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DISSERTATION ABSTRACT

ION-IMPLANTATION EFFECTS ON SURFACE-MECHANICAL

PROPERTIES OF METALS AND POLYMERS

Gopal Rajan Rao

Doctor of Philosophy, August 28, 1992
(M.S., Auburn University, 1988)

(B.E., South Gujarat University, 1985)

204 Typed Pages

Directed by Bryan A. Chin

The present work was undertaken to study ion implantation effects on surface-

sensitive mechanical properties of metals and polymers. Fatigue properties of

eight complex (E-series) alloys based on the composition Fe-13Cr-15Ni-2Mo-2Mn-

0.2Ti-0.8Si-0.06C (El) and single crystal Fe-15Cr-15Ni specimens, implanted with

400 keV B+ and 550 keV N+ to a total dose of 2.3x1016ions/crez were examined.

High temperature (600°C) creep properties of B+/N+-implanted and 1 MeV Ar+

implanted complex (El) alloy and ternary Fe-13Cr-15Ni (Bl) alloy were also

investigated.

The dual implantation increased hardness but decreased fatigue life of the

eight complex alloys. This was attributed to a shift from slip band crack initiation

to grain boundary cracking. The existence of an optimum strengthening level was

determined above which crack initiation occurred at grain boundaries rather than

at slip bands. Similarly, evidence was provided for the shift to grain boundary



cracking for four simple Fe-13Cr-15Ni alloys. The single-crystal specimens also

showed a reduced fatigue life after implantation due to concentration of slip along

intense slip bands. High temperature creep properties of the E1 and B1

specimens were significantly improved after B+/N +- implantation and an increase

in the time to rupture by over 70% was found. Examination of the failed

specimens showed that ali specimens failed by intergranular fracture and ion

implantation delayed intergranular void nucleation and crack initiation. This was

the first effort to study multiple-ion-implantation effects on creep properties of

alloys. The Ar+-implantation increased creep life of the B1 alloy but decreased

life for the E1 alloy. This was attributed to competing effects of Ar+-bubble

formation at grain boundaries and strengthening of matrix by bubbles as well as

irradiation damage effects.

Four polymers, polyethylene (PE), polypropylene (PP), polystyrene (PS) and

polyethersulfone (PES) were implanted with 200 keV B + to three different doses.

PS was also implanted with 100 keV B . ions and with 200, 500 and 1000 keV A1"+

ions to three doses to study energy and ion-species dependence. Near-surface

hardness changes were investigated using a nanoindentation technique. The B +-

implanted polymers were also investigated for effects on tribological properties.

The near-surface hardness of ali the ion-implanted polymers increased with dose

and energy. Implantation effects were found to be sensitive to the structure of the

polymer. The hardness changes were explained in terms of cross-linking and the

deleterious effects of chain-scission. Microstructural correlations were also

obtained. Good improvements were obtained for wear properties though there

was again a sensitive dependence on dose. An optimum dose was found at which

minimal wear was observed. No specific correlations were made between friction

coefficient, hardness and wear resistance.
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I. INTRODUCTION

The bombardment and implantation of material surfaces with energetic ions

can have significant effects on surface-sensitiw, physical, chemical and mechanical

properties such as electrical, optical, corrosion resistance, catalytic and tribological

properties. Bulk properties can also be affected if they are controlled by surface

properties such as, for example, fatigue and creep properties of materials [1].

Ion implantation results in significant changes in the near-surface chemistry

and microstructure of materials. The incident ions can have energies ranging from

tens to thousands of keV as they strike the target material. The ions come to rest

at characteristic depths beneath the target surface which are a function of ion

energy. There is a transfer of energy to the host lattice during the slowing-down

of the ions. This results in the displacement of target atoms and some level of

breakdown in the lattice structure if the target material is crystalline. The incident

ions assume a distribution of concentration vs depth which is Gaussian in nature.

: The incident atoms also alter the chemical composition of the implanted

region [1,2].

Ion implantation is a unique process. Any element can be implanted into any

solid thereby creating novel microstructures near the surface. There are no

solubility constraints, theoretically, due to the non-equilibrium nature of the

1
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process. The absence of a sharp interface eliminates adhesion problems normally

encountere:t for thin films. The process can be performed at low temperature

and is controllable and reproducible. From a technological standpoint, the

process can be added to the end of a production line without sacrificing bulk

properties or altering the dimensions of the part. Lastly, it is an environmentally

safe process which does not generate waste products, unlike some other surface-

modification techniques. However, ion implantation is a fairly expensive process

and is best suited for specialized par'ts with a high initial cost. The penetration of

the ions is shallow, limiting the depth of the modified layer. Also, ion

implantation is a line-of-sight process, which is a limitation when implanting parts

with complex shapes [1,3].

