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EROSION OF TiB2-Ni COMPOSITES 

Principal Investigators: C. S. Yust, 
G. W. Clark, 
C. B. Finch, 
V. J . Tennery 
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Oak Ridge National Lab. 
Oak Ridge, TN 37830 
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The high hardness of titanium diboride 
h~ long suggested its app lic ation as a 

~
wea~and erosion resis tant material, but 
t e util ity of this material has been ham
pe d by insufficient fracture resistance. 
Impr ved properties for titanium diboride 
are be~g so ught in research at ORNL 
through preparation of composities in which 
hardness is retained while fracture sensi
tivity is lessened. We are currently in 
vestigating the system TiBZ - Ni, in com
positions ranging from 10 to 20 mol % nick
el . This discussion summarizes the results 
of the initial erosion tests and scanning 
electron microscopy of eroded surfaces. 

Th e erosion samples are cut from discs 
prepared by a liquid phase hot pressing 
process. The microstructure of the samples 
consists of tit anium diboride grains, a 
bonding phase or phases, and res idual por
osity (samples are about 95% of theoretical 
density). At present, the bonding phases 
have not been fully characterized, but they 
ar e tentatively identified as nickel, ti
tanium and boron bearing compounds . A typ
ical microstructure is shown in Fig. 1, 
scanning electron mic roscope view of a pol
ished section of a sample containing 20 mol 
% nickel. 

Samples containing 10, 15, and 20 mol % 
nickel have been exposed to erosion by gas 
borne alumina particles at the Bureau of 
Mines Laboratory a t Albany, Oregon. The 
e rosion test is a three-minute exposure to 
27 ~ m alumi na particles moving at a veloci
ty of 170 mis, and impinging on the sample 
surface at 20 or 90 0 angles. The erosion 
resistance of these samples was as good as 
or slightly better than two cemented tung
sten carbide reference compositions. The 
con@ition of the as-eroded surfaces of the 

October 1980 

XBB 809- 111 25 

Fig. 1. Scanning elec t ron photomicro
graph (backscattered e l ec t ron mode) of a 
t ypical tit anium diboride-nickel compos
i t e microstructure. The light phase is 
the nickel rich bonding phase, the black 
regions are pores. This specime n con
tains 20 mol % nickel. 

sample containing 20 mol % nickel is 
shown in Fig. Z. An interesting feature 
of this eroded region is the lack of ap
parent mechanical damage at the surface. 
Typically, eroded surfaces show evidenc e 
of particle interaction with the surface 
by the pres e nce of localized fractures or 
plastic deforma ti on. This surface re
veals onl y a selective removal of some of 
the bonding phase. 

The titanium diboride-nickel compos
ites have also been subjected to e rOSlon 
by oil-coal sl urri es at the Battelle 
Columbus Laboratories. In this instance, 
the sample s we re exposed to a jet of 
slurry composed of SRC I product dissolved 
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Fig. 2 . SEM photomicrograph of t he surface 
of a TiB2-Ni composite eroded by alumina 
particles. The arrow indicates the direc
tion of particle motion . The bonding phase 
is selectively removed, but the diboride 
grain surfaces show little damage . 

in anthracene oil to give a solids content 
of 24 wt %. The jet is impinged on th e 
sample surface at an angle of 20° for one 
hour. Th e jet velocity was 100 m/s and the 
slurry temperture was 343°C. Under thes e 
conditions, the titanium dibor ide-nickel 
composites were inferior in performance to 
cemented tungsten carbide reference materi
al. A typical portion of the eroded sur
face of the 20 mol % nickel sa mple is shown 
in Fig. 3. The surface in this instance is 
also free of apparent mec hanical damage. 
This experiment exposes the specimen to 
particulate matter contained within a chem
icall y active liquid rather than an inert 
gas and the particle surface interaction 
may be modified under these cond iti ons. 
The bonding phase does not show evidence of 
selective removal, Fig. 3a, but a granular 
material is found in many of the pores, 
Fig. 3b. Analysis of the composition of 
the granular constituent indicates that it 
is composed principally of titanium and 
n ickel, sugges t ing that it is an eros ion 
and/or corrosion residue rather than an ac 
cumulation of coal slurry particles in the 
pores. 

Additional samples of titanium dibor 
ide-nickel composites are undergoing eros
ion testing . These samples include micro
structural variations introduced through 
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Fig. 3. (a) SEM photomicrograph of the 
surface of a TiB2-Ni composite eroded by 
a coal-oil sl urr y . The pores are filled 
with a graunlar material, but the bonding 
phase is not selectively removed. The ar
row indicates the direction of slurry 
flow. (b) The pore filling and bonding 
phase (arrowed) are shown more clearly at 
higher magnification. 

processing modifications . In all samples , 
electron microscopy will be a key tool in 
investigating the erosion mechanism 



through studies of surface and subsurface 
damage. Studies of the subsurface damage 
resulting from controlled scratches on di
boride-nickel composites are being initi
ated to provide basic information on abras
ion and erosion damage mechanisms in this 
material. 

PLATELET MECHANISM OF EROSION OF DUCTILE 
METALS 

Principal Investigator: Alan Levy, 
Material & Molecular 
Research Division 
Lawrence Berkeley Lab. 
Berkeley, CA 94720 
(415) 486-5822 
FTS 451-5822 

EveT since small particle impingement 
erosion of ductile metals has been mod
elled, starting in the late 50's, the model 
has been based on a micro-machining physi
cal mechanism. 1 - 3 The micro-machining 
models have predicted the effect of im
pingement angle on erosion, but could never 
consistently predict erosion rates nor ac
count for several major anamplies, such as 
a threshold period or increasing erosion 
with apparent workhardening. Recently com
pleted work in our lab using the SEM to se
quentially observe the physical mechanism 
of erosion has determined that erosion in 
at least some single and 2 phase alloys oc
curs by a mechanism of a combined forging 
extrusion of platelets which are subse
quently knocked off the surface, rather 
than by micro-machining. 

The change from micro-machining to 
forging-extrusion of platelets makes it 
possible to account for many existing anam
olies and accurately represents what is ac
tually seen on the eroded surface of a duc
tile metal, but it makes it more difficult 
to develop an analytical model. In the 
case of the single step micro-machining 
mechanism, an equation of motion of a par
ticle's tip as it contacts and moves 
through the surface area of a target, re
moving material ahead of it, is relatively 
easy to represent numerically. We are 
still looking for a way to numerically de
scribe the multi-step activity of initially 
forg ing -extruding a platelet from a shallow 
crater, then further flattening and ex
tending it by additional impacts and final
ly knocking it off the surface. 

The evidence in support of the forma
tion and removal of platelets as the ac
tive mechanism was carried out using a 1/8" 
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dia nozzle erosion tester directing 600 ~m 
SiC particles in air at 0.75" x 2.5" x 
.125" specimens of 1100-0 and 7075-T6 
aluminum alloys at a ve l ocity of 100 fps 
and impact angles of 30° and 90°. Fi gur e 
1 shows the specimen with scribe marks 
denoting the magnified area shown in the 
figure. Approximately 500 particl e s (0.1 
gm) were impacted on the specimen between 
removals from the tester and observation 
in the SEM. Sometimes 1 gm of particles 
was used between observations. When it 
was desired to observe sequential beh av
ior on a steady-state erosion surfa ce, 
the specimen was impacted with 500 gm of 
particles before SEM observations were 
initiated. 
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Fig. 1. Test specimens of 1100-0 and 
7075-T6 aluminum. 

Representative sequences of plat e let 
formation and removal are shown in Fi gs. 
2-5. Figure 2 shows an area of 1100-0 a t 
the beginning stages of erosion after 
four 0.1 gm of particle impacts. The 
appearance of the triangular area depicts 
the type of deformation that occurs in 
the threshold period where craters and 
platelets are being formed and extended 
but where no material loss occurs. 

Figures 3 and 4 show subsequent 1 gm 
of particles sequences after steady stat e 
erosion has been reached on 7075-T6 . Th e 
modification and l oss of platelets can be 
readily seen. The formation of a plate
let can be seen on the left hand sid e of 
Fig. 3 between A and B pictures. By the 
time 4 gm of particles had impacted th e 
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Fig. 2. Initiation of platelet formation in 
11 00 - 0 a 1 urn inurn . 

steady state surface shown in Fig. 1, the 
particular area documented in Figs. 3 and 4 
had all of the initially observed platelets 
removed and new ones formed beneath them. 
Many other sequences indicating the same 
mechanism were documented. 

