
~j r )_~~ o~~ 7 776 SOI.AR TURBINES INTERNATIONAL SAN 01(60 CA F/S 11/2
STUOT Of EROSION MECHANISMS or ENGINEERING CERA MICS .( U)
MAR 79 N £ 614Ø(N NOOQ1~ —73 C—ONO1

u~~LASUFZr CR~fl?s~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_

I
p

S



l O L 12.8 l~2.5
I. L “~~~ ~~~~~

_____ 

L 
~_ 11112.2
L IM~~~

I I  LI~

_______ 

.““

~ IIIII~ \(110 1 
~~~~~~~~ IIIII~

.
~ niii~ ~

MICROCOPY RESOLUTION TEST CHART
NATIONAL BURFAU OF SIANDARDS - 19A 1 A



- —

~~~~~~~~~~~~~~~~~~~~~~~ 

.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

,

March 1979

Study f Irss l u Mschua lsms
~~~~~~~~~~~~~~~~~~~~~~~~~~~ f1 g1 , : i t ~ Csr mIcs

Seventh Intertm Techn~caI Report
00

Effect of Number of Impacts
on Erosion In the EIutlc-Plastlc

Response Regime

PTepered Under Contract N0001413-C-0401
NAO-32-542

by
M E .  Guldin

~~ OFFICE OF NAVAL RESEARCH• DEPARTMENT OF ThE NAVY
D D C

- 1~i~4 
_ _ _  

r I App~o,.4 f~ pubilo øl.au
-S L~ 

DlsItIhuIioI Unli*lt d
- 

~~~~~~ — _ _ _ _ _  
______

__ 
1P~~J~~~U

9 414 16 °‘!~



- -
~~~~‘

- w- -
~~~~~~

-~~~~~~~~~~~~~~ • -~~~- ~~~~~~~ - --.- ~~~~~~~ -.. ~7~~~~~~~~~~ -.--

/
/ ) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Mareti 1179
— 

(

__

~~~~~
_ ~~~~~

• Study of Erosion M.chan I~ms
o’ Engln..rlngC.ra

9 —-- —-_—---

Sevent Interim 7’echnical Øep~ i. ‘
-s o .

Effect of Number of Impacts
on Erosi on In the Elastic -Plastic

Response Regime

Prepared Under contra ~ifi~~~i 4-73-c44e~!J
-~ 

NRO-32-5~

for

_ _ _ _  

OFFICE OF NAVAL RESEARCH
, DEPARTMENT OF THE NAVY

~~~ 
.IlIU.

4;~~
*

_ _ _  
a
a

~~~~~ WIM1~~~~~~~~~-~~_ .••.•. •.••

D D C
IIIU*~~ *IaIUT, I~\E? (~ 1Pflfl fl1~ 1F~-

~~~~~ I 01~~~~~~~~~1979 IIIf~ 
Go,smins, ~t. O %c*but~oi o~ tI%4t docua~sI~t
~ unHm~~d. _______ D ‘~$

$SIMUM S W__JJuhSIl*I ~—Th _—
• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (a l l ) ~~___ p.~ uc ,~~~ y, p.o. eos~ oeee~ e.~ ~~~ cmoi~i. ~~~ I ~Jfl\ — 

~~~
‘

79 -04 16 016 (Rb~ 1775-9

