wer chbserved at a microsconic level

‘until an exposure time of 40 minutes when cracking began to

develop on the_surfaﬁg. " The severity of the cracking increased
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and deep pits in the vicinity

specimer D-1-3. {110X)
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Figure 49 Condition of the surface near the center of
specimen D-1~3 after 15-minute exposure to
the standard rainfield at 730 fps, (110x)




Figure 50 Coating failure at the outboard end of specimen

D-1-3 after 19-minmte exposure to the standard
rainfield at 730 fps. (15X) '

Condition of coating near center of specimen

D-1-3 after 19-mlnute exposure to the standard
rainfield at 730 fps., (110X)
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with exposure time and a low density of aeep pits were begin»]
ning to evolve. Microscopic- examination of the specimen
‘showed that reglons with lateral dimensions of 10 to 20 mils
were being depressed or raised above the origiral surface at
the inboerd end of the specimen at an exposure time of 100
minutes. Some idea of the surface conditions at this time
can be obtained from_Fig.-SQ.for the inboard end and from
Fig. 53 near the center of the specimen. The specimen was
carefully monitored as the time of _exposure was further ine
_ ‘creased, until ‘8" large hole deve1oped in the coa*ing at an

- éxposure- time of’ 108 minutes as shown in 1?'ig 54, The test‘

twas then terminated ' o -

:éi'_ S . o Although the findings made on the basis of
S - these two specimens will have to be confirmed on the basis
' of additional tests, it may be conjectured from these tests
| _that the mode of failure depends on the thickness of the coat-
'i;e_-e * ing.  The droplet impacts do not appear to produce localized .
5 . pitting on the surface as is the case of bulk nickél specimens; . _ .
'they tend rather to deform the coating plastically as seen by
the- shallow depressions formed on the surface and slowly weaken
the bond at the Interface between the coating and the sub-
. strate, The. 3-mil coating once freed from the substrate does
_ noffpoésess enough rigidity to tesist the centrifugal forces
applied to the~specimen'in_the rotating arm appratus and so
: buckling of thersurfECe coéting results. The 6-mil coating
fails in a different way, since it is capable of resisting to
& greater degree the applied centrifugal Toads. The rigidity
of the coating end the appiled centrifugal forces are not -
usuallv a consideration, however the 3-mil coating must not .
" be. tWick -enough to resist the: loads imposed by the erosion
YO ‘ apparatus even, ‘at low velocities. '

4,2,2 Sénd Rrosion
- The fallure mechanism for the nickel-ceated
specimens eroded by the 90-micron sand was quite different

. -136-
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Flgure 52 Condltion of the coating surface at the .inboard
end of specimen D-U4-6 after 100-minute exposure
to the standard rainfield st 730 fps., (110X)




Figure 53 Condltion of the coating surface at the center of
specimen D-4-6 after 100-minute exposure to the
standard reinfield at 730 fps. (15X) .

Figure 54 Fallure of the coating at the inboard end of
~ -~ specimen D-4-6 after 108-minute exposuru to the
standard rainfield: at 7?0 fps. (15X)

-"‘l 38—




from that found for the standard rainfield. Two specimens
with a 3-mil coatin~ (D-2-3 and D-3-3) and two specimens with
a €-mll coating (D-:=i and D-6-6) were exposed to sand‘erosion
at 730 fps as indicated in Table X. 1In this cas: there was

a measurable wolght loss from the coating surfaces as summar-
jzed in Fig. 55 and 5. Tt is seen from these figures that
after a relatively short incubation period a uniform rate of
material removal is established. The sand flow rate was 260g/
min.

For both coating thicknesses fallure occurred
by buckling of the coating which was initiated at the out-
board end of the specimen. No cracking of the surface was

observed as in the case of rain erosion; however, initiation

3 e N S, T T A S

R o T e o

of buckling of the coating took place at an exposure time of

5 seconds for the 3-mil coatings and approximately 85 seconds

for the 6-mil ccatings. After the initial buckling the condi-

tion of the surfaces progressively worsened, until they reached
the conditions shown in Fig. 57 and 58 at the end of each test.

It is reasonable to assume that the reduction
ir the coating thickness is critical for fallure in the case
of sand erosion and that buckling of the coating can only occur
i1f it is separated locally from the substrate. Specimens
D-2-3'and D-6-6 were eroded by the 90-micron sand for a total
exposure time slightly less than that at which initial buckling
of the coating first occurred in specimens D-3-3 and D-5-6,
respectively. These specimens were cut with a diamond wheel
at a very low rate of penetration, so the bonding between the
roating and substrate would rot be disturbed. The sections
were mounted and polished. Microscopic examinatlon of the
interface in all cases revealed that the integrity of the
bond was unaffected by the erndihg forces. No evidence for
the initiation of any kind of fallure could be seen.
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ruckled surface of specimen D-3-3.
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(a) 1.75X

(b) 3X ‘

Ty

Figure 58 pPuckled surface of specimen D-5-6




The interface for cross sections of segments
from specimens D-3-3 and D-5-6 away from the buckled region
were also examined microscopically and found to be secure.
The mechanism, or critical conditions, for failure of the
coated composites has not vet been discovered.