XEE 79 l 0 -13307 A 
Fig. 3. Sequential plat e let r emoval from a 
smear crater. 
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Fig. 4 . Sequential platelet removal from a 
smear crater. 

The extensive deformation observed 
on the eroded surface with no evidence of 
fracture surfaces where platelets would 
have separated from the surface when they 
were knocked off indicated extreme dis
tressing of individual platelets prior to 
their removal. Since the extent of 
formation of platelets was the same for 
both 1100-0 and the 6 times stronger and 
lower ductility 707S-T6 aluminum it was 
thought that some degree of heating of 
the erosion surface had occurred to 
eq ualize their plastic deformation behav
ior. Evidence for surface heating of th e 
target surface, all the way to melting,4-S 
has appeared in th e literature . No evi 
dence of melting was ever observed on the 
target surface in our tests. However, 
small amounts of alumi num that became 
attached to th e eroding particles did 
show evidence of melting, or at least the 
ductile fracture dimples that would have 
had to occur at a relatively high temper
ature. 

Figure 5 shows the surface of a SiC 
particle that had been in direct contact 
with the aluminum specimen. The combined 
action of the plastic deformation of the 
aluminum and the friction between the 
target and particle surfaces resulted in 
enough heating to weld considerable alum
inum to th e SiC and probably melt it im 
mediately after the particle lost contact 
with the target surface. The deposits of 
alumi num occurred on a large percentage of 
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Fig. S. Surface of used SiC particle show
ing evidence of melted or severely hot 
formed a luminum on its impacting surface. 

recovered SiC particles, probably all those 
that actually caused erosion. 

The evidence of the platelet mechanism 
of erosion present ed herein and additional 
evidence contained in our LBL report 10289, 
leads to the following description of the 
erosion mechanism in ductile metals: 

Particles initially impact a 
stress-free surface and cause craters 
to form. As the particles continue to 
impact there is a general microscopic 
roughening of the surface because of 
plastic deformation caused by the large 
localized stresses in the immediate 
areas of the particle impacts . In the 
process of forming craters, platelets 
of metal that are locally attached to 
the crater rim are forged-extruded. 
Some of the impact kinetic energy is 
converted into thermal energy which 
heats the immediate surface area about 
each crater resulting in warm or even 
hot working of the surface and the de
velopment of a heated surface zone. 
This enhances the formation of the 
platelets. At some depth below the 
surface the metal temperature decreases 
to the level where the plastic deforma
tion caused by the particle impacts re
sults in a grad ual work hardening of 
the metal. This sub-surface zone of 
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work hardened material has been mea
sured using a 5 gm load microhard
ness tester. 

Eventually the particle impact 
craters and their attendant plate
lets completely cover the surface. 
At this time particles no longer 
have a fresh surface to impact 
against and there starts a gradual 
increase of smear type craters with 
platelet formation and measurable 
erosion (actual material loss) now 
occurs. 

As the work hardened zone and 
the soft surface zone further de
velop, the resistance of the subsur
face work hardened zone to penetra
tion by the impacting particles con
centrates the plastic deformation in 
the soft surface layers. This in
creases extrusion of metal in the 
softened zone between the impactin g 
particles and the ha rdened subsur
face region which enhances the gen
eration of platelets . As mor e 
platelets are available to be 
knocked off, erosion increases. 
When the development of the heated 
surface and cold worked subsurface 
zones is completed, the incubation 
period is over and further erosion 
occurs by the steady state mechanism 
of indentation, smearing, platelet 
formation and extension, and the 
knocking off of platelets . It has 
been observed that from 4 to 8 part
icle impacts in a specific area 
cause all of the elements mentioned 
to occur. 

The platelet mechanism accounts for 
the observed surface of the eroded mater
ial as well as anamolies such as the 
threshold period of no measurable erosion 
that occurs. Much work remains to be 
done. The applicabilit y of the mechanism 
to erosion at elevated temp era tures, to 
surfaces that are undergoi ng simultaneous 
corrosion, to multiphase alloys of vari
ous morphologies, and to alloys that are 
much stronger than aluminum alloys is 
still to be determined. Also, the ap
proach to developing a numerical model 
based on the forging-extrusion mechanism 
still has to be established. 
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The high hardness of titanium diboride 
has long suggested its application as a 
wear and erosion resistant material, but 
the utility of this material has been ham
pered by insufficient fracture resistance. 
Improved properties for titanium diboride 
are being sought in research at ORNL 
through preparation of composities in which 
hardness is retained while fracture sensi
tivity is lessened. We are currently in
vestigating the system TiB2-Ni, in com
positions ranging from 10 to 20 mol % nick
el. This discussion summarizes the results 
of the initial erosion tests and scanning 
elec tron mi croscopy of eroded surfaces. 

The erosion samples are cut from discs 
prepared by a liquid phase hot pressing 
process. The microstructure of the samples 
consists of titanium diboride grains, a 
bonding phase or phases, and residual por
osity (samples are about 95% of theoretical 
density). At present, the bonding phases 
have not been fully characterized, but they 
are tentatively identified as nickel, ti
tanium and boron bearing compounds. A typ
ical microstructure is shown in Fig. 1, 
scanning electron microscope view of a pol
ished section of a sample containing 20 mol 
% nickel. 

Samples containing 10, 15, and 20 mol % 
nickel have been exposed to erosion by gas
borne alumina particles at the Bureau of 
Mines Laboratory at Albany, Oregon. The 
erosion test is a three-minute exposure to 
27 ~ m alumina particles moving at a veloci
ty of 170 mis, and impinging on the sample 
surface at 20 or 90 0 angles. The erosion 
resistance of these samples was as good as 
or slightly better than two cemented tung
sten carbide reference compositions. The 
condition of the as - eroded surfaces of the 
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Fig . 1. Scanning electron photomicro
graph (backscattered electron mode) of a 
typical titanium diboride-nickel compos
ite microstructure. The light phase is 
the nickel rich bonding phase, the black 
regions are pores. This specimen con
tains 20 mol % nickel. 

sample containing 20 mol % nickel is 
shown in Fig. 2. An interesting feature 
of this eroded region is the lack of ap
parent mechanical damage at the surface. 
Typically, eroded surfaces show evidence 
of particle interaction with the surface 
by the presence of localized fractures or 
plastic deformation. This surface re
veals only a selective removal of some of 
the bonding phase. 

The titanium diboride-nickel compos
ites have also been subjected to erosion 
by oil-coal slurries at the Battelle 
Columbus Laboratories . In this instance, 
the samples were exposed to a jet of 
slurry composed of SRC I product dissolved 
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Fig. 2. SEM photomicrograph of the surface 
of a TiB2-Ni composite eroded by alumina 
particles. The arrow indicates the d ir ec 
ti on of particle motion. The bondi ng phase 
i s selec tiv ely removed, but the diboride 
grain surfaces show little damage. 

in an thr acene oil to give a solids con t ent 
of 24 wt %. The jet is impinged on the 
sample surface at an angle of 20° for one 
hour. The jet veloci t y was 100 m/s and the 
slurry temperture was 343°C. Under these 
conditions, the titanium dibor id e - nickel 
composites were inferior in performance to 
cemented tungsten carbide reference materi 
al. A typical portion of the eroded s ur
face of the 20 mol % nickel sample is shown 
in Fi g. 3. The surface in this instance is 
also free of apparent mechanical damage . 
This experiment exposes t he specimen to 
particulate matter contained wi thin a chem
ically active liquid rather than an iner t 
gas and the particle surface interaction 
may be modified under these conditions. 
The bonding phase does not show ev id ence of 
selective removal, Fig. 3a, but a granular 
material is found in many of the pores , 
Fi g . 3b . Analysis of the composit ion of 
the granular constituent indicates that it 
is composed principally of titanium and 
ni ckel , suggesting that it is an erosion 
and/or corrosion residue r at her t h an an ac 
cumulation of coal slurry particles in the 
por es . 

Additional samples of titanium dibor
ide-nickel composites are undergoing eros
ion testing. These samples include micro
structural variations introduced through 
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Fig . 3. (a) SEM photomicrograph of the 
surface of a TiB2-Ni composite eroded by 
a coal - oil slurry. The pores are filled 
with a graunlar material, but the bonding 
phase is not selectively removed. The ar
row indicates the direction of slurry 
flow. (b) The pore filling and bonding 
phase (arrowed) are shown more clearly at 
higher magnification. 

processing modifications . In all samples, 
electron microscopy will be a key tool in 
investiga tin g the erosion mechanism 



through studies of surface and subsurface 
damag e . Studies of the subsurface damage 
resulting from controlled scratches on di
boride-nickel composites are being initi
ated to provide basic information on abras
ion and erosion damage mechanisms in this 
material. 