In the present study, some of the effects of ion beam treatments on metals

and polymers were investigated. In particular, the effects on surface-sensitive

mechanical properties were explored and the responses of metals and polymers to

ion beams were compared.

ION IMPI.,ANTATION EFFECTS IN METALS

Ion implantation can significantly alter the fatigue properties of materials. In

metals, the critical event for fatigue failure is the initiation of surface cracks,

usually in slip bands. Some of these fatigue cracks may grow and link up,

eventually leading to catastrophic failure [4]. Ion implantation has been shown to

delay and suppress the initiation of cracks in slip bands. The implanted layer
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alters the nature of slip at the surface by solid solution strengthening and

precipitation hardening as well as inducing residual compressive stresses. Slip

reversibility and slip homogenization are commonly observed during fatigue of ion

implanted metals [5].

Most studies till now have concentrated on implanting one ion species in a

given metal. However, implantation of more than one ion species may produce

very interesting and unique microstructures and have significant effects on fatigue

properties of metals. In a recent study performed at Oak Ridge National

Laboratory (ORNL) by Lee and Mansur [6], boron and nitrogen ions were singly

as well as simultaneously implanted into four simple model Fe-13Cr-15Ni based

alloys. Their results showed that while single implantation yielded modest or no

improvements in the fatigue properties of the alloys, simultaneous dual

implantation significantly improved fatigue properties of all four alloys. The

authors speculated that the interaction of the implanted species with each other to

form boron nitride or with the minor alloying elements present in the alloys

caused the observed improvements in hardness and fatigue properties.

The present study attempts to extend the work done by Lee and Mansur by

considering multiple ion implantation in more complex model alloys, which are

similar to engineering alloys. The main motivation for this investigation stems

from the need for a better understanding of microstructural changes caused by

multiple ion implantation and the consequent effects on macroscopic fatigue

properties of the alloys. It is anticipated that this investigation would extend the



4

boundaries of knowledge regarding ion implantation effects on fatigue properties

of metal alloys in general.

The effects of ion implantation on high temperature creep deformation of

metals has been little explored. It has been known that surface films of thickness

in the range of tens of nanometers can have a significant effect on creep rates of

metals, provided the films were diffused on the surface [7]. In one study on

molybdenum, it was observed that carbon implantation decreased the creep rate,

thereby increasing the creep life. This effect was further enhanced by post-

implantation annealing [8]. In the present study, the effects of simultaneous boron

and nitrogen implantation on high temperature properties of the ternary Fe-13Cr-

15Ni and a complex alloy based on the Fe-13Cr-15Ni composition have been

investigated. The effects of argon implantation were also studied. This work was

also carried out to further understand ion implantation effects on mechanical

properties of metals in general.

ION IMPLANTATION EFFECTS IN POLYMERS

The damage effects due to ion implantation become progressively more

extensive going from metals to semiconductors to organic films [9]. In polymers,

bond breakage results in the formation of smaller molecules, many of which are

volatile and can escape from the polymer surface. Hence, unlike in metals where

radiation damage can be annealed out, ion implantation of polymers creates
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irreversible changes. These changes have been shown to alter optical and

electrical properties dramatically [9].

Ion implantation, however, can have significant effects on near-surface

mechanical properties as well. This aspect has been little explored, probably due

to the inherently weak mechanical properties of polymers. A recent study at Oak

Ridge National Laboratory by Lee et.al, has shown that ion implantation can

significantly improve near-surface hardness and this may have several novel

technological applications [10]. The ORNL work represents the first effort to

improve surface mechanical properties of polymers using multiple ion

implantation. However, several questions remain unanswered and the present

investigation was undertaken to try to answer some of these questions.

This study attempts to investigate the effects of ion dose, ion energy and

molecular structure of the polymer on the observed surface property changes due

to ion implantation. It also explores microstructural changes in the near-surface

regions of the ion-implanted polymers and possible consequent effects on

mechanical properties. The overall aim of this work is to obtain a better

understanding of ion irradiation effects in metals and polymers, and to compare

the effects in the two classes of materials based on the disparity of atomic

structure in the materials.