4.3 Erosion of Graphite-Fiber Reinforced Epoxy

Aerodynamic-shaped specimens were exposed to the
standard rainfield and the 90-micron sand ét a flow rate of
260 g/min. HT-S graphite fibers (manufactured by Hercules
Incorporated) were placed in a matrix of ERL 2256 epoxy
(Union Carbide Corporation) with ZZLB-0820 hardener. The
material properties of these components of the composite are
provided in Table XI. The specimens were obtained from the
Dayton Research Institute, Composite and Polymeric Materials
Laboratory.

The method of preparation was as follows:

The epoxy resin was prepared by mixing 27 parts of
771B-0820 hardener per 100 parts of ERL 2256 epoxy. This
mixture was diluted with 75 parts of methyl ethyl ketone per
100 parts cf epoxy to facilitate impregnating the fiber on
a filament wiiding machine. The epoxy impregnated fiber was
cut to the mold size and U8 plies of material were stacked in
the mold. Curing of the specimens was accomplished by the
following schedule: 2 hr. at 180°F followed by 4 hr. at 300°T
in a laminating press. The mold was then cooled to ambient
temperature under pressure,

Microscopiec examination of the original surfaces ofl
specimens indicated they were smooth except for numerous
depressions where an area of the graphite fibers were missing
due to fahrication of the composite. The condition of the
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TABLE XI

MATERTIAL PROPERTIES OF COMPONENTS OF
GRAPHITE-FIEER REINFORCED EPOXY COMPOSITES

Tensile strength (psi)
Tensile modulus (psi)
Tensile elongation (%)
Heat distortion temp. (°C)

Density (g/cc)

ER1,2256/ZZLB 0820 Grggaite
(27 pph) _Fibers
1.4 x 10% 3.71 x 10°
4.2 x 10° 41.06 x 10°
6.5
145 - 150
1.8
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original surface is shown in Fig. 59. The appearance of the

surface indicates that a moderate porosity may prevail within

the interior of these specimens. In order to determine the

internal constitution of the graphite~fiber reinforced epoxy
specimens, the four specimens were sectioned and examined
microscopically. It was found that a high porosity extended
thr:ughout the interior of the specimens as can be seen in

the tyoical cross sections in Fig. 60. The porosity was esti-
mated to be on the order of five percent. The fiber content
for these composites was determined to be 31 percent by volume.
The fibers are distributed nonuniformly throughout the com-
posite as clearly seen in Fig. 60(c) and (d).

The particle impact velocity was held constant
at 730 fps in the erosion tests. The duration of each test
and its objective are listed in Table ¥.

4,3,1 Rain Erosion

Thr erosion characteristics of specimen C-1
exposed to the standard rainfield are quite distinct from those
for solid particle erosion. Considerably larger fragments
of material are removed in this case due to cracking of the
matrix material. The general features of various areas on the
eroded surface of specimen C-1 are shown in Fig. 61 to 64.
Details of the fractured fibers can be seen in Fig. 61(b)
and 62(b). Thr appearance of the eroded surfaces indicates
that bundles of fibers and the surrounding matrix are removed
as short longitudinal segments as observed in TFig. 61(a). The
missing segment above the deep trough in the center of the
micrograph which is about 10 mils long and three fiber dia-
meters thick with the adjacent segments which have also been
removed roughly half this length. Cracks in the matrix mate-
rial are clearly visible in all these micrographs and a broad,
deep crack extending under a larger volume of the composite
material is shown in Fig. 64, Fvidence Tor the removal of a
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flgure 62 FRemoval of longltudinal segement of fiber-
bundle for specimen C-1,




b, . 1300

Figure 63 Detall of broken fibers on surface of
' specimen C-1. '




Flgure 64 Targe crack penetrating the eroded surface
of specimen -1 (103Y), : '

=i




short segment -approximately 6 mils in length is shown in the

center of Flg, 62(a) with a detall of the fracture suriace pro-
vided in Fig. 6°(b)