PLATELET MECHANISM OF EROSION OF DUCTILE 
METALS 

Principal Investigator: Alan Levy, 
Material & Molecular 
Research Division 
Lawrence Berkeley Lab. 
Berkeley, CA 94720 
(415) 486-5822 
FTS 451-5822 

Ever since small particle impingement 
erosion of ductile metals has been mod
elled, starting in the late 50's, the model 
has been based on a micro-machining physi
cal mechanism. 1 - 3 The micro-machining 
models have predicted the effect of im
pingement angle on erosion, but could never 
consistently predict erosion rates nor ac
count for several major anamplies, such as 
a threshold period or increasing erosion 
with apparent workhardening. Recently com
pleted work in our lab using the SEM to se
quentially observe the physical mechanism 
of erosion has determined that erosion in 
at least some single and 2 phase alloys oc
curs by a mechanism of a combined forging 
extrusion of platelets which are subse
quently knocked off the surface, rather 
than by micro-machining. 

The change from micro-machining to 
forging-extrusion of platelets makes it 
possible to account for many existing anam
olies and accurately represents what is ac
tually seen on the eroded surface of a duc
tile metal, but it makes it more difficult 
to develop an analytical model. In the 
case of the single step micro-machining 
mechanism, an equation of motion of a par
ticle's tip as it contacts and moves 
through the surface area of a target, re
moving material ahead of it, is relatively 
easy to represent numerically. We are 
still looking for a way to numerically de
scribe the multi-step activity of initially 
forging-extruding a platelet from a shallow 
crater, then further flattening and ex
tending it by additional impacts and final
ly knocking it off the surface. 

The evidence in support of the forma
tion and removal of platelets as the ac
tive mechanism was carried out using a 1/8" 
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dia nozzle erosion tester directing 600 ~m 
SiC particles in air at 0.75" x 2 .5" x 
.125" specimens of 1100-0 and 7075 - T6 
aluminum a lloys a t a velocity of 100 fps 
and impact angles of 30° and 90° . Figure 
1 shows the specimen with scribe marks 
denoting the magnified area shown in the 
figure. Approximat ely 500 particles (0.1 
gm) were impacted on the specimen between 
r emovals from the test er and observation 
in the SEM. Sometimes 1 gm of particles 
was used between observations. When it 
was desired to observe sequential behav
ior on a steady-state erosion surface, 
the specimen was impacted with 500 gm of 
particles before SEM observations were 
initiated. 
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Fig. 1. Test specimens of 1100-0 and 
7075-T6 aluminum. 

Representative sequences of platelet 
formation and removal are shown in Figs. 
2-5. Figure 2 shows an area of 1100-0 at 
the beginning stages of erosion after 
four 0.1 gm of particle impacts. The 
appearance of the triangular area depicts 
the type of deformati on that occurs in 
the threshold period where craters and 
platelets are being formed and extended 
but where no mat erial loss occurs. 

Figures 3 and 4 show subsequent 1 gm 
of particles sequences after steady state 
erosion has been reached on 7075-T6. The 
modification and loss of platelets can be 
readily seen. The formation of a plate
let can be seen on the left hand side of 
Fig. 3 between A and B pictures. By the 
time 4 gm of particles had impacted the 
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Fig. 2. Initiation of platelet formation in 
11 00- 0 al umi num. 

steady sta t e surface shown in Fig. 1, the 
particular area documented in Figs. 3 and 4 
h a d all of the initially observed platelets 
removed and new ones formed b eneath them. 
Many other sequences indicating the same 
mechanism were documented. 

__ I~II<C"" IJ IR1;rrIutl--

X1313 79 l0-13 307A 
Fig. 3 . Sequen tia l platelet removal fr om a 
smear crater. 
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XBB 806-7864 
Fig. 4. Sequential plat ele t removal from a 
smear crater. 

The extensive deformation observed 
on the eroded surface with no evidence of 
fracture surfaces where platelets would 
have separated from the surface when they 
were knocked off indicated extreme dis
tressing of individual platelets prior to 
their removal. Since the e xtent of 
formation of platelets was the same for 
both 1100-0 and the 6 times stronger and 
lower ductility 707S-T6 aluminum it was 
thought that some degree of heating of 
the erosion surface had occurred to 
equalize their plastic deformation behav
ior. Evidence for surface heating of the 
target surface, all the way to melting,4-S 
has appeared in the literature. No evi
dence of melting was ever observed on the 
target surface in our tests. However, 
small amounts of aluminum that became 
attached to the eroding particles did 
show evidence of melting, or at least the 
ductile fractu re dimples that would have 
had to occur at a relatively high temper
ature. 

Figure 5 shows the s urface of a SiC 
particle th at had been in direct contact 
with the aluminum s pecimen . The combined 
action of th e p l as ti c deformation of the 
aluminum and the friction between th e 
t arge t and particle surfaces resulted in 
eno ugh heating to weld considerab l e a lum
inum to the SiC and probably melt it im
mediately after the part icl e lost contact 
with the tar get s urf ace . The deposits of 
al uminum occurred on a l arge percentage of 
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Fig. S. Surface of used SiC particle show
ing evidence of melted or severely hot 
formed aluminum on its impacting surface. 

recovered SiC particles, probably all those 
that actually caused erosion. 

The evidence of the platelet mechanism 
of erosion presented herein and additional 
evidence contained in our LBL report 10289, 
leads to the following description of the 
erosion mechanism in ductile metals: 

Particles initially impact a 
stress-free surface and cause craters 
to form. As the particles continue to 
impact there is a general microscopic 
roughening of the surface because of 
plastic deformation caused by the large 
localized stresses in the immediate 
areas of the particle impacts. In the 
process of forming craters, platelets 
of metal that are locally attached to 
the crater rim are forged-extruded. 
Some of the impact kinetic energy is 
converted into thermal energy which 
heats the immediate surface area about 
each crater resulting in warm or even 
hot working of the surface and the de
velopment of a heated surface zone. 
This enhances the formation of the 
platelets. At some depth below the 
surface the metal temperature decreases 
to the level where the plastic deforma
tion caused by the particle impacts re
sults in a gradual work hardening of 
the metal. This sub - surface zone of 

" 
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work hardened material has been mea
sured using a 5 gm load microhard
ness tester. 

Eventually the particle impact 
craters and their attendant plate
lets completely cover the surface. 
At this time particles no longer 
have a fresh surface to impact 
against and there starts a gradual 
increase of smear type craters with 
platelet formation and measurable 
erosion (actual material loss) now 
occurs. 

As the work hardened zone and 
the soft surface zone further de
velop, the resistance of the subsur
face work hardened zone to penetra
tion by the impacting particles con 
centrates the plastic deformation in 
the soft surface layers. This in
creases extrusion of metal in the 
softened zone between the impacting 
particles and the hardened subsur
face region which enhances the gen 
eration of platelets. As more 
platelets are available to be 
knocked off, erosion increases~ 
When the development of the heated 
surface and cold worked subsurface 
zones is completed, the incubation 
period is over and further erosion 
occurs by the steady state mechanism 
of indentation, smearing, platelet 
formation and extension, and the 
knocking off of platelets . It has 
been observed that from 4 to 8 part
icle impacts in a specific area 
cause all of the elements mentioned 
to occur. 

The platelet mechanism accounts for 
the observed surface of the eroded mater
ial as well as anamolies such as the 
threshold period of no measurable erosion 
that occurs. Much work remains to be 
done. The applicability of the mechanism 
to erosion at elevated temperatures, to 
surfaces that are undergoing simultaneous 
corrosion, to multiphase alloys of vari
ous morphologies, and to alloys that are 
much stronger than aluminum alloys is 
still to be determined. Also, the ap
proach to developing a numerical model 
based on the forging-extrusion mechanism 
still has to be established . 

References 

1. Finnie, I., "Erosion of Surfaces by 
Solid Particles", Wear 3 (1960), 87-
103. 



2 . Bitter, J.G.A., "A Study of Erosion 
Phenomena", Parts 1 and 2, Wear 5, 
(1963). -

3. Neilson, J. H. and Gilchrist, A., 
"Erosion by a Stream of Solid 
Particles", Wear D, (1968), p. 11. 

6 

4. Winter, R.E., and Hutchings, I.M., "The 
Role of Adiabatic Shear in Solid Parti
cle Erosion", Wear~, (1975), 141 -1 48. 