II. LITERATURE REVIEW

ION IMPLANTATION

Historical Perspective

The history of ion-solid interactions can be traced back to the turn of the

century with the discovery of the emission of energetic particles from radioactive

materials [11]. Rutherford used the backscattering of alpha particles from thin

foils to propose that the nucleus of an atom consists of a heavy positively-charged

core [12]. Bohr used this hypothesis to develop his idea of the structure of the

atom [13]. Bohr also worked on the theory of stopping of ions in solids [11].

The present field of research using ion beams to modify material surfaces can

be regarded as an outgrowth of nuclear physics and radiation effects, and several

of the early researchers in the field were nuclear physicists by training [14]. Ion

implantation has been used for introducing specific amounts of dopants into

semiconductors for use in the electronic industry since the 1960s. There has been

significant research performed on applications of ion implantation in silicon as

evidenced by the number of available books [15,16] as well as conference

proceedings [17].

The earliest reports of ion implantation into metal surfaces with the express

intention of modifying mechanical properties originated from Harwell in the
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United Kingdom, where Dearnaley, Hartley and co-workers implanted nitrogen

into steel and showed that the friction and wear properties as well as fatigue

properties could be improved [18-20]. Since then, many researchers have worked

on various aspects of ion implantation of metals.

Range and Ener_ Loss

Several basic processes occur when energetic ions penetrate the surface of a

material. Each of these processes contributes towards the final microstructure of

the implanted layer which governs mechanical property changes..An incident ion

striking a target eventually loses its energy and comes to rest within the material.

The energy loss occurs in three basic ways: (1) nuclear collisions, (2) electronic

collisions with excitation of bound electrons and (3) charge exchange between the

ion and atoms in the target. The stopping power or specific energy loss is the sum

of the above three processes and may be written as [2]:

dE dg dE

A typical time scale for this process would be approximately 1014 s. [19]. Nuclear

energy loss can be modelled as an elastic collision between the incident ion and

the nucleus whereas electronic energy loss can be visualized as inelastic collisions

with electrons in the target. Thus, the nuclear component of stopping is maximum

at lower energies whereas electronic stopping power is greater at higher energy as

shown in figure 1 [2]. While electronic collisions do not significantly alter the
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incident ion direction, nuclear collisions can strongly affect the projectile dirertion

and are responsible for displacing target atoms. Sputtering of neai surface atoms

is also a consequence of nuclear collisions [2]. The above energy loss processes

are described by the LSS (Lindhard, Scharff, Schiott) theory derived from classical

mechanics and the Thomas-Fermi model of the atom [22].

The damage caused by nuclear collisions has been modelled in terms of

secondary displacements by Kinchin and Pease and may be stated as [23]:

N_O r_e_

N_- 1 ed _ eL _ 2ga (2)

_rd
Na- 2E_ Td>2Ed

where Nd is the number of displaced atoms (vacancy-interstitial pairs), Ed is a

threshold energy (in the range of tens of eV) for displacing a host atom,

represents the deviation from a hard sphere interatomic potential and Td is the

nuclear stopping energy lost by the incident ion [20,21].

The range of implantation can be represented ideally by a first order Gaussian

distribution about an average depth due to the statistical nature of the energy loss

and angular deviations at every collisional event [21]. These concepts are shown

in figure 2. It should be noted here that the projected range Rp is a function of



.d t

/

Log E

Figure 1. Energy of the implanted ions shown as a function of stopping
power. The low energy regime corresponds to nuclear energy
loss and the high energy regime represents electronic energy
loss [after 2].



10

._ro]ec_eoi
I

./ i
Oeo_ x

Figure 2. Typical distribution of implanted ions. The figure shows
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incident ion energy and with increasing energy, the projected range as well as

distribution about that range increase [2].

Radiation Damage

The main consequence of nuclear energy loss is the displacement of target

atoms from their lattice positions. Depending upon the energy exchanged in the

collision, the displaced atom undergoes a series of collisions resulting in a

rearrangement of the local structure. This series of collisions is knovn as a

cascade [2,14,22]. This results in the creation of several vacancies and interstitials.

Interstitials are mobile at low temperatures while vacancies become mobile at

higher temperatures. These defects thus can further interact to form defect

structures such as clusters and dislocation loops which can have significant effects

on mechanical properties [21,22].

Compositional Changes

Ion implantation can produce non-equilibrium and metastable phases since the

process is an athermal one and is not governed by solubility limits [21,24].