A preliminary hypothesis for the operative
erosion mechanism for the intermediate to later stages of
the erosion process has heen formulated on the basis of these
microscopic tnvestigations. The direct impact of the water
droplets prbduce'local'fractures which penetrate the matrix
material bﬁt'do'notAcrack the graphite fibers. ' Separation
oceurs at the fiber/matrix interface which would indicate the
- bonding between the fiber and matrix is the critical component
in the composite structure., OCnce a longitudinal crack has
been nucleated parallel to the direction of the fibers it will
grow during subsequent-impaéts in addition to the formation
of other longitudinal cracks in the vicinit#vof th first one,
A longitudinal fracture network w;ll dbntinué'to;develqp'Until
segmerits of the composite arc'n@arly'fréed from the bulk of
-the naterial. The pressure from-a properlv oriented droplot
applied to the cracks c*1.1r-roundim:'r a material segment will
- push the segment out from the surface and . produce intense

'_ localized bending This condifion should be 1oughly equiva-

lent to- & beam rig;dly supported at its: ‘end and subjected to
a transversn distribu+ed load.v This observation provideq the
.basis fcr &, simplp mode] which may be developed from elemen-
tary conoept from beam theory. The micrographs of the
iracture planes at’ the ends of these segments (Fig. 61(b) and

6 b)) show ‘that the " fibers behave in a perfectly brittle manner.f}A

- The fracture nefwork can extend beyond the ends of the 1nitlal_
segment temoved makivg 1t posstble for removal of additional

- fragmentc along a lonﬁitudina4 bundle of fibprs At this

"pndnt the loval conditions can be considered equi"alent to - ,
-8 can\ileVPr beam subjeoted to & distributed 1oad.' Th*s pro-i-f=
'cess can continie alouﬂ a group of fibers until conditions

, become unlavorable tTo fU1th@r fragmenfation as in. the case of

the large fioer bundle consisting of seven to elghf 1aypr '
in 1he renfer of Fig 61(&) '
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The micrographs in Fig. 65 show voids in
specimen C~l which are beginning to be uncovered. The frac-
tures at the ends of these volds are similar to those observed
for regions in which no volds are found to exist. The signi-
ficance of the voids in relation to the overall erosion pro-
cess is not known at this time, however in the case of rain
erosion they should provide favorable conditions for sabsur-'.

‘face cracking of the epoxy matrix.

- " The removal of material from the surface of .
the specimens by both fluid &nd solid particle impacts takes
place by the removal of pieces of the complete composite in
& manner similar to a. brittle, homogeneous material The

- presence oi the fiber reinforcement does not improve the ero- -
sion resistance of the composite. In the case’ of rain erosion,- SR
'progressively larger pleces of material are removed from the,

specimen a8 the exposure tlme increases. The bonding surfaces N

" of the fibers lying parallel to the longitudinal axis of the . = .
,,,”specimen become more and more susceptible to penetration and A:_;;j”:f
'~,cracking by the rain drop impacts as ‘the. erosion pits in the o

surface deepen with the 1ength of exposure to ‘the erosive

o environment This effect is clearly seen in ‘the shape of e
" the: weight 1oss curve in Fig. 66. - The condition of *he sur- jd“'“"
_}vface of . specimen C-1 at the end of the weinht-loss evaluation
f-is shown in Fig.,67., ' ' : o

4 3 2 Sand Erosion B S S

- The condition of specimen Cnh when exposed

:r{?fto 8 sand enwironment is shown in the microgrephs in Fig. 68;§ﬁdi"' -
o Material is removed on ‘a very fine scsle by localized crack- _j,i
;;j;ing of both the fibers and ma+rix. The exposed fibers are N

;_fiﬂrelstively free of the surrounding epoxy (Fig. 69), 86 the

_»,;Jlepoxy must be ehipped free from the surfsce .of - the fibers _ B
" _and then the exposed fibers are pulverized during. subsequent . -
’-impects.» Aerodynamic-shaped specimens were dsed so the .;_';""

ass




Figure 65 Fxp ml vc«idﬂ on the eroded surrace of
R Lpecimen C=1.
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'_aﬁrﬁdvnamir-snaped speeif»n.

crusion damage will be & rombinatlion of diroct deformafion T

and wear deformation. Th~ micrographs in Fig. 68 and 69
depict the surface condition near the leading edge of the
specimen, while the micrographs in Fig. 70 show the surface

condition away from -iie laadinf edge wnere the overlying epoxy

1a still-being removed. The micrographs for the erosion by

,’W—Hicrcn sand'particles on spesimen-c-h-in Fig. 68(a) snow
‘argas where well-defined particle imprinte can be identified..