5. Christman, T., and Shewmon, P. G., "Ero
sion of a Strong Aluminum Alloy", Wear 
g , (1979 ), pp. 57 - 70 . 



Lawrence Berkeley Laboratory 
ALAN V. LEVY, Editor 
Erosion-Wear Research 
University of California 
Berkeley, CA 94720 

Non-Profit Org. 
U.S. Postage 

PAID 
Berkeley, CA 

Permit No. 1123 



BES PUB-363 

EROSION-WEAR RESEARCH 
Newsletter 

LAWRENCE BERKELEY LABORATORY. UN I VERS ITY OF CALI FORN I A. BERKELEY. CAL I FORN I A 'H720 

Volume 1, Number 1 

I NITIATION OF BES EROSION RESEARCH NEWSLETTER 

The importance of t he need for an increasing 
understanding of the behavior of materials in 
erosion-wear environments has been underscored by 
the occurrence of more fa ilures of components in 
coal conversion system pilot p lants by erosion 
than by any other s ing l e mechanism_ The BES 
program in eros i on and wear is a wide ranging o ne 
that is aimed at providing knowledge of the basic 
mechanisms of erosion of several types of materials 
to those that are endeavoring to eliminate erosion 
failures by astute materials selection and compo
nent and process design. 

This news l e tter is intended to provide a 
written information exchange medium for the team 
of BES erosion-wear researchers to more ef f ective ly 
carry out our programs in close communication with 
one another _ It is planned to periodically have 
informal meetings to further share our findings 
and ideas. In these ways, we can collectively 
make available more basic knowledge of erosion
wear behavior in a timely manner . Issues will be 
prepared for distribution quarterly. 

In this first issue of the newsletter, each 
of the seven act i ve BES programs is briefly 
presented to acquaint the reader with the objec
tives and approaches of the programs. In subse
quent issues, it is p lanned to review the concepts, 
accomplishments and even problems of individual 
progr~ms in more depth, still preservi ng the brevi t y 
of this issue. Two or three individual investi
gators per issue will be able to highlight aspects 
of their work t hat wil l provide knowledge of 
behavior that has been gained in recent efforts. 

A section of the news letter will be made 
available for comments by others on the results of 
the work of individuals reported in earlier issues. 
Speculations on the meanings o f data, correlations 
with data from o ther investigators' programs, 
critical comments on experimental or analy tical 
techniques; in short a forum for investigators to 
use to enhance each others programs will be 
provided. Lists o f recent p ublications and 
reports wi ll be another feature as will be notices 
of pertinent meetings and other activities. 

It is hoped that the newsletter wil l become 
a valued tool for both BES investigators and others 
that will receive it to advance the knowledge of 
erosion-wear mechanisms. 
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LOCALIZED CORROSION OF PASSIVE METALS 

Principal Investigator: Richard C. Alkire, 
Materials Research Laboratory 
University of Illinois 
Urbana, IL 61801 
(217)333-006 3 / FTS 957 - 0063 

The purpose of this program is t o study the 
effects o f fluid fl ow on repassivation of metals 
immersed in aqueous solutions at ambient temperatures. 
The program focuses on the sequence by which passiv
ity i s regained following disturbance of the surface . 
Mathematical models are used t o quantify hypotheses 
of the mechanism. Exper iments aim for controlled 
variation of sys t e m parameters unde r known corros ion 
conditions. 

Typical disturbances whi ch create l oss of 
passivity inc lude fluid flow, partic le imp ingemen t / 
impac tion , and cavitation . After birth of l oca l 
activity, subsequent corrosion processes are 
invariably influenced by transport phenomena 
including both mass transfer of aggressive species, 
o hmic transport of charge, fluid flow , and both 
h e terogeneous and homogeneous reactions . By us ing 
mathematical models to test hypotheses of mechanism, 
this program seeks an improved understandi ng of 
corrosion in the presence of erosion. In particular, 
chemical e ngineering concepts are incorporated i nto 
models of diffus i on and convection controlled corro
sion processes. By inver s ion, mathematical models 
provide a rational basis for predi cting conditions 
under which corrosion may be avoided. 

Special attention has been directed to the role 
which metal salt films play during early stages of 
repassivation. Under such conditions , the rate of 
corrosion is so high that a salt film precipitates 
upon the surface. Subsequent events are thus 
greatly influenced by d iffus i ve and convective 
transport processes which influence the behavior 
of the salt f ilm. On iron i n d ilute sulfur i c acid, 
f o r example , th e salt film i s a necessary precursor 
to r epassivation. High flow rates thus impede 
repass ivation s ince they prevent prec i pitation of 
the salt film. In chloride solution, o n the other 
hand, the presence of a salt fi l m i nhibits repassi
vation ; high flow rates thus enhance repass i vati on. 

In order to achieve controlled observations on 
individual corrosion sites, a new exper imenta l 
technique has been developed whi ch i nduces highly 
l ocalized depassivation a t a pre - se l ected s ite on 
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the metal surface . The method uses a low- energy 
laser beam, focused to <5 wm diameter, to trigger 
depassivation with a 5- ns pulse. The method 
simulates an individual impingement event on an 
otherwise passive surface . Subsequent corrosion 
events , including repassivation can be obse r ved 
under controlled hydrodynamic flow conditions . 
A theoretical ana lysi s of the potential and convec 
tive flow fields is being deve loped to correlate 
and to scale data from among var i ous experimental 
systems. 

E>JVIRONMENTAL EFFECTS ON THE MECHANICAL BEHAVIOR 
OF BRITTLE MATERIALS 

Principal Investigator : R. E. Cuthrell, 
Surface Metallurgy Division 
Sandia National Laboratories 
Albuquerque, New Mexico 87185 
(505)264- 7554 / FTS 844- 7554 

Changes in the mechanical behavior of solid 
materials which are produced by gaseous or liquid 
e nvironments are known as Rebinde r effects after 
the Russian academician P. A. Rebinder who 
discovered these chemomechanical phenomena in 
1928 . Following the extensive though little 
understood work of many investigators in this 
field, we have (1) rep roduced the results of 
Westwooc who showed that dri lling ra tes in brittle 
materials depend on the surface charge produced by 
ions adsorbed from liquid environment s , (2) found 
that ion aggregation i n low dielectric constant 
liquids limits the chemomechan ical effects through 
limiting the availability of the ions for surface 
interaction, (3) proposed that hydrogen is the 
ionic species responsible for chemomechanical 
effects, (4) tested this hypothesis in gaseous 
hydrogen and hydrogen plasmas in an ultrahigh 
vacuum chamber and found that the magnitude of 
the Rebinder effects depends on the hydrogen 
pressure . Subsequent experiments showed the same 
dependence of drilling rates on hydrogen availabil 
ity from liquid environments . Since hydrogen ions 
are small and highly mobile, a wide variety of 
materials were expected to exhibit this Rebinder 
effect. A survey of materials showed the effec t 
in g lasses, ceramics , single c rystal minerals, 
rocks, refrac tory coatings, semiconductors, and 
metals containing brittle phases . 

Subcritical crack growth rates in Pyrex and 
soda- lime g lass exhibit similar hydrogen dependence 
both in the gaseous and liquid e nvironments . These 
results suggest that the chemomechanical effects 
depend on the ra te of d iffusion of hydrogen 
relative to the rate of fracture in the near 
surface region of britt l e mate rials. The observed 
time dependence of Rebinder ef fe c ts in silicon 
were consistent with estimated hydrogen permeation 
rates at room temperature . Exposure to hydrogen 
during the preparation of erosion resistant coatings 
by chemical vapor deposition may de termin e the ir 
resistance to cracking. Hard CVD coatings are 
cur r ently und er study using exoelectron emission 
and photon emission to detect crack initiation 
under bending loads. 

2 

CVD HARD COATINGS PROGRAM 

Pr incipal Investigator: E. Randich, 
Surface Metallurgy Division 
Sandia National Laboratories 
Albuquerque, New Mexico 87185 
(505)264 - 7554 / FTS 844- 7554 

Th is program is a study of the chemical vapor 
deposit ion of refractory hard borides of t he group 
IV and V metals. As coatings, these materia ls are 
of interest in eros ion and wear applications. 
Specific borides which have been studied include 
TiB2 ' ZrB2 , TaB2 ' and alloys of the form (Ti,Ta)B2 
and (Ti,Zr)B2 . The program involves three areas: 
(1) theoretical and experimental studies of the 

CVD processes used to deposit the materials, 
(2) characterization of the deposited materials 
and their interaction with various substrate 
materials , and (3) eros ion and wear testing of both 
laboratory specimens and prototype va lve hardware 
for coal conversion systems. 