Solubilities exceeding the equilibrium value by I0 to 30 times have been reported

[21]. Therefore ion implantation represents a convenient method of overcoming

the empirical Hume-Rothery rules for solid solutions.

In one study by Borders and Poate, gold and tungsten were implanted in

Copper. Channeling angular scans indicated that the implanted gold was 100%

substitutional and W was -90% substitutional. While Au is normally soluble in

Cu, W is immiscible and the implantation had resulted in a metastable solid
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solution [21]. Similarly, in a study conducted on AI implanted in Ni, a limiting

concentration of 70 at-% A1 in Ni was determined, forming an extended solid

solution. After annealing for shc:'t periods of time, NiA1 and the metastable Ni2A1

were formed. Ni2Al is not shown on the phase diagram [24].

Precipitate Formation and Evolution

Several studies have reported the formation of precipitate particles subsequent

to implantation. This occurs when the implanted atoms are mobile during

implantation and equilibrium solubilities are exceeded. When both conditions are

met, precipitate formation is promoted [21]. For example, when nitrogen was

implanted in Ti-6AI-4V, fine TiN particles were found to form in the implanted

layer [25]. This has been attributed to the high density of sites for heterogeneous

nucleation and in general, at low temperztures, a high density of small precipitates

were formed [21,24].

Post-implantation annealing accelerates the precipitation process since

implanted atoms become mobile and ,*he equilibrium phase precipitates out.

Similarly, in many cases, post-implantation aging treatment also promotes

formation of precipitates [26]. Increased dose at a particular energy appears to

increase the size of precipitates that form at the expense of particle density [27].

Phase Transformations

Several studies have shown that with increasing concentraticn of implanted

atoms, there is a spontaneous formation of new phases [21]. An example of this

process is the formation of an amorphous metallic phase by higl "uence
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implantation [28]. Hohmuth et al. have observed amorphization in iron after

boron, silicon or phosphorus implantation [29]. In general, it has been observed

that metalloids or glass-formers generally yield the amorphous state at some

fluence. Amorphous phases have only been found for metalloid/metal radii ratios

between 0.58 and 0.88 [24].

It is clear from the above brief discussion that the residual damage structure

during and just after implantation is eventually responsible for subsequent

property effects. The cascades induced determine the type and number of defects.

The final microstructure depends on the subsequent kinetics of the defects and

this eventually determines any changes in mechanical properties.

MECHANICAL PROPERTIES OF ION-IMPLANTED METALS

Microhardness

Hardness can be defined as a measure of the resistance to deformation, or

more appropriately, permanent or plastic deformation [30]. Hardness tests are

easy to perform and they represent a convenient way of quantitatively measuring

the effects of ion implantation. This must however, be done with caution since

there are several factors involved in hardness testing and the results need to be

interpreted with care [31]. Most studies relating to hardness of implanted metals

were done in the context of improving wear properties.

Knoop and Vickers tests were initially used to measure surface hardness.

Pavlov et al. measured Vickers hardness of 30 keV Ar*-implanted steel. The
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results are shown in figure 3(a) using a 10 g load. Figure 3(b) also shows results

obtained by Kanaya et al. for 24 kev nitrogen implanted steel to a dose of

approximately 1017/cre 2 [31]. However, in both these :,indies, the indenter

probably penetrated through the implanted layer and in the latter study, the

observed hardness increase was attributed to structural transformation due to the

high intensity of implantation current [31].

Test Techniques

The Knoop test is better suited for measuring hardness of the implanted layer

because one diagonal is 1/7th the length of the other and penetration depth is

shallower than for the Vickers indenter. Kant et al. used this technique to

estimate the near surface hardness of boron implanted beryllium at various

fluences and energies. Measurements were made using 5, 10 and 25 g loads. The

lighter loads yielded higher hardness values but, in general, the lighter loads also

result in greater error in measurement due to inaccuracies in measuring small

diagonals [32]. The microhardness values were found to increase with increasing

dose and reached a maximum of four times the unimplanted hardness value for

the 5 g load and 40 at-% B.-implanted sample [32].

Since even the lowest loads in conventional microhardness tests produce

indentations comparable to or greater than the implanted layer thickness, with

associated plastic deformation extending to several times this depth, ultra low-load

microindentation testers have been developed [33-35]. In the technique developed

by Pethica and co-workers, hardness values are estimated as a function of
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Figure 3. (a) Vickers hardness results obtained by Pavlov et al. for
30 keV Ar implanted steel as a function of dose, (b) Results
obtained by Kanaya et al. for 24 keV N implanted steel to a dose
of 1017 ions/cre 2 [31].
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penetration depth from the measured load and projected contact area of the

indenter at a specific depth [34].