o

The fracture boundary crossing a number of fibers shows a

degree of uniformity which would indicate that it was produced
- by the stearing acticn of an impacting, irregular-shaped sand

particle, The nrimarv'ercﬁicn-meci1nism$in this case is frag-

mentation of the mat¥ix and Tibers which eccurs at & uniform
rate throughout the entlire expcsura timﬁ oxcept for the
_1n1tia; age o t aien.;'a;ﬂ;~ s evidenced by the
'Qliuearity’é;:f;e wu.a »-_;= *;,. .f 7l. Tne smnspa-i
}ne$s'ef the e“ausd qurf ;z'fé; r 100 welght loss can te

geen in Fig. Te. The sand',rcsisnyef ~navimens tebote G-

d1d wot sXRibli ths dependence on the angle of atrack ror
}impar%‘ﬂg partinies whlor was found to prevaill for *he'nc*"

ethylene specimens. The dégrer of matrrial removal was cone
stant up to &r sngle of T sa measured rrnm 'he plane. passing
thramﬂ;thﬁ ‘@vg!iudinal axis and';tt ’eaixng edge of t'r '

T%g‘-gg'gfg,ﬁ-fgph‘s In Fla. 73 abnw 7008 Udedne

oning to-he exposed @ the wroded sur'¢» of spegimen -0,

Whep the mgtérfaifcverlyinh 3 ovelt $8 thin enough, theis ol

be & loralized wesk sres =ni~n will arode musn meme guioxis
than material ?nlumesAﬁith o poroster . ieiver the ioial

effect Tor Ine number of Y- 0 D v g maere tnd=e o (8 oo En

‘" rriatively small oo iooratler r ot swerrn, sresion rate.
“The GPPTOV*‘;'f Leovnesz sl T oL Ue ->inﬁ"’*nr1&? for the

t“'.: Aot geteny o o Ly ¥oL, Jll 18 14 mlls.
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Flgure 74 Cross-section of expesed vold (110X).




The region jusf below the eroded surface
was investigated in greater detail in order tc asses the
extent of the interaction oetween the impulsive 1oadings on
the. surface and voids near the- surface. . No interaction
n‘effeces were observed in the cross sections examined. No

:.'cracks were found connecting the volds with the eurface for
";;; the sand particle impacts.
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- 5.0 GENERAL DISCUSSION

' The analysis of multiple direct impacts of glass beads
on glass plates can now be advanced on the basis of the micro-

: tgsconié'ébservations and the general form of the welght-loss

Eidata. It was. found ‘that the volume of material removed from.

”ifhe specimen at any time t could be divided into three com-

Z.Q;;ponents a8 indicated in Eq (2)

AV(t) = A‘yfl(?i)+AV2(t)+AV3(t) '

- The explicit form of AVlkt) was derived in Section 3.2.2

| , t o |

avy (t) = ,,DL K, (t=-7)g(D)ne(r)(1-a4, (T)-N(T)A Jar  (17)

where Avl(t) 1s .the volume of material removed per unit sur-
face area of the specimen. The growth-rate function Kl(t)
denotes the rate at which area 1s removed once a pit is nucle-
ated  and the sum of the remaining terms in Eq. (17) répreSents,r
the number of pits nucleated per unit area.' Means for obtain-
'.jing the parameters appearing 1n Eq. (17)_were described in'

© Section 3.2.3. e

, As the exposure of the specimen continues 8, time will _
evontually ‘be reached vhen the volume of the spenimnn assigned_-
~ to V1< ) will ‘be exhausted. If this value of the’ exposure

~ time is denoted by tl , then ’ S
%_tliavl(t)- nn S (41)
 1n accordance with Eq (lé) This condition requires that the

rrintegral in Eq. (17) oquals unity when tmtl . We furtner notg;
' that at this time : | o

(k9)

ety - N h,

;1éa-ﬁ§




o

where N(‘ *) {s=the number of frustrums protruding f?om:tQEF
surface of the gpecimen per unit area and A is tne«average o
area of the ring fractures on the specimen' s surface. ‘ :
On the basis of tie experimental obuervatioﬁe, vélume ie
not removed from the conical frustrums until the surrnunding
material has been removed. A reasonable‘iorm for AyJ(t)A;sﬁl j;
AVé(t) =;[1 KQ(D)n¢2(t-T)AA1(§QqT..i - (43) .
The lower 1limit in the integral can be set =qual to zero,
however in some cases it may be advantageous to have a non-
zero value, The functlon KQ(Q) 15 the tire rate of volume A
removéd per nucleated fracturg resulting in material removal
from an exposed conical frustrum. The sum of the remaining
" terms in Eq. (43) represents the number of critical fractures
riucleated per unit area, The probablility function ¢2(t) is
txme-dependent since 1t is found that a protruding frustrum
becomes more susvepiible to deccmposition after a distribu~ '
tion of fracture° develops within it due to repeated particle

_ impacts. A second tlme-dependent factor -has been 1ncorporatedg;‘”