Presen t work includes: (1) the thermodynamic 
pred iction and e xperimental verification of the 
Ti - B- Cl - H and Ta - B- Cl - H systems which are used to 
deposit TiB2 and TaB2 respectively, (2) pole figure 
analysis to determine the effects of CVD parameters 
on preferred orientation of the coating , and (3) 
construction of a pressurized coal slurry test loop 
to evaluate coating material for high pressure 
l etdown service in coal liquefaction systems. 

EROSION/CORROSION AND WEAR OF SYNTHETIC FUELS 
PROCESS EQUIPMENT MATERIALS 

Principal Investigator: Alan V. Levy , 
Materials & Molecular Research Division 
Lawrence Berkeley Laboratory 
Berkeley, California 94720 
(415)486-5822 / FTS 451-5822 

The operating environments of the materials 
used in many of the components of synthetic fuels 
production p lants are detrimental to their chemical 
and mechanical surface stability . The three princi
pal destructive forces occurring in such elevat ed 
temperature and pressure p rocesses as coal gasifi 
cation and liquefaction and oil shale retorting are 
corrosive a ttack by sulfur and oxygen , eros ion wear 
by solid particles, and abrasive wear resulting 
from the pulverization and transport of solid 
particles of coal and minerals into the reaction 
zones. My group is carrying out a comprehensive , 
integrated research program to gain an understanding 
of these corros i ve, erosive and abrasive forces . 
Metals , ceramics , and protective coatings are all 
being studied. We want to learn how process 
operating conditions and construction materials ' 
composition and properties can be coordinated to 
result in economical, long lived components. 

Erosion 

The presence of small (1 - 500 Wm) solid parti 
cles of coal and char entrained in flowing gases 
or liquids in coal conversion processes introduces 
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a destructive mechanism, erosion, into the operating 
environment of the materials containing the reac
tions. Erosion has become a major consideration 
in the design of coal conversion equipment . We are 
conducting an indepth investigation of the erosion 
behavior of metals, ceramics and their coatings. 
There are many interrelated variables active in the 
erosion process . They include such factors as the 
size, shape, mass and friability of the parti c les; 
their velocity and direction upon impac t with a 
solid surface; the hardness, strengt h , ductility 
and work hardenabi lity of the target ; and the 
temperature and compositi on of the gases and 
liquids that carry them to the target surface. 
The study is broken down into two major areas of 
investigation: the fluid mechanics of the particle 
containing flows and the mechanisms of erosion 
when the particles impac t the target surface. In 
addition, since the fluids carrying the partic les 
to the surface are corrosive in nature, combined 
erosion/corrosion investigations are being 
conducted . Analytical models based upon the 
mechanisms of erosion that are microscopically 
observed using the latest instruments are being 
developed. These mechanisms have been found to 
be considerably different from those used in earlier 
modeling efforts reported in the literature. 

Fl uid Mechanic s 

In all circumstances where small partic l es 
carried to material surfaces by fluids such as gases 
o r liquids are studied , the fluid mechanics of the 
two-phase flow is a very important aspect of the 
overall behavior. How the particles impac t the 
surface in terms of ve locity, impingement angle and 
mass loading are major variables in the erosion 
mechanism. We are conducting both analytical model 
and experimental wind tunnel studies to gain a 
sufficient understanding of how en train ed particles 
move in a fluid s tream over various flow surface 
shapes to accurately define the actual condition 
of the partic l es when they impact containment 
surfaces. The similarities and d ifferences 
observed in erosion of metals by gas - solid particle 
streams and by liquid slurries are clarified as the 
result of the fluid mechanics work . 

Corro sion 

We are trying to understand the combined 
degradation of the containment surfaces o f synthetic 
fuels process p lant components operating a t e l evated 
temperatures in gas-solid particle flows where the 
gases are highly reactive . It is necessary to 
know what the nature of the materials that form 
on their surfaces as the result of corrosion 
mechanism are before any practical understanding 
of the complete mechanisms can be gained . While 
each process for converting coal or oil shale to 
clean, efficient fuels has different components 
and environments , their corrosion behavior has 
many areas of commonality . For example, the sulfur 
present in the coa l or o i l shale is released at 
elevated temperatures in a form that results in 
a high sulfur chemical activity a t the surface of 
a containment ma terial such as in a p ipe, pump 
housing or valve body. The sulfur can be in the 
form of a gas, H2S, or a solid, iron pyrite, in 
coal gasification and oil shale retorting or in 
an acid in coal liquefaction. By studying the 

basic corrosion mechanisms of gases containing 
active sulfur and oxygen at elevated temperature 
in contact with a metal surface, a knowl edge of the 
behavior of the metals and the characteristic of 
the scales formed on them tha t is applicable to 
severa l different processes is gained. 

Co rros ion-Erosi on 

In a comprehensive program to understand the 
mechanisms of materials surface degradation in 
synthetic fue l production plant environment s , it 
is necessary to integrate the corrosion mechanisms 
with the erosion mechanisms. We are studying the 
erosion of sca l es of sulfides and oxides on metals 
and coatings at various temperatures and times at 
the sulfur and oxygen activities which occur in 
synthetic fuels processes . So far this work has 
given us considerabl e insight into the mechanisms 
of erosion of the brittle scale materials on 
ductile base metals. Factors such as morpho l ogy 
of the scale, adhesion of the scale to the base 
metal, scale thickness and p lastic deformation of 
the substrate all effect the resultant erosion 
behavior. Combined erosion-corrosion tests are 
teaching us more about this complex and very 
important surface phenomena . 

Abrasive Wear 

The pul verization of coal and oil shale into 
particle s izes suitable for eff icient reaction and 
their transport into the reaction vessels to 
convert them into gaseous and liquid fue l s causes 
cons iderabl e abrasive type wear on containment 
mater i als . We are inves tigating the mechani sms 
of this wear and the ability of materials of 
different compositions, strengths and morpho logies 
to resist it. Both two-body and three - body type 
abrasive wear mechanisms are being studied . The 
differences and similarities of abrasive wear to 
erosive wear are being determined. 

MECHANISMS OF EROSION 
Principal Investigators: A. P . L . Turner, J. Routbort , 

R . Scattergood 
Materials Science Division 
Argonne National Laboratory 
Argonne, IL 60439 
(312)972 - 4985 

At the present time , we have active research 
projects on the mechanisms of erosion of ceramic 
materials and the nature of erosion processes for 
corrosion product scales . Although no work is 
currently being done on metals except in conjunc 
tion with the corrosion product scales , we wi ll 
probably do more work in this area in the future . 

The emphasis of our work on ceramics is on 
understanding the veloc ity and particle size 
dependencies of the eros i on rate and how they relate 
t o the microstructure. We are invest i gating the 
origin of the rapid decrease in erosion rate for 
abrasive particle s izes l ess than 20 ~m . We have 
observed this apparent threshold in particle size 
for erosion of both reaction bonded SiC (RBSiC) 



which is a two - phase material with a complex micro
structure and for erosion of (Ill) surfaces of si 
single crystals. Therefore the origin of t he 
threshold is apparently not connected with the 
microstructure but is an inherent feature of the 
britt l e mechanism of erosion . We are also s tudy ing 
the erosion of hot pressed SiC wh i ch is single 
phase. For this material we observe a peak i n 
the eros i on rate for particles of size approxi
mately 1 00 ~m. We believe that thi s anoma l ous 
partic le size dependence is related to the grain 
size in the ceramic, but have yet to establish the 
details of the mechanism responsible for t he peak. 

The objective of the work on corros ion product 
scales is to establish the relat ionship between the 
erosion resistance of the sca l es and the chemi stry 
of the corrosive environment in which they were 
formed . Tes t samples are coupons of 310 stainl ess 
steel that have been corroded at high t emperatures 
in multicomponent gas atmospheres with vary ing 
oxygen and sulfur potentia l s . We are investigating 
the critical ve locities and partic l e sizes required 
to cause rapid spalling of the scales , the rates 
of sca l e erosion under conditions where spall i ng 
does not occur and the erosion rates of subscale 
sulfur penetrat ed zones in the 31 0 substrates . 
We hope to be able to relate the erosion character
istics to the scale structure , hardness and other 
physical properties . 