~~~~~~~~~



• - -

• 
•

Tab le of Contents

Sec t ion 
____

ABSTRACT 1

I INTRODUCTION 1

II EXPERIMENTAL P ROCEDURE 2
2.1 Materials 2
2.2 Erosion Testing 3

III EXPERIMENTAL RESULTS AND DISCUSSION 4

3.1 Weight Loss Due to Erosion 4
3.2 Examination of Impacted and Eroded Surfaces 7

IV CONCLUSIONS 12

V ACKNOWLEDGEMENTS 12

~~~~~~~~~~~~ ~~L •

~, WI— ~~~

- •  -*-~~—---- — —



• — -‘- w-

— ~-—• - - - —-•~ -, — ~~~~~~~~~~~~~~~~~

Li s t of FIgures

Figure Pagç

1 Erosion Versus the Function of Particle Size and 4
Velocity Predicted by Elastic—Plastic Model for
MgF2 Impacted With Quartz Particles

2 ErO~ion° Weigh t Loss Normalized by R 3.7 V3.2 Versus 5
Total Number of Impacting Particles

3 Erosion Weight Loss Normalized by R3 7 V3•2 Versus 6
Number of Impacts on Single Impac t Damage Area

4 Effect of Starting Surface Finish on Erosion 7

5 Single Particle Impact Damage on MgF2 Target 8
Produced by 273 urn Quartz Particles Traveling
at 190 mps

6 Second Impact on Damage Area of Impact 1, Figure 5 10

7 Frequency Distribution for Measured Impac t Damage 11

List  of Tab les

Tab le

1 PhysicAl Properties of Target and Particles 3

2 Average and Standard Deviation Values of Measured 12
Volume Removal by Impact

4



• —
‘
- - w ~~

-
~~
-

ABSTRACT

A MgF2 target was subjected to impact conditions from single particle to 1010
impacts which simulated a natural dust environment (quartz particles) in the
subsonic velocity regime. The func t ion of particle size and velocity pre-
dicted by the “elastic—plastic” impact model is followed for this system.
Impact damage is characterized by a heavily deformed contact area between
particle and target, with radial cracks propagating outward from the contact
zone, and with subsurface lateral cracks propagating outward on planes nearly
parallel to the surface. The laterally cracked material is responsible for
most of the erosion loss. This type of damage is also consistent with the
“elastic—plastic” model. For a given particle size — velocity condition the
volume of material removed for a single impact can vary over three orders of
magnitude . This large variation is due primarily to differences in particle
orientations during impact which results from the irregular angular natural
quartz particles . For these conditions there is not a significant difference
between the amount of material removed for the first impact and for sub—
sequent impacts on the damage area of the initial impact . The results imply
that there is not an incubation period or damage enhancement effect for
erosion in the elastic—plastic impact response regime.

I. INTRODUCTION

Solid particle erosion can be a severe life—limiting constraint. In recent
years considerable interest has been shown in the use of ceramics for gas

• turbine engine components, bearings, valves, heat exchangers, and radome and
- :  infrared transparent windows • A knowledge of impact damage and erosion

behavior is necessary before ceramics can be used with confidence in these
systems.

Recent investigations have shown that a number of erosion mechanisms for
ceramics can exist and that erosion and impact is a complex process (Ref s. 1
2, 3 and 4). Essentially, two types of models have been proposed for solid
particle impact (single particle) and erosion (multi particle) of brittle
materials. The earlier models were based on elastic interaction between
target and particle and predicted that material removal occurs by the inter—j  section of ring cracks on the target surface. This process has been observed

4 • on several materials under static and low velocity impact conditions with
relatively large spherical particles (Refs . 3 and 4). More recent analysis
has treated static and dynamic plastic indentation , which is characterized by
plastic deformation of the contact area between the particle and the target,
with radial cracks propagating outward from the contact zone, and with sub—
surface lateral cracks propaga ting outward on planes nearly parallel to the
surface . This type of damage , termed “elastic—plastic ” , is observed for

1



impact with angular particles of generally greater compressibility than the
target (Refs • 1 and 2). The model predicts that

Erosion ~ V
3 2R 3 7p °25/K 1.3~O.25p p C

where V is particle velocity, L1 is particle radius, pp is particle density,and X~ and H are target fracture toughness and hardness , respectively .

These models are based on single impacts and were developed for isotropic
materials under idealized conditions. Significant erosion of structural
components generally requires multi particle impacts. The usefulness of the
models for explaining and predicting actual erosion behavior is dependent in
part on the effect of number of impacts on material loss. It is known that
for rain erosion and for solid particle erosion occurring by intersecting
ring cracks (elastic interaction) that an incubation period exists prior to
the onset of uniform erosion (Refs. 3 and 5). That is, material loss per
impact is minor for initial or single impacts compared with material loss per
impact after uniform erosion has initiated. The effect of number of impacts
on erosion loss under conditions of “elastic—plastic” indentation has not
been investigated previously. For this type of damage process the major
source of material removal is the laterally cracked material (Refs. 1 and 2).

The results of an investigation to determine the effect of number of impacts