- into ¢?( ) which is the fact that only a portion of the area ?
"occupied by the frustrums receives direct impacts from the |

| *',gless beads - due to. the geometry of ther rustrum distribution o
" a8 shown in Fig. 6(‘);3 As the cones. disintegrate an 1ncreas- e

ing areda i3 iApOdEd to direct. imnacts. “An appropriete icrm

. for the function (1) would. be a sigmoidal ‘shaped . curve f

o which.aSJmptoticallyfapproaches a constant ‘value: ¢.* which 15 {;_.[

"-7;aaways less than . or equal to unity. The \onqtant value of
. 2 18 reached when ‘the surface of: the specimen 1s highly frao- L
" tured and small fragments are: easily removed.- At _an. exposure O

~ time t.*, AA; reaches fthe ronstant value indicated: in Eq.(42).
--Similarly. there will ‘be a tlme when ¢2 ls also constant then; ;j
Fq (b3) becomes e . s ' s

-109-
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.
[ Ko(D)no * (1-N(ty*)Ay)dr
1

it

AV, (t)

il

KQ(D)n¢2*(l-N(tl*)AO)(T—fl)r(nonst.)(t—tl) (4h)

or the volume removed asymptotically approaches a linear func-
tion of time. A constant rate of material removal is found

to prevail as evidenced in the form of the weight-loss data
once most of the material has been removed from the surface
layer of the specimen. As the exposure to the erosive envi-
ronment continues, a point is reached where the entire surface
Tayer to a depth D is removed, then

or vy S — ey @

tliz*awg(t) = (1-7)D (45)

In the derivation of Eq. (43, we have assumed that all
the fragments removed from the surface of the specimen have
the same volume at all stages of the trustrum decomposition
and that the surface area of the specimen which participates
in the erosion process can be represented by AA](t). This
latter assumption i1s only an approximation to the actual

conditions, however 1t becomes quite involved to include an
estimate of the frustrums included in the area AAl for any
yreneric time t. This leads to the limiting form of AVé(t)

ir. ¥q. (44) where, in a more realistiec representation (1-N(t]*)
Ac) should be replaced by unity.

The microscopic investigations do not indicate that
there is a distinction between the removal of material from
the bulk specimen and that near the base of the frustrums.

This ohsrrvation implies that
t ;
AV3(t) ) [ KQ(D)N¢2'AA2(T)6T (46)
2
where the lower limit 15 agaln taken to be a non-zero value
strnifying the exposure time when this final phase of the

~170~



erosion process becomes operative. The exposed surface area,
Aﬂg(f). at the base o the surface layer 1o difficul! to des-
eribe.  The following approximation is infroduced into Rq. (46),

BV, (t)

AA2(9) = TI-7)P (47

When av,, = AV, (t,r), AAQ(L) = 1. Hence after the surface
layer has been removed

D)ne* (t-1,) (48)

which is simply a linear function of time and a continuation
of *we latter stages of the erosion process contributing to
Avg(t). The evaluation of all the parameters appearing in
&V, in Fg.(4C) will be made in conjunction with [q. (43).

)

The volume reomoved from the specimen, or equivalently
th

[e]

weight-loss, can be computed once fhr paramefers appear-
ins in Eq.(17), (4#3), and (4€) are known. The required data
and its acquisitior for evaluating Eq.(17) was described in
Section 3.2.3. The additional parameters introduced in Eq. (43}
and (46) are KQ(D) and ¢2(t).

The expression for the fracture cone penetration depth
D miven in FEq.(2L4) shows that it 1s related to the impact
velority, the radius and density of the impacting beads, and
the elastic constants for the bead and target materials
throusrh the Hertzian theory of impact. The magnitude of D
is a function of ithe properties of the specimen in its initial
state, However the functions K2 and ¢? are related to the
highly-fractured surface of the specimen during the final
stase of the erosion process as shown in Tlg.6(d). It is
very difficult to ascribe mecharnical properties to the highly-
eroded surface, so that at the present tlme Ko and ?s will

have {0 be evaluated experimenially. TFuture work wlll explore
suitable analytical representations for these functilons.
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Tho above model is applicable to oblique impacts by
~lass beads, since no significant differences were observed
In the general form of thr erosion characteristics for this
case. The welght-loss data indicated that, under nearly
equivalent conditions used in the case of direct impacts, the
magnitude of the weight loss at the same normal velocity and
exposure times was two to three times greater for the oblique
impact as compared to direct impact. The ring fracture dia-
meters were found to be approximately equal for both impact
conditions and in general agreement with the values of the
maximum contact diameters calculated from the Hertzian theory
or impact, however the penetration depths of the cone frac-
tures were noticeably less for the oblique impacts especially
as the impact velocity increased. It is concluded, for a
reason y-. to be discovered, that the differences in the
welght loss data are dur to a greatly increased probability
for producing ring fractures for oblique impacts. However
these differences can be readily assimilated in the general
modeling context developed for direct impacts.