Our experiments are carried out in a s linger 
type e rosion appar a tus . Partic l es are accelerat ed 
by a rotating ho llow arm into which the particles 
are fed at the center, and then impact the samples 
arranged around a c i rcle outside the tip of the arm . 
We have the capability of heating the samples to 
about 700°C . Experiments are carr ied out in a 
vac uum of approximately 0 . 2 Torr . 

STUDIES OF LOW VELOCITY, PARTICULATE EROSION 
Principal Investigators: P . S. Follansbee , 

G . B. Sinclair and 
J . C. Wi lliams 

Dept. of Meta llurgy & Materials Sc i. 
Carnegie- Mellon University 
Schenley Park 
Pittsburg , PA 15213 
(412)578 - 2704 

The erosion of copper and copper- alumi num alloys 
at room temperature by the impact of spherical Si02 
and angular siC (50 - 1 00 ~m d iameter) particles at 
velocities less than 30 m/sec is be ing studied 
using a combined experimental and analytical 
approach . The experimental studies employ a 
technique which incorporates a laser velocimeter 
for continuously measur ing particle velocity and 
particle concentration (particles/sec). This 
removes many of the e xperimental difficulties 
which have been troublesome in previous erosion 
studies . The e xperimental r esults are to include 
both surface penetration and weight loss as a 
function of time, impingement angle and impinge
ment velocity for annealed and co ld - worked Cu and 
Cu- 6 % AI . Microscopic characterization (SEM) of 
both the damaged surface and subsurface reg i ons, 
and of the individual particles which have been 
removed from the surface are being pe rformed to 
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corre late the erosion rate measurements with 
physical processes . 

I n the analytical studies, modeling of the 
particle impact event is being conducted using an 
elastoplastic , finite element , stress analysis. 
This analysis has been appl i ed to the norma l 
incidence impact of a r i gid spherical projectile. 
Preliminary results for a s ing l e impact show that 
the fracture stress is not exceeded upon impact of 
a 50 ~m diameter particle at 30 m/sec. Therefore, 
a material removal criterion based on the accumu
l ated damage of multiple impacts is required and 
the present thrust of the research proqram is 
to develop such a model and supporting experimenta l 
evidence . 

EROSION AND WEAR OF CERAMICS 

Principal Investigator: Charles Yust, 
Metals and Ceramics Divi sion 
Oak Ridge Nationa l Labor~ry 
P.O. Box X 
Oak Ridge , TN 37830 
(615)574-4812 / FTS 624- 4812 

The BES erosion study at O~lL is eoncerned~ · " 
the study of damage mechanisms a t partic l e impa~~~ 
sites i n ceramics, pr i ncipally by direct observa-
tion of such damage. Electron microscopy, both 
scanning and t ransmission , is the tool by means 
of which impact damage is observed and character-
ized. The initial thrust of this study has been 
directed toward the creation of control l ed damage 
in single crystal aluminum oxide specimens by 
impingement of silicon carbide part i cles. The 
early observations suggested that the l ocal damage 
was the consequence of very high stra i n rate 
deformation processes at the impact point. Some 
effort has been expended , there fore, on analysis 
of another comparable high strain rate damage 
process in alumina, i.e. , explos ive compact ion . 
The results of study of an explos ive l y compacted 
alumina body seem to be cons istent with some 
features of the individual erosion impacts i n 
alumina and should contribute significant back-
ground for analysis of erosion damage . 

The erosion study i s also being extended to 
include study of TiB 2- Ni composites. These 
materials are being produced as part of a study 
of hard materials for wear resistance. Conse 
quently, we will eva l uate the erosion resistance 
of these compositions , and produce specimens for 
detail ed characterization of the erosion process . 

At present, our in - house erosion facility 
consists of a simp l e gas gun device for the 
acceleration of small batches of parti cles onto 
a specimen surface . Angles of impingement of 0 
to 90 degrees , temperatures to a pproximately 
1000°C, and a controlled environment are available 
in the system . A partic le velocity measurement is 
not part of the system , but is estimated from the 
gas gun characteristics . The velocity range i s 
approximately 50 - 200 m/sec. The system is 
designed for small samples to be used for electron 
microscopy. 
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The importance of the need for an increasing 
understanding of the behavior of materials in 
erosion-wear environments has been underscored by 
the occurrence of more failures of components in 
coal convers ion system pilot plants by erosion 
than by any other single mechanism. The BES 
program in eros ion and wear is a wide ranging one 
that is aimed at providing knowledge of the basic 
mechanisms of erosion of several types of materials 
to those that are endeavoring to eliminate erosion 
failures by astute materials selection and compo
nent and process design. 

This newsletter is intended to provide a 
written information exchange medium for the team 
of BES erosion-wear researchers to more effectively 
carry out our progr~ms in close communication with 
one another. It is planned to peri odically have 
informal meetings to further share our findings 
and ideas . In these ways, we can collectively 
make avai lable more basic knowledge of erosion
wear behavior in a timely manner . Issues will be 
prepared for d istribution quar t erly. 

In this first issue of the newsletter, each 
of the seven active BES programs is briefly 
presented to acquaint the reader with the objec
tives and approaches of the programs. In subse
quent issues, it is planned to review the concepts, 
accomplishments and even problems of individual 
programs in more depth , stil l preserving the brevity 
of this issue. Two or three individual investi
gators per i ssue will be able to highlight aspects 
of their work that will provide knowledge of 
behavior that has been gained in recent efforts. 

A section of the newsletter will be made 
available for comments by others on the results of 
the work of individuals reported in earlier issues. 
Specu l at i ons on the meanings of data, correlations 
with data from other investigators' programs, 
critical comments on experimental or analytical 
techniques; in short a forum for investigators to 
use to enhance each others programs will be 
provided . Lists of recent publications and 
reports will be another feature as will be notices 
of pertinent meetings and other activities. 

It is hoped that the newsletter will become 
a valued tool for both BES investigators and others 
that wil l rece ive it to advance the knowledge of 
erosion-wear mechanisms. 
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LOCALIZED CORROSION OF PASSIVE METALS 

principal Investigator: Richard C. Alkire, 
Materials Research Laboratory 
University of Illinois 
UrRana, IL 61801 
(217)333 - 0063 / FTS 957-0063 

The purpose of this program is to study the 
effects of fluid flow on repassivation of metals 
immersed in aqueous solutions at ambient temperatures. 
The program focuses on the sequence by whi ch passiv
ity i s regained following disturbance of the surface . 
Mathematical models are used to quantify hypotheses 
of the mechanism. Experiments aim for control led 
variation of system parameters under known corrosion 
condi tions. 

Typ ical disturbances which create loss of 
pass ivity include fluid flow, particle imp ingemen t / 
impaction, and cavitation. After birth of local 
activity, subsequent corrosion processes are 
invariably influenced by transport phenomena 
including both mass transfer of aggressive species, 
ohmic transport of charge , fluid flow, and both 
heter ogeneous and homogeneous reactions . By using 
mathematica l models to test hypotheses of mechanism, 
this program seeks an improved understanding of 
corrosion in the presence of eros i on. In particular, 
chemical engineering concepts are incorporated into 
models of dif fusion and convect i on controlled corro
sion processes. By inver sion , mathematical models 
provide a rational basis for predicting conditions 
under which corrosion may be avoided . 

Specia l attention has been directed to the r o l e 
which metal salt films play during early stages of 
repassivation. Under such conditions , the rate of 
corros i on is so high that a salt film precipitates 
upon the s urface. Subsequent event s are t hus 
greatl y influenced by diffusive and convecti ve 
transport processes which influence the behavior 
of the salt film. On iron in dilute sulfuric acid, 
for example, the salt film is a necessary precursor 
to repassivation. High flow rates thus impede 
repassivation since they prevent precipitation of 
the salt film. In chloride solution, on the other 
hand, the presence of a sa lt film inhibits repassi
vation; high flow rates thus enhance repassivation. 