Factors Responsible for Surface Hardness Changes

There are several competing factors that could be responsible for the increase

in near surface hardness of metals due to ion implantation. Radiation damage is

an important one. Residual compressive stress due to interstitial atoms as well as

substitution by larger atoms causing solid solution strengthening would also

increase hardness. Precipitation hardening is also significant if the implanted

species react to form fine precipitates [24].

Hutchings et al. have measured the microhardness of several metals implanted

with nitrogen and relative hardness data are shown in Table 1 [36]. The greater

effectiveness in hardening aluminum was attributed to its greater tendency to form

nitrides. Interstitial hardening was considered tG be responsible for the trend

observed for iron, cobalt and nickel in Table 1. TiN precipitates were considered

to be responsible for hardening of Ti-6AI-4V [24,36]. Bourcier et al. have studied

oxygen implanted Al and examined the hardening caused by the implantation. A

factor of four increase in indentation load was observed for 20-at% oxygen

implantation. Extremely fine, hard oxide particles with radii 0.7-1.8 nm were

detected in the implanted alloys using TEM [37,38].

Multiple Ion Implantation Effects on Microhardness

Lee and Mansur implanted four alloys based on the Fe-13Cr-15Ni system

(Table 2) with B. and N2+ ions singly and simultaneously [6]. The hardness was
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Table 1.

Hardness increases in several metals implanted with N+.
Hardness was measured using a depth sensing nanoindentation technique [36]

Metal Relative Hardness Crystal Structure -AH Nitride
Index (KJ/3clole)

A1 4.20 fcc 322

Fe 1.84 bcc 11

Co 1.40 hcp -10

Ni 1.04 fcc -1
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estimated using the nanoindentation technique and the results are shown in "I'able

3. Simultaneous implantation yielded the greatest improvement. This was

attributed to the formation of very fine precipitates although this could not be

confirmed using TEM. Damage induced defect hardening and solution

strengthening were also considered to contribute towards the final hardness

increase [6].

Fatimmw

Fatigue is a commonly observed form of material failure caused by cyclic

loading at stresses below the yield stress. A review of fatigue research history as

well as a summary of the fundamental processes involved is given in [39]. It is

now well established that fatigue failure starts with the initiation of microcracks at

or near singularities which lie at or just below the surface. These singularities may

be slip bands, inclusions, pre-existing microcracks, scratches, grain boundaries etc.

Several of these microcracks may grow or coalesce to form larger cracks

eventually leading to final failure [39]. The most common site for initiation of

microcracks at the surface in many metals are persistent slip bands (PSBs).

Persistent slip bands are formed at the surface fairly early during the fatigue

history of the material and the name originates from the fact that even when the

surface is removed by polishing, further cyclic loading produces slip bands at the

same positions on the surface [39].

The critical event in fatigue failure is the initiation of microcracks. Since the

initiation has been shown to occur at the surface, it was recognized that ion
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Table 2.

Alloy compositions of the Fe-13Cr-15Ni alloys used by Lee and Mansur [6].

AI./.K)Y Fe Ct Ni Mo "Ii Si C P

B-1 BaL ',3.79 14.96

B-5 BaL 13.68 14.94 0.17 0.040

B-6 BaL :3.36 ',5.04 [.97 0.19 0.056

B-12 Bal. 13.58 _5.15 0.17 0.83 0.044 0.049
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Table 3.

Hardness values of four simple Fe-13Cr-15Ni alloys implanted
with B and N under various conditions, determined using the

nanoindentadon technique [from 6]

Hardness tGPal _-'-0.2_
Hardness

Irnplantatton Bi B5 BI2 _mprovement I%t

None fSA) 1.8 1.8 1.8
None !CW_ 2.0 2.0 2.0
I% B/RT ° 3.5 ...... 94
t% N/RT 3.4 ...... 89
I% BN/RT 4.0 ...... 122
2.5% BN/RT 3.5 3.5 3.6 94
0.5% BN/675 °C ... 2.1 2.1 17
DPH (none SA) 160 182 184
Grain size (ASTM_ 3.6 4.9 5.2

'Ali alloys are solution annealed at 1150 °C for 15 mm.

bAtomtc tB or N) or torn'mta (BN_ percent, and RT indicates up to 200 *C.
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implantation may retard the initiation of microcracks leading to an increase in the

overall fatigue life. The earliest reported work originated from Harwell in the

United Kingdom, where Hartley and co-workers implanted 18/8/1 stainless steel

and titanium with 200 kev N . ions to a dose of 2x1017/cm 2. They observed that

the fatigue life increased by a factor of 10 [20].