The direct and oblique impacts of irregularly-shaped
solld particles dictates that more extensive modifications of
the basic analytical model are required. At moderatec impact
velocities each particle is capable of removing material from
the surface of “he target. The welght-loss data indicate that
a steady-siate erosion rate ls established after a very short
inrubation period. The irregularities in the welght-loss
data for both direct and obligue impacis during the incuba-
tion period requiré additional research for clarification.
For both impact'conditions the normal component of the par-
ticlie impact velocity was held constant, and it was found
that the steady-state erosion rates were nearly indentical.
The slightly zreater values in Table TX for the obllque
impacts may he due to the fact that the specimen receives
approximately 30 percent more particle Impacts per revolution
in this case 8s indicated by the estimates provided in
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Table V. However microscopic examination of the erosion
damare oceurrir: Jdurirnr ihe early stases of the erosion pro-

cess did not reveal ary significant difference between the
direct and oblique impacts.

Due to the short duration of the incubation period and
the rapid approach to a uniform rate of material removal, a
ceneral relation of the form given in Fq. (48) is an appro-
prlate description of the weight-loss data. Of course, the
form of the coefficients on the right-hand side of Eq. (48)
will have to be modified. Some guidance in this regard will
be ohtained from the explicit form developed in the case of
the 70-micron glass beads. However the characterization of
irregularly-shaped particles in a manner suitable Tor incor-
poration into Eq. (48) has to be considered if this relation
1s to have general applicability. While it is possible to
obtain statistical data pertaining to the size of irregularly-
shaped particles, it 1s a very difficult task to obtain
appropriate representations of particle shape as indicated in
Section 3.4.1. The lack of an adequate representation for the
particle shape was pointed out as a contribution to the failure
of the correlation between the erosion rates and a simple
model developed by Head and Harr.(16) This does not exclude
consideration of the material properties of the irregularly-
shaped particles which will also have a significant effect
on the erosion rates, These problems require additional
attention,

The derivations of a general *heory for the erosion of
glass plates by glass beads indicates the way In which the
material properties, particleVcharacteristids, and impact
parameters influence the material removal process. While glass
heads are not an erosive medium commonly encountered in
practice, the mathematlical analysis of thie lmpact of ¢lass
beads on the pristine surface of the glass plates can be
riven in conslderable detall. The more highly ercded the
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surface of a brittle material becomes, the original surface
conditions no longer prevail and the problem is less suscep-
tible to mathematical analysis. However the value of the .
above approach is that it provides Insight into the general
structure for a predictive erosion theory and allows every
feature of the basic model to be more explicit than would be
possible in a more romplex erosion process. The complexity

of the material response and erosive medium will be increased
as in our exploratory investigations of sand and liquid par-
ticle impacts on glass plates.

A means for evaluating the pressure distribution iriparted
to a deformable surface by a spherical liquld drop was out-
lined in Section 3.5.1. The transient stress distributlons
with an elastic half-space corresponding to the applied pres-
sure pulse can be determined in an approximate way using
Blowers' analysisf32) Tt is estimated, on the basis of the
1imited numerical data available, that the intensity of the
disturbences prcpagating into the elastic medium due tc a
omm drop impacting the elastic body at velocities up to 1000 fps
are considerably less severe than the results obtained from
simple, one-dimensional analyses would indicate. It cannot
be established that the transient stress distributions due
to a spherical liquid drop impacting a deformable surface can
be représented in terms of the equilibrium stress distributions
shortly‘after the drop first touches the surface as suggested

(36

employing the approach described in Section 3.5.1 have been

by Peterson until aftar additional numerical calculations
completed for contact times in the vicinity of 1lus. The
results from the analysis of the transient stresses duve to
1iquid drop impacts on deformable materials will replace the
Hertzian analysis, if necessary, in the eroslon modeling
studies, so the rain erosion of brittle materials can be
roncidered. The erosion tests established that material remo-
val from glass plates in a rain environment was a preferential
process of pit nucleation and prowth, therfore the eroslon
process conforms wilih the hasic premise of our pgeneral erosion
model,
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The eroslon process for & typical, bLrittle material can
be considered in terms of two major subdivisions: the incu-
bation period and the period of uniform material removal.