In order to achieve controlled observations on 
individual corrosion sites , a new exper imenta l 
technique has been developed whi ch induces highly 
localized depassivation at a pre- se l ec ted site on 
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the me t a l surface . The method uses a l ow- e ne rgy 
laser beam , focused to <5 ~m d iame ter, to tri gger 
depass i vat ion with a 5- n s pu l se . The method 
simulat es an individual impingement event on an 
otherwi se pass ive surface . Subsequent corrosion 
events , including repassivation can be observed 
under controlled hydrodynamic f l ow conditions . 
A theore ti ca l analysis of the pot ential and convec
tive flow f ields is b eing deve loped to corre l ate 
and t o scale data from among var i ous e xp erimen tal 
sys t ems . 

ENVIRONMENTAL EFFECTS ON THE MECHANICAL BEHAVI OR 
OF BRITTLE ~~TERIALS 

Principal Invest i gator : R . E . Cuthrell , 
Surface Metal l urgy Division 
Sandia Nationa l Laboratories 
Albuquerque , New Mexico 87185 
(505)264 - 7554 / FTS 844- 7554 

Changes in the mechan i ca l behavior of s olid 
mater i a l s which are p roduced b y gaseous or l iquid 
environments are known as Rebinder effects after 
the Russ i an academic i an P . A. Rebinder who 
discovered these chemomechani ca l phenomena in 
1 928 . Following the e xtens ive tho ugh litt l e 
understood work of many investigators in t h is 
field, we have (1) reproduced the results of 
Westwooc who showed that d rillin g rates in b rittle 
material s depend on the s urface c harge produced by 
i ons adsorbed from liquid enviro nments, (2 ) found 
that i on a gg regation in low d i elec t ric constant 
liquids limits the chemomechan i ca l effects through 
limiting t he availability of the ions for surface 
interacti on , (3) proposed that hydrogen is the 
i o n ic spec i es responsib l e for c hemomechanical 
ef f ects , (4) tested this hypothesis in gaseous 
hydrogen and hydrogen p l asma s in a n ul trahigh 
vacuum chamber and found that t he magnitude of 
the Reb i nder effects depends o n the hydrogen 
pressure . Subsequent experiments showed the same 
dependen ce of drilling ra t es on hydrogen availabil 
ity from liqu i d environments . Since hydrogen ions 
are small and highl y mobil e , a wide var iety of 
materials were e xpect ed t o e xhibit this Rebinde r 
effect . A survey of material s showed the ef f ec t 
in g l asses , ceramics , s ingle crystal minera l s , 
rocks , refractory coatings , semiconduc tors , and 
metals containing brittle phases . 

Subcritical crack growth rates in Pyrex and 
soda-lime glass e xhibit similar hydrogen dependence 
both in the gaseous and liquid environments . These 
resu lts suggest that the c he momechanical effects 
depend on the ra t e of d if fus i on of hydrogen 
relative to the rate of fr ac ture in the near 
surface region of br ittle ma t er ial s . The observed 
time dependence of Rebinder effects in si licon 
were consistent with es timated hydrogen per meation 
ra t es at room temperature . Exposure to hydrogen 
during the p reparation of eros i on resistant coatings 
by chemica l vapor deposition may dete rmine their 
resistance to crac king. Hard CVD coatings are 
c urrentl y under s tudy using e x oelectron e mission 
and photon em i ss i on t o de t ec t crack i nit iat ion 
under bending l oads . 
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CVD HARD COATINGS PROGRAM 

Principal Investiga t or : E . Randich, 
Surface Meta llurgy Division 
Sandia Natio na l Labo ratories 
Albuquerque , New Mexico 87185 
(505) 26 4- 7554 / FTS 844-7554 

This program i s a study of the chemical vapor 
depos ition of r e fracto ry hard borides of t he group 
IV and V metals. As coatings , these materials are 
of inte rest in erosion and wear app lications . 
Spec ific borides wh i ch have bee n stud i ed include 
TiB2 ' ZrB2 ' TaB2' and a lloys of the f orm (T i , Ta)B2 
and (Ti,Zr)B2 . The program involves t h r ee areas: 
(1) theoretica l and e xper imenta l s t ud i es of t he 
CVD proces s es used to deposit the materi a ls , 
(2) charac t er izati on of the depos ited materia ls 
and their i nteraction wi th various s ubstrate 
materia l s , and (3) erosion and wear testing o f both 
l aboratory specimens and prototype va l ve hardware 
for coa l convers i on systems . 

Present work inc l udes: (1) the thermodynamic 
predict i on and experimental verification of the 
Ti - B- CI - H and Ta - B- CI - H sys tems wh ich are used t o 
depos it TiB2 and TaB2 respectively, (2) pole f i gure 
anal ysis to determi ne the effects of CVD parameter s 
o n preferred orientation of the coating , and (3) 
construction of a pressur ized coa l slurry t est l oop 
to e valuate coating mater i al for high pre s sure 
l e tdown service i n coal liquefacti on systems. 

EROSION/ CORROSI ON AND WEAR OF SYNTHETIC FUELS 
PROCESS EQUIPMENT MATERIALS 

Pr inc i pa l Investigator: Alan V. Levy, 
Materia l s & Molecular Research Divisio n 
Lawrence Berke l ey Laboratory 
Berkeley , California 94720 
(41 5)486- 5822 / FTS 451 - 5822 

The operating e nvi ronme nt s of the mate rials 
used in many of the component s of synthetic fuels 
produc tion plants are d etr ime ntal to their chemi ca l 
and mechan i ca l surface stability . The three p rinci 
pal destructive forces occurr ing in such e l evated 
temperatur e and p r essure processes as coa l gas i fi 
cati on and liquefa c tion and oil shale retorting are 
corrosive at t ack by sulfur and o x ygen , e r osion wear 
by solid particles , and abrasive wear resulting 
from the pu l verization and transport of solid 
parti c les of coal and minerals i nto the r eaction 
zones . My group is carrying out a comprehensive , 
integrated research program to gain an unde r standin g 
of these corrosive , erosive and abrasive forces . 
Metals , ce ramics , and prot ective coat ings are a ll 
being studied . We want to learn how process 
operat ing conditions and construction materials ' 
composit i on and properties can be coordinated to 
result in economi ca l, long lived components . 

Eros ion 

The presence of sma l l (1 - 500 ~m) solid parti
c l es of coal and char entrained in flow i ng gases 
o r liquids in coal convers i on processes introduces 
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a destructive mechanism , erosion, into the operating 
environment of the materials containing the reac
tions. Erosion has become a major consideration 
in the design of coal conversion equipment . We are 
conducting an indepth investigation of the eros i on 
behavior of metals, ceramics and their coatings . 
There are many interrelated variables active in the 
erosion process. They include such factors as the 
size, shape , mass and friability of the parti cles; 
their velocity and direction upon impact with a 
so l id surface; the hardness, strength, ducti lity 
and work hardenability of the target; and the 
temperature and composition of the gases and 
liquids that carry them to the target surface . 
The study is broken down into two major areas of 
investigation : the fluid mechani cs of the particle 
containing flows and the mechanisms of erosion 
when the particles impact the target surface . In 
addition, since the fluids carry i ng the part i cles 
to the surface are corrosive in nature , combined 
eros i on/corrosion investigations are being 
conduc t ed. Analytical models based upon the 
mechanisms of eros ion that are microscopically 
observed using the l atest instruments are being 
deve l oped . These mechanisms have been found to 
be considerabl y different from those used in earlier 
modeling efforts reported in the literature . 

Fluid Mechanics 

In a l l circumstances where small particles 
carried to materia l surfaces by f l uids such as gases 
or liquids are studied, the fluid mechanics of the 
two - phase flow is a very important aspect of the 
overal l behavior. How the part i cles impact the 
surface in terms of velocity, impingement angle and 
mass loading are major variables in the eros i on 
mechani sm. We are conducting both analytical model 
and experimental wind tunnel studies to ga in a 
suffic i ent understanding of how entrained particles 
move in a fluid stream over various flow surface 
shapes to accurately define the actual condition 
of the particles when they impact containment 
surfaces. The similarities and differences 
observed in erosion of metals by gas - solid particle 
streams and by liquid slurries are clarified as the 
result of the fluid mechanics work. 

corrosion 

We are trying to understand the combined 
degradation of the containment surfaces of synthetic 
fuels process plant components operating at elevated 
temperatures in gas- solid partic l e flows where the 
gases are highly reactive. It is necessary to 
know what the nature of the materials that form 
on their surfaces as the result of corrosion 
mechanism are before any practical understanding 
of the complete mechanisms can be gained . While 
each process for converting coal or oi l shale to 
c l ean , efficient fuels has different component s 
and environments , their corrosion behavior has 
many areas of commonality. For examp l e, the su l fur 
present in the coa l or oil shale is released at 
elevated temperatures i n a form that results in 
a h igh sulfur chemi cal activity at the surface of 
a conta i nment mater i a l such as in a pipe, pump 
housing or valve body . The sulfur can be in the 
form of a gas, H2S, or a solid , iron pyrite, in 
coal gasification and oi l shale retort ing or in 
an ac i d i n coal liquefaction. By studying the 
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basic corrosion mechanisms of gases containing 
active sulfur and oxygen at e l evated temperature 
in contact with a metal surface , a knowledge of the 
behavior of the metals and the characteristic of 
the scales formed on them that is applicable to 
several different processes is gained . 