A review of research until 1985 on effects of ion implantation on the fatigue

properties of metals has been published by Vardiman [5]. The various studies can

be broadly divided into strain controlled and stress controlled fatigue studies.

Several of the strain controlled studies have been summarized in Table 4 [5].

Studies have been mainly conducted on copper, nickel, some steels and titanium

alloys. Several stress controlled fatigue tests have also been conducted on ion-

implanted metals and some of the results are summarized in Table 5 [5]. In

several of these studies, an endurance limit was observed below which failure did

not occur in over 10 7 cycles and the fatigue behavior improvement is shown as an

endurance limit increase in Table 5.

Surface Slip Band Suppression

Several investigators observed surface slip suppression or slip homogenization.

Sleeswyk et al. implanted Cu, Ni and AISI 310 stainless steel with 115 keV C .-

ions and conducted high strain (low cycle) fatigue tests on the dumbbell-shaped

specimens [40]. The fatigue results are shown in figure 4. The C .
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Table 4.

A summary of several strain controlled fatigue tests on various
metals [5].
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Table 5.

Summary. of several stress controlled fatigue studies [5].
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implantation decreased the life of copper and steel by approximately 20% and

15% respectively, whereas in the case of Ni there was an increase in average

fatigue life of about 10%. In the copper and steel specimens, coarsening of slip

lines was observed in the implanted specimens and the consequent stress

concentrations were considered by the authors to be responsible for the decrease

in fatigue life. In the case of Ni, in the implanted specimens, it was observed that

slip lines ending on grain boundaries often induced a secondary set of slip lines in

the adjacent grain which probably helped lower stress concentrations, leading to

an increase in fatigue life [40].

Grummon et al. have examined changes caused by ion beam surface

microalloying on the development of fatigue damage structures which precede

crack nucleation [54-56]. Layers of Ni and A1 of tens of nm thicknesses were

deposited by vacuum evaporation on Ni substrates and irradiated with 500 keV

Kr . ions to form an ion-beam-mixed surface layer. The layer delayed the initial

emergence of PSBs and reduced the number and intensity of slip band features.

Surface slip bands consisted of single "persistent slip steps" in the implanted

material and subsurface plastic strain localization in the material with the modified

surface layer. In the surface modified materials, many PSBs extended up to the

surface film but did not penetrate it. This, however, was thought to produce high

local stresses in the layer leading to rupture of the surface layer and producing slip

offsets which presumably developed into crack nuclei as shown in figure 5 [56].
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MATRIX A

Figure 5. Possible sequence of events suggested by Grummon et al. for
crack initiation at slip bands that penetrate the modified surface
layer [after 56].

2
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Morrison et al. have similarly performed fatigue damage studies on A1+-

implanted and self implanted Ni, implanted to various doses and energies at low

and high temperatures [57]. Both the Al+ and self implantation increased near

surface hardness. The primary hardening mechanism in the self-implanted

specimens was implantatiol: induced lattice defects and in this case, the authors

observed cyclic softening which resulted in the formation of clear channels and

easy penetration of the implanted region by subsurface PSBs. In the A1+

implanted specimens, hardening was caused by solid solution, and possibly

precipitation hardening, and no cyclic softening was observed. Penetration of

subsurface PSBs to the surface was suppressed. The results are given in Table 6
4k

and hardness profiles are indicated in figure 6 [57].

Ion Size Effects

The effects of ion type and size were explored in one study on copper [43,50].

Figure 7 shows the fatigue results for 100 keV Al, B and Cr implantation, to a

dose of 5x1016 lons/cm:. Al-implantation had the most significant effect whereas

boron implantation decreased the fatigue resistance to cyclic stress. Optical

microscopy indicated that the extent of persistent slip band formation decreased

after implantation, with Al having the greatest effect. Most of the microcracks

were observed at grain boundaries, whereas some cracks were associated with

PSBs. The cracks at PSBs were more frequent in the unimplanted specimens than

in the Al implanted specimens. Based upon size effects, A1 and Cr implantation
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Table 6.

Normalized hardness using the nanoindentation technique before
fatigue testing for unimplanted and implanted Ni [56].