on erosion in the elastic—plastic impact response regime are presented. The
experimental approach was to perform tests in a controlled manner to simulate
a service dust environment in the subsonic velocity regime.

II. EXPERIMENTAL PROCEDURE

2.1 MATERIALS H

The target material used for this investigation is Irtran 1, hot—pressed
MgF2, a comson infrared window material. Unless otherwise noted, the
starting surface was in the polished condition. Angular, high purity quartz
was used for the impacting particles. Quartz was chosen because in previous
work on metals, it was found to be the principal erosive component in natural
dust, i.e., the amount of erosion was directly proportional to the percentage
of quartz in the natural dusts (Ref. 6). Six particle size ranges were used
as follows: less than 30, 44—53, 53—74, 105—125, 250—297 and 350—420 pm .
These size ranges were chosen to be representative of airborne dust and to
provide significant particle mass differences of at least one half order of
magnitude. Properties of the target and particles considered pertinent to
erosion response are listed in Table 1.

This target—particle system was selected becaus. previous work has shown that
impact and erosion occurs by the .lastic—plasti~ impact type of damageproce ss (Ref . 2).

2
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Table 1
Phys i cal Proper t i es of Target an d Particles

Acoustic
Elastic Fracture Impedance
Modulus Toughn~~s Hardness* (Kgm 2S l

(GPa) (MPa m’~ ) (GPa) x lOp) Structure

Hot pressed 117 1.0 6 3.2 Sinj ip phase
MgF~ (Irtran)

size
Natural quartz 95 “.0.7 “.6 1.6

* The hardnesses are the quasi—static Vickers hardness in the macro
indentation load independent regime.

2.2 EROS ION TESTI NG

Erosion tests were performed with a stationary target impacted by particles
accelerated in an air stream. Particles are injected into the stream three
meters from the target to provide sufficient distance for acceleration . The
air velocity variations across the 0.95 cm diameter nozzle is less than five

• percen t and velocity is varied between 15 and 343 m/sec to achieve the
desired particle velocity. Particle velocity is measured using the rotating
double disc technique described in Reference 7. Five velocities for each
particle size range were used to establish erosion rates. The particles are
fed into the gas stream using a precision feeder at a sufficiently low
concentration that particle interactions in the carrier gas stream or on the
target surface are negligible. A detailed description of the erosion test
apparatus is given in Reference 6. •

All erosion tests were performed at 90—degree impingement angles at ambient
temperatures. Perpendicular impingement is at or near that for mairimum
erosion of brittle materi als . Tile number of particles per test was varied
from a few particles (to examine single particle impacts) to as many as 1010
particles (to insure uniform erosion) over a 0.71 cm2 target area. For the
long t ime — large number of particle tests , the specimens were weighed at
specific intervals to assess any changes in erosion with number of impacts.

Three series of tests were performed to assess the effect of number of
impacts on erosion of MgF~ impacted with quartz particles. These can be
conveniently separated into the following: weight loss changes as a function
of number of impacting particles , effect of starting surface finish on
erosion weight loss , and examination and measurement of single and second
impacts on the dama ge area of the initial impact .

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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III. EXPERIMENTAL RESULTS AND DISCUSS I ON

3.1 WEI GHT LOSS DUE TO EROSION

For the system MgF2 target—quartz particles eroded under the conditions given
above (five particle size ranges, five velocities) and for conditions of
heavy erosion, it was found that volume loss per particle did follow the
function of particle size and velocity predicted by the elastic—plastic
impact model. The results are shown in Figure 1. The relationship is valid
over the entire range of particle size and velocity, indicating that the same
erosion mechanism is operative for these conditions.

PARTICLE DIAMETER
O=385M

~~= 273~i

D = 1 15 ~~’

5=64 M

—“V
—pS 0 10M

Ui
~~h i O 14

0

1O~~~~~~~

b -’8

ir ’6 ~~~~~~~~~~ tO..12 ~~-1O 10 8 
i~~~

-6 1r4
R3 7  V3.2, ~6.9,

Figure 1. Erosion Versus the Function of Particle Size and Ve l ocity Pre-
dicted by Elastic-Plastic Model for MgF2 Impacted W ith Quartz
Par ticles (Veloci ty Varied Between 40 and 285 rn/eec)
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The effect of a progressive number of impacts on erosion b aa per impact is
shown in Figure 2. The data is normalized by R3.7V32 to allow comparison of
all particle sizes and velocities . There is no consistent effect of number
of impacts on the erosion loss per particle at least between ~~ and 1010
particles and the majority of data points fall in a one order of magnitude
band. It is considered that the slight increase in volume loss for impact
with l02particles is also not significant because weight losses are less than
a milligram and experimental error is maximized for these conditions. For a
given test condition, experimental error is confined to “.0.25 order of
magnitude.

.‘ PARTICLE DIAMETER
0’~ 0 385p ~~640 A 273 V 4 9E 0115 010

g