Corrosion-Erosion 

In a comprehensive program to understand the 
mechanisms of materials surface degradation in 
synthetic fue l production plant environments , it 
is necessary to integrate the corrosion mechanisms 
with the erosion mechanisms . We are studying the 
erosion of sca l es of sul f ides and oxides on meta l s 
and coatings at various temperatures and times at 
the sul fur and oxygen activi ties which occur in 
synthetic fuels processes. So far this work has 
given us considerable insight into the mechanisms 
of erosion of the brittle scale materials on 
ductile base metals . Factors such as morphology 
of the scale, adhesion of the scale to the base 
metal, sca l e thickness and plastic deformation of 
the substrate all effect the resultant erosion 
behavior. Combined erosion- corrosion tests are 
teaching us more about this complex and very 
important surface phenomena. 

Abrasive Wear 

The pulverization of coal and oil sha l e into 
particle sizes su i table for efficient reaction and 
their transport into the reaction vessels to 
convert them into gaseous and liquid fue l s causes 
cons i derable abrasive type wear on containment 
materials . We are investigating the mechanisms 
of this wear and the ability of materials of 
different compositions, strengths and morphologies 
to resist it. Both two- body and three- body type 
abrasive wear mechanisms are being studied. The 
d ifferences and simi l arities of abrasive wear to 
erosive wear are being determined. 

MECHANISMS OF EROSION 
Principal Investigators: A . P. L. Turner, J . Routbort , 

R. Scattergood 
Materials Science Di vis i on 
Argonne National Laboratory 
Argonne, IL 60439 
(312)972-4985 

At the present time, we have active research 
projects on the mechanisms of erosion of ceramic 
materials and the nature of erosion processes for 
corrosion product sca l es. Although no work is 
currently be i ng done on meta l s except in conjunc 
tion with the corrosion product scales , we will 
probabl y do more work i n this area in the future . 

The emphasis of our work on ceramics is on 
understanding the velocity and partic le size 
dependencies of the eros i on rate and how they relate 
to the microstructure . We are investigating the 
origin of the rapid decrease in erosion rate for 
abrasive particle sizes less than 20 ~m . We have 
observed this apparent threshold in partic l e s ize 
for erosion of both reacti on bonded siC (RBSiC) 



which is a two - phase materia l with a comp l ex mi c ro
structure and for erosion of (I ll) surfaces of s i 
s ingle crystals. There fore the orig i n of the 
threshold i s apparently not connected with t he 
microstructure but i s a n inheren t feature of the 
brittle mechanism of erosion. We are also studying 
the erosion of hot pressed siC wh i ch i s s ing l e 
phase. For this material we observe a peak in 
the erosion rate for partic l es of s ize appr o xi
mately 100 ~m. We believe that this anomalous 
particle size dependence is related to the grain 
size in the ceramic , but have yet to es tablish the 
deta il s of the mechanism responsible for the peak . 

The objective of the work on corrosion product 
scales i s to establish the re lationship between the 
eros ion resistance of the sca l es and the chemistry 
of the corros ive environment i n which they were 
formed . Te st samples are coupons of 310 stainless 
steel that have been corroded at high temperatures 
in multicomponent gas atmospheres wi t h vary ing 
oxygen and sulfur pot entials. We are invest i gat i ng 
the critical ve l ocities and partic le sizes required 
to cause rapid spalling of the scales, t he rates 
of scale erosion under cond i tions where spalling 
does not occur and the eros i on rates of subsca l e 
sulfur penetrated zones in the 31 0 substrates. 
We hope to be able to re l ate the eros i on character 
istics to the sca l e structure , hardness and o ther 
physical properties . 

Our experiments are carr i ed out in a s linger 
type erosion apparatus. Partic l es are accelerated 
by a rotating hollow arm into which the part i cles 
are fed at the center, and then impact the s amp l es 
arranged around a circle outside the tip of the arm. 
We have the capability of heating t he samples to 
about 700°C. Experiments are carried out in a 
vacuum of approximately 0.2 Torr. 

STUDIES OF LOW VELOCITY, PARTICULATE EROSION 
Principal Investigators: P . S . Follansbee, 

G. B . Sinclair and 
J. C. Wil liams 

Dept . of Hetallurgy & Haterials Sci . 
Carnegie- Mellon University 
Schenley Park 
Pittsburg , PA 15213 
(412)578 - 2704 

The erosion of copper and copper-aluminum a lloys 
at room t e mperature by the impact of spherical Si02 
and angular SiC (50 - 100 ~m diameter) particles at 
velocities less than 30 m/sec i s be ing studied 
using a combined experime ntal and analytical 
approach . The e xperimental studies employ a 
te c hnique which incorporates a laser velocimeter 
for continuously measuring particle veloc ity and 
particle concentration (particles/sec). This 
r emoves many of the experimental difficulties 
which have been troublesome in previous erosion 
studies . The experimental r esults are to include 
both surface penetration and weight loss as a 
function of time, imp inge ment angle and impinge
ment velocity for annealed and cold- worked Cu and 
Cu- 6% AI. Microscopic characterization (SEM) of 
both the damaged surface and subsurface regions , 
and of the individual particles which have been 
removed from the surface are being performed to 
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corre l ate the erosion rate measurements with 
phys ical processes. 

I n the analytical studies , modeling of the 
part i c l e impact event i s being conduc t ed using an 
elastoplast i c , finite element , stress analysis . 
This analysis has been applied to the normal 
incidence impac t of a rigid spherical projectile. 
Preliminary results for a single impac t show that 
the fracture stress is not exceeded upon impact of 
a 50 ~m diamet er part i cle at 30 m/sec . Therefore, 
a material removal cr iter i on based on the accumu
l ated damage of multipl e impacts i s requir ed and 
the present thrust of the research p rogram is 
t o deve l op such a model and supporting exper iment a l 
evidence . 

EROSION AND WEAR OF CERAMI CS 

Principal Investigator : Charles Yust , 
Metals and Ceramics Division 
Oak Ridge National Laboratory 
P.O. Box X 
Oak Ridge, TN 37830 
(615)574 - 4812 / FTS 624 - 48 1 2 

The BES erosion study at OffilL is concerned with 
the s tudy of damage mechani sms at partic l e impact 
s ites in cerami cs , pr inc ipally by direct observa 
tion of s uch damage . Electron microscopy, both 
scanning and transmission, is the too l by means 
of which impact damage is observed a nd charact er 
ized. The initial thrust of this study has been 
directed toward the creation of controlled damage 
in sing l e crystal aluminum oxide specimens by 
impingement of si licon carb i de parti c l es . The 
early observations suggested that the l oca l damage 
was the consequence of very high strain ra t e 
deformation processes at the impact point. Some 
effort has been e xpended , therefore, on analysis 
of another comparable high strain rate damage 
process in a l umina , i.e. , expl os i ve compaction. 
The results of study of an explosive l y compacted 
a lumin a body seem to be cons i stent with some 
features of the individual eros i on i mpacts in 
a lumina and shou l d contribut e significant back
ground for analys is of erosion damage. 

The erosion study is also being extended to 
inc l ude study of TiB2- Ni composites. These 
materials are being produced as part of a study 
of hard mate ria ls for wear resistance . Conse
quently , we will evaluate the erosion resistance 
of these compos itions , and produce spec imens for 
detailed characterization of the erosion process . 

At present , our in - house erosion facility 
consists of a simpl e gas gun device for the 
acceleration of small batches of particles onto 
a specimen surface. Angles of impingement of 0 
to 90 degrees , temperatures to a pprox i mately 
1 000°C , and a controlled environment are available 
in the system. A particle velocity measurement is 
not part of the system , but i s estimated from the 
gas gun characteris tics. The velocity range is 
approximate l y 50 - 200 m/sec. The system is 
designed for smal l samples to be used for electron 
microscopy . 