Olx X X X X

_d
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would be anticipated to induce residual compressive stress whereas B implantation

would be expected to produce residual tensile stresses. These tensile stresses

caused the observed effects in B-implanted copper [43]. The authors attributed

the improvement observed in A1 implanted copper to an increase in stacking fault

energy [50].

Precipitate Effects

Precipitation induced by ion implantation can have significant effects on

fatigue properties. Hu et al. implanted AISI 1018 low carbon steel with 150 keV

N2+ [26]. They conducted rotating bending tests at 5000 rpm. Their results are

shown in figure 8. While the as-implanted specimens showed no consistent

improvement in fatigue life, aging the specimens for a few months at room

o temperature or artificially for 6 hours at 100*C significantly improved fatigue life.

A finely dispersed metastable nitride, Fe16N2, and the presence of nitrogen

martensite was observed [26,58]. The as implanted steels contained 10 nm Fe16N2

particles while the aged specimens contained, in addition, a fine 2 nm precipitate

as well as evidence of martensite [50]. Plain carbon steel is the c,nly material to

yield an improved fatigue life after a post implantation heat treatment [50]. In

one study, 4140 steel showed an improvement after N+ implantation. Surface

hardening and the presence of second phases have been postulated to be the

cause of fatigue life improvement in this case [5].

Some work has also been done on fatigue life modification of Ti-6A1-4V alloy

with nitrogen and carbon implantation. Nitrogen implantation, with or without
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Figure 9. Effects of N + and C+ implantation on fatigue properties of Ti-
6A1-4V alloy [50,52].
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annealing caused only modest changes in fatigue properties whereas carbon

implantation had a more significant effect, although again, annealing did not

enhance the effect. The effectiveness of carbon was hypothesized to be due to the

formation of Ti and V carbides which can form very easily. The results are shown

in figure 9 [50,52].

Grain Boundary Effects

Grain boundary cracking was observed in some strain controlled fatigue

studies particularly in high-strain fatigue tests. Since grain boundary cracking

would not be expected to be significantly affected by ion implantation, modest or

no improvements were observed in several of the ion implanted polycrystalline

materials in contrast to the single crystal copper results. Among the various strain

controlled fatigue tests shown in Table 3, single crystal copper yielded the best

improvement in fatigue life after Al* implantation [44].

Hohmuth et al. have implanted polycrystalline Ni with 60 keV B + ions to

different doses and have conducted fatigue tests [48]. They found two major

effects with increasing dose: (1) the relative number of grains containing

persistent slip bands decreased and (2) the PSB surface relief in the implanted

region was less marked. The fatigue results are indicated in Table 7. The authors

contend that the decrease in PSB surface relief due to the implantation should

lead to a decrease in the extent of microcrack initiation. However, the

incompatibility of stresses at grain boundaries between grains with a high relative

misorientation, which would normally be relieved by slip band formation in the
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Table 7.

Dependence on fatigue life and relative number of grains
containing PSBs in Ni on the B ion dose [48].

Speei- Implantation Fatigue P.elative
men dose lifetime number of

(B°ions (cyclesi grainscon-
cna-2) tainingPSBs

521 0 22000 1.00
522 1 x1016 21000 0.85
523 I x I0x7 37000 0.61
524 5 x 101'7 50000 0.46
525 1 x 1018 20200 0.34
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unimplanted specimens, would now lead to microcrack initiation at grain

boundaries in the implanted specimens [48].

Multiple Ion Implantation Effects

Lee and Mansur have investigated the effects of simultaneous multiple ion

implantation on the fatigue properties of Fe-13Cr-15Ni base model alloys [6].

They implanted 400 keV B . and 1.1 MeV N2. ions, singly and simultaneously into

four Fe-13Cr-15Ni base alloys whose compositions are shown in Table 7. Their

results (figure 10) show that while the single implantation caused only modest or

no improvements in fatigue life, the simultaneous dual implantation yielded the

greatest improvement. The implantations improved slip reversibility and delayed

crack initiation. They concluded that changes in surface stacking fault energy and

the nature of precipitate formation played significant roles. Their work suggested

that simultaneous multiple implantation could be of significant benefit in

improving fatigue properties of metals [6].