~~~ A • • • , . • . . II , . ..

1o2 ,o~ 10~ 1O~ ,o~ io~ ~~b0
NUMBER OF IMPACTS

FI gure 2. Erosion Weight Loss Normalized by R3 7V3 2 Vers us Total
Number of Impacting Particles

The data as shown in Figure 2 does not account for the number of particles
which have impacted on a previously impacted area of the target . A statisti—
cal est imate of the number of impacts required to totally damage the target
one layer deep can be made by dividing the total target area subjected to
erosion by the area damaged per impact. The damaged area was measured for

• single impacts . This area ~aries appreciably with particle size andvelocity, and thus the number of impacts to cover also ~aries. In Figure 3,
the erosion weight loss data, again normalized by R3.~V’’

2, is plotted versus •

• the number of impacts on a single impact area. Appreciable scatter is
evident, particularly for the initial impacts and there is no statistically
significant effect of multiple impacts on the amount of material removed per
impact. In other words, the amount of material removed on the first impact
is not significantly different from that removed by the 50th impact on the
same area . These results suggest that for this system , there is no
incubation period prior to onset of uniform erosion , nor is there removal
enhancement caused by the residual cracks and flaws produced during initial
impacts .

5
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FIgure 3. ErosIon Weight Loss Normalized by R3~7V3 2 Versus Number
of Impacts on S i ngle Impact Damage Area

To elucidate the effect of starting surface finish on erosion loss , a series
of tests were performed using 49 urn particles impacting on surfaces pre—
viously eroded with 273 urn particles, and the results were compared with
polished starting surfaces. For a given velocity, the cracks and flaws
produced by 273 urn particles are an order of magnitude larger than those
produced by 49 urn particles. Two 273 urn pre—erosion surfaces were tested.
One had been eroded with l0~ particles which statistically does not quitecover the surface with dabiage. This condition corresponds to a damage depth
including radial cracks of ~.25 urn. The second condition was a heavily eroded - -

•

surface (105 impacts) which corresponds to an erosion depth of “~O.l3 cm.

The results are shown in Figure 4. Weight loss is plotted versus weight of
dust or number of impacts. Initially, more material is lost from the pre—
damaged surfaces. However, the effect of this larger initial weight loss is
not maintained since comparatively less material is removed from the pre—
damaged surfaces than from the 49 urn eroded surfaces for the later tests. An

• explanation for this phenomenon is not apparent and further extensive
experimental work would be necessary to elucidate this behavior. However,
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- GRAMS OF DUST IN GESTED

Fi gure 4. Effect of Starting Surface Finish on Erosion (49 urn, 247 mps
Veloc ity)

these results indicate that starti ng surface finiah is not a significant
• variable for conditions of heavy erosion. That is, any initial increase in

weight loss due to a severely flawed starting surface is not maintained in
later stages of erosion.

3.2 EXAM I NAT I ON OF IMPACTED AND ERODED SURFACES

The discussion to this point has dealt with erosion weight losses and as such
has averaged the effects of many impacts. Surfaces were examined for a range
of erosion conditions varying between single particle impacts and erosion to
a depth of several grain diameters. Generally, the heavily eroded surfaces
were sufficiently damaged that little information was provided concerning
erosion mechanisms or processes. Since the impect and erosion models are 

•based on th. damage produced duri ng a single par ticle impact , an examination
of initial and subsequent impacts on the initially damaged area will provide
information on the actual material removal process. A typical example of
single Impact damage is shown in Figure 5. Figure 5a was taken in bright
field illumination and Figure Sb was taken in polarized light to reveal

7
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Figure 5. Single Particle Impact Damage on MgF2 Target Produced by
273 urn Quartz Particles Traveling at 190 mps
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subsurface cracks. The damage is characterized by a central, highly deformed
crater, with associated radial and lateral crack formation. The radial
cracks extend outward from the particle contact zone and are generally
perpendicular to the surface. Lateral cracks also extend from the contact
zone but are subsurface and approximately parallel to the surface. This type
of damage has been observed in several systems (Refs. 1, 2, 8) and is
referred to as elastic—plastic impact. This type of damage was characteristic
of the entire range of particle sizes and velocities investigated.
Generally , the laterally cracked regions are responsible for the majority of
material removal.

Figure 5 also illustrates the wide variation in single impact damage and
removal for a given particle size—velocity combination . This is thought to
be more a function of orientation of the impacting particle than of the
target properties . The hot—pressed MgF2 target is a single phase material
with a 2 micron grain size and the surface was polished prior to impact . Any
surface flaws or grain size and orientation effects are expected to be
minimal compared with the size of the particle contact area and subsequent
cracking. However, the particles can impact in a variety of orientations
ranging from a corner oriented impact to a face oriented impact. Although
particle mass and velocity for the two orientations is nominally the same,
the energy transferred per unit area will vary appreciably. Additionally ,
the 273 pm average particle size encompasses a range between 250 to 297 urn
which provides a mass variation.

Not only is there appreciable variation in single impact damage area , but
there is more variation in the amount of material removed . In Figure 5a, a
single layer of laterally cracked material has been removed from impacts 1
and 3, although additional laterally cracked material still exists (Fig. 5b).