The erosion resistance of a specific material class can ‘be

improved in two ways. Once the material parameters affecting ;'vi

the removal of material 1n the incubation period are identi-
fied, they can be selected so the duration of the incubation
period is extended. This means that the magnit ude of the'
welght loss at a particular exposure time will be less for
the modified material than for the original material. The
second way to improve the erosion resistance 1is to select
materials which have material properties that decr=ased the
magnitude of the steady-state erosion rates. If the opera-
tive erosion mechanism during the incubation period 1s the _
same as that in the period when the steady—state erosion rate
is achieved, then modification of the material parameters '
associated with material removal in the incubation period
will also influence the steady-state erosion rates. This
would be true for the solid particle erosion of brittle and7'
semi-brittle materials. Hence, understanding and analyzing
the events leading up to the initiation of material removal
is a vlable approach to prescribing the material character- -
istics which affect erosion behavior. :

The erosion mechanisms have been identified for the
UHMW polyethylene and the graphite fiver reinforced epoxy
specimens as described in Section 4.1 and L4.3. The sand ero-f{
sion of UHMW polyethylene is due primarily to the cutting ”"
action of the irregularly-shaped particles striking the sur-
face of the aerodynamically-shaped specimens away from the.
leading edge. The direct impacts of the sand particles _ :
along the leading edge simply produce permanent indentations f7ﬁ
in the polyethylene, but this process is not as effective o

in removing material. The sand eroslon of the graphite fiber ?

reinforced epoxy specimens did not exhibit a aignifirant
angular dependence; materlial removal from Lhe surface was
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equally effective for hoth direct impacts and cutting defor-
mations.

The rain erosion mechanisms for the graphite-fiber rein-
forced epoxy are particularly interesting. The process of
material§removal results from the following sequence of events.
A water drop striking the specimen's surface will crack the
epoxy surface layer through direct impact or upon impacting
in one of the pre-existing shallow depressions on the surface.
The cracksfpropagéte along the fiber/matrix interface when-
ever poésible which 1s an area of weakness in the composité
structure., Small pitted regions appear on the specimen's sur-
- face. Additional cracks exist within the pits and are enlarged
through the pressures applied by the direct impact aind lateral
outflow from drops striking in the viecinity of the cracked
area. These loadings momentarily force the two faces of the
crack apart and it extends further into the matrix material.
The fracture mode in both the initlation stage of crack develop-
ment and the penetration of cracks into the matrix corresponds
to mode I deformations. Longitudinal cracks lying parallel
to the direction of the carbon fibers are readily found on
the eroded surface. Fventually large cracks penetrate the
rcomposlite isolating small bundles of filbers and matrix which
ultimately are only attached to the specimen at the ends of
a short segment..  The isolated bundles may consist of a few
fibers or be compesed of a grouping which is five to ten layers
thick and an equivalent range in breadth., Additional droplet
impacts penetrate the severed region helow the small segment
and force it outward from the surface. At ihis point the
freed semment can be thought of as a rectangular beam flixed
at hoth ends and loaded by a Aistributed load on one of its
1ongitudina1 faces. Removal of the segment resulte throurh
frarture at 1its ends. Ti has not bheen determined whether the
bending or transverse shear stresses repres<nt the most severe
rondition,
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The micrascopice ebservation of the eroded surface ard
the above reasenirs lread to two important aspects of the mate-
rial removal process. i-el the fraclure toupghness for mode
1 deformatlons of *he epoxy matrix should control the initia-
tion of the traciuring precess. Tt is only the mechanical
behavior of the matrix material and not the mechanical pro-~
perties of the composite which govern the ftracture behavior
under these conditions. However, it must be remembered that
the Tracture surface tends to propagaie along the matrix/
fiber interface, 50 the bond established between these two
components of the composite introduces a locally weakened
area in the otherwise homogeneous matrix material. Secondly,
the initial removal of csnall segments of the composite
involves ei'for mod. | or wode IT deformations, but in this
ragse the crazk is propagating in a dircction transverse to
+he longitudinal Tiber axes. The fracture toughness values
must therefore correspond to this condition. This process
continues as described in Section 4.3.1.

Having established the fundamental mode of failure of
tine composite at an intermediate to advanced stage of the
erosion process, a micromechanical model can be developed
which refleccs these findings in quantitative terms. The
first approximation provided here ¢reatly simplifies 'he act-
ual state of affairs. A number of conjectures must he intro-
Auced in order to arrive at a manageable problem. A meaning-
ful analy‘ical approach will be developed in future research

o composites,

The nickel~coated composite specimens exposed to a sand
environment failed by a loss of adhesion at the interface
hetween the coating and the sulstrate. The ceoat ing then
wrinkled as seen in P, 07 and S8, The average thickness of
the eoatine was initlally 4 mile for specimen P-3-3 and some-
what! 1ess than 6 mils for speclmen D=6=6, on tte basls ol

the weirht loss for cach speecimen at fhe time the coatirgs
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buckled and the area of the specimen exposed to solid particle
Impacts, the unitrorm reduction in the coating thickness is
only o t‘he order of a few tenths of a mil which would hardly
reduce the thickress of the ¢ mil coating to a eritical thick-
ness comparable to that for the 3 mil coating. The buckled
pattern shown in Fig, 57 and 58 is identical to the bucklin.:
mode for a thin cylindrical shell of ductile metal sub.jected
to uniaxial compression. This observation implies that there
is a loss of shear resistance at the interface. Tt would seem
that the centrifugal forces acting on the specimen when it is
whirlin: at the end of the rotating arm in the AFML-Bell ero-
sion facility, contribute to the failure in this case. Alihoush
our caleculations showed that {he average thickness of the 3
and & mil coat iy, did net reach the same critical value before
failure occurraed, the centrifuyal force acting on the O mil
nnating would be greater than ~nat acting on the 3 mil coat-
inr. The critical coating thickness would therefore have to
be computed accounting for this difference. GSupport for .our
conjecture that sand erosion raduces the nickel coating Lo

a critical thnickness for both reoating thicknesses is obtained
Ly comparing the different failure modes found in the rain
erosion tests, Fig. ©9 and 54, wherc nc measurable welght loss

was recorded.

The research conducted within this program led io several
preliminary concepts for erosion modeling studies in a variety
of' materials. The proposals made here will be developoed in
future rescarch. The analytical modeling of sipnificant ea-
tures of the operative erosion mechanisms at various gfapmes of
the erosion process is berinnine to esfablish the connection
hetween material properties and the erosion behavior of speci-

fir material systems,
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Co0 CONCLUST o

*The expliclt form e g complete erosion theory has
been derived for direet and ohlique Impacts of
mlass beads o rlass plates. Tuture research will
concentrate on replacing experimentally-determined
parameters appearing in this theory with analytical
expressions centaining the impac! parameters and
material properties of the eroding particles and
target,

sfixploratory investigations were initiated for the

direect and oblique impacts of sand particles on
britile materials. A theory of erosiorn will he
developed {for these conditions based on the experi-
mental observations and the explicit form of the
theory for brittle materials eroded by small
spherical particles.

«Advancement has been made in evaluating the transient
stress distribution in an elastic half-space sub-
Jected to a time- and spatially-dependent preséure
locally applied to its surface and approximating a
liquid Arop impact. The results obtained f'rom
this analysis will be used to extend the erosion
model to liguid drop impacts.

‘Frosion tests confirmed that the rain erosion of rlass
plates was a plt nucleation and growth process, and
theretfore tlass plates provide an ideally hrittle
respons. for extension of the basic erosion model
to liquid drop impacts.

‘T e erosion mechanisme ror UHMW polyethylene exposed
to sand and raln eroasion have been identifTied,
Material removal by sand erosion is due primaril:
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*The

“The

to the cuttine actlon of the parficles striking
the tar:et obliquely. Rain ~rostion of UMW poly-
ethylenc is a highly preferential process of pit
nucleation and growth which conforms to the basic
hypothesis used 1n the erosion modeling studies of
brittle materials.

erosion of nickel-coated pglass-fiber reinforced
epoxy specimens requires further investigation.

It is suggested that an interaction ocecurs between
the centrifugal forces applied fc the specimen on
the rotating arm and the stability of the reduced
coatings thickness as material is eroded from the
surface. The shear resistance at trne coating sub-
strate interface appears tc be quite low, and an
analysis hased on the buckline of a thin cylindri-
cal shell in compression ig proposed., A dit'ferent
Torm of failure, cracking and localized pitting of
the coating, was found for rain erosion. The
weight loss was neglicible in this case, and the
buckling instability did not appear. In general,
the stress wave interactions at the ccating/sub-
strate interface due to locally applled pressure
pulses on the surface for both cand particles and
rain drops should be considered in understanding

adhesion fallures for ccatings.

erosion mechanisms tfor graphit-~fiber reinforced

epoxy specimens exposed to sand and rain erosion

have been identifled.  The rate of materinl romoval
by sand is the same due to direct deformation and

the cutting action of the particle striking obliquely.,
In *his rerard fhe nafture of ‘he erosion process

is the same as that for rrlass plates eroded by sand
particlers, 'The analytical deseription ot the Iaftter
case will fherefore be directly applinable 1o the
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sard crosion of the composlfe material which behaves
in a triit1e manner. Th- rain erosion mechanisms
were qQuite different from the mechanisms associated
with sand. A significant material property which
atfects the ~resion behavior is the fracture tough-
ness ot the epoxy matrix and the c omposite material.
A mieromerebanical model is proposed for relating

{racture tourhness to the erasion process,
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