• The amount of material removed from impacts 2 and 4 is comparatively insigni—
• ficant, and the laterally cracked material (seen in Fig. 5b) has remained

intact.

The effect of second impacts on prior impacted areas was investigated for
three particle size—velocity conditions as follows: 273 urn — 190 mps, 273 pm
— 120 mps and 115 urn — 220 mps. The area damaged , area removed , average
depth of damage , number and size of radial and lateral cracks were documented
for between 20 and 25 initial impacts for each condition. The same
measurements, plus any additional material removal or crack extension from
initial impacts, were madi for second impacts which occurred on the damaged
initial impact area. The number of second impacts documented ranged from 5
to 18 for each condition. An example of a second impact is shown in Figure 6
where a particle has impacted over a laterally cracked region on impact 1,
Figure 5. In this particular example the second impact has loosened the
laterally cracked material on which it impacted, but no additional material
has been removed. The greater intensity of polarized light reflection
indicates a wide crack (compare Figs. 5b and 6b). Also there is no apparent
effect of the initial impact on damage produced by the second impact. The
type of damage, magnitude of damage and material removal of the second impact
is almost identical with that of impact 4, Figure 5.
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FI gure 6. Second Impact on Damaged Area of I mpact 1 , Figure 5(273 urn - ~90 mps)

For a given particle size—velocity impact condition, the measured volume of
material removed varied over a three order of magnitude range • The normal-
ized frequency distribution for area damaged, area removed and volume removed
(area removed times depth of impact) is shown in Figure 7. As can be seen,
there is more varia t ion within a given particle size—velocity condition than
between the three Impact conditions . The large variation precludes determin-
ation of significant differences between initial and second impacts using
standard statistical procedures. A comparison between arithmetic means and
standard deviations calculated from coemon logarithms of the volume removed

10
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FI gure 7. Frequency Distributlon for Measured Impact Damage

indicate ther e is not a significant difference between the amount of material
removed by the first impact and that removed by subsequent impacts on the
initial impact damage area. These calculations are shown in Table 2. For
impacts with 273 urn particles at both velocities, the average values for
volume loss by second Impacts are within the one standard deviation range for
volume loss by the initial impacts. For impact with 115 pm particles , therefr - is a one order of magnitude difference in average volume removed between the
first and second impacts , but the one standard deviation ranges overlap.

For these test conditions, which simulate an airborne dust environment, there
does not appear to be a significant dS fference between the amount of material
removed by a singi. impact and that t - -‘oved by a second impact on the damage P
area of the initial impact for a given particle size velocity condition .

To further elucidate the difference , if any , between first and second
impact . , the data scatter will have to be reduced . A partia l reduction could
be accomplished by using spherical particles of a given size instead of the
angular particles which encompassed a size range . However , some scatter
would still be expected due to the variation in amount of cracked material
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Table 2

Average and Standard Deviation Va lues of Measured Vol ume
Removal by Impact

—1.4 3Volume Removed (10 m )
First Impacts Second Impacts

Particle
Size (p)— +1 Std. —l Std. +1 Std. —l Std .

— 

Velocity (mps) Average Deviation Deviation Average Deviation Deviation

273—190 9 70 1 10 70 2

273—120 4 20 0.8 10 50 2

115—220 0.6 3 0.1 6 40 0.9

that is actually removed. This variation is considered to be dependent on
localimed target characteristics such as pre—existing surface flaws and
microstructural variation.

iV . CONCLUS IONS

The results of this investigation indicate there is not a significant incuba— p

tion or damage enhancement effect for conditions which simulate a dust
erosion environment in the subsonic velocity regime when the damage is
characterized by “elastic—plastic” impact. Any minor effect would be masked
by the large (3 orders of magnitude) spread in volume removed per impact .
This spread results primarily from variation in particle orientation dur~ng
impact resulting from the angular quartz particles. The results further
indicate that the model developed for “elastic—plastic” Impact, which was
based on single impacts , is applicable to heavy erosion conditions .
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~~iost of the eros ion loss. This type of damage is also consistent with the
“elastic-plastic” model . For a g iven particle size - velocity condition the
volume of material removed for a single impact can v.ry over three orders of
magnitude. This large variation is due prjmarily to differences in particle
orientat ions during Impact wh ich resul ts from the i rregular angular natura l
quartz particles . For these conditIons there Is not a significant difference
between the amount of material removed for the first impact and for sub-
sequent Impacts on the damage area of the initial impact. The results imply
that there is not an incubation period or damage enhancement effect for
erosion in the “elastic-plastic ” impact response regime.
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