Creed

Creep can be defined as time dependent permanent deformation at stresses

well below the yield strength of the material. Time-dependent deformation is

significant at higher temperatures, typically >0.5 T,, [59]. The process can usually

be divided into three stages: (1) transient creep, where strain rate decreases with

time, (2) steady-state, where the strain rate remains constant - this stage is

associated with an approximately invariant microstructure due to a balance

between dislocation generation and annihilation, and (3) tertiary creep, where
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Figure 10. Fatigue results for single and dual B+ and N + implantation in the
four B-series Fe-13Cr-15Ni alloys used by Lee and Mansur showing
the significant improvement in fatigue life for the dual implanted
specimens [6].
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creep strain increases with time - this stage, which precedes final fracture, is

associated with the coalescence and growth of cavities leading to microcracking

and final failure [59].

Creep is a complex process and is sensitive to microstructure, stress,

temperature and environment. Surface films have been shown to have a

pronounced effect on creep. In a study on cadmium, Cd single crystals were creep

tested with a 35 _m thick hydroxide film on the surface. During the test, the film

was removed by the addition of H2SO4. This caused the creep rate to suddenly

increase as shown in figure 11 [60].

The surface layer thus plays an important role in creep properties of materials.

Studies have shown that dislocation densities after creep were higher at the

surface of A1alloys to a depth of 60-100 _m as compared to the interior [61]. In

one study, Ti was vacuum coated onto the surface of type 304 stainless steel and

diffused to form a 40/,Lm deep alloy layer. The stress rupture life of the steel was

significantly increased (by a factor of 5) at temperatures ranging from 704* to

815 *C. Similar studies on Ti(6AI-4V) and an Al alloy coated with diffuse layers

have also shown similar results as indicated in Table 8 [61].

There have been very few studies on the effects of ion implantation on high

temperature properties of metals. Hall has investigated the effects of germanium,

tellurium and carbon implantation on high temperature deformation behavior of

molybdenum [8]. Creep tests were performed on the specimens with temperature

increased periodically to observe temperature effects. Tests were performed on
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Figure 11. Creep curves for cadmium crystals showing the effect of removal of a
surface hydroxide film at B and increasing stress at A [60].
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Table 8.

The effects of surface al.loying on the high temperature behavior
of a Ti and an A1 alloy. R is the ratio of minimum creep strains for

bare and coated specimens [61].

Str_s Temperature Coating Cs R*
ks! (HPa) *C

TI (6 M-4V)
80 (551.6) 260 O 1.3 x I0-_ I

80 (551.6) 260 A1 4.4 x 10-9 3

85 (586.1) 260 0 3 x 10-8 1

85 (586.1) 260 Al 1 x 10-8 3

80 (551.5) 288 0 7.6 x 10-8 1

80 (551.6) 288 Al ,_10-8 >8

85 (586.1_ 288 O 1.66 x 10-7 1

85 (586.1) 288 Al 4.3 x 10-9 38

7075-T6

40 (275.8) 150 O 1.6 x 10-6 1
40 (275.6) 150 Cr 4 x 10-7 4
40 (275.8) 15: Cu 5.5 x 10 -7 3

35 (241.3) 150 O 5.4 x 10-7 1

35 (241.3) 150 Cr 1.8 x 10-8 30
35 (241.3) 150 Cu 1 x 10-9 54

25 (172.4) 177 0 6.8 x 10 -7 1
25 (172.4) 177 CT 8.3 x 10 -8 8
25 (172.4) 177 Cu 1.1 x 10 -8 6

*R- c_ (bare)/¢_ ._(coated).

m
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control, as-implanted and implanted+annealed specimens and results are shown in

figure 12. In general, Te and Ge as-implanted samples showed an increase in

creep rates though the annealed specimens showed a decrease in strain rate with a

corresponding increase in creep resistance. This behavior was explained in terms

of radiation damage. The heavy Te and Ge ions caused formation of large

numbers of vacancies which resulted in self-diffusion controlled deformation

processes. The annealing treatment decreased the number of residual point

defects with a corresponding decrease in strain rate [8]. Carbon implantation on

the other hand is a light ion irradiation resulting in smaller vacancy concentrations.

However, C will occupy interstitial sites and according to the authors, the diffusion

of the interstitial C atoms will govern the properties. The study showed the

effects of ion species on creep properties of Mo [8].

Hall also implanted Te in type 304 stainless steel and studied high

temperature properties, and the results are shown in Table 9 [62]. The

implantation increased creep rates as well as improved the overall ductility. The

author observed oxidation on the surface of the unimplanted specimens which

penetrated and embrittled the grain boundaries. The implantation apparently

suppressed oxidation on the surface and fractures were mainly transgranular [62].

Jata and Hubler have studied Fe and Ce implantation in 2124 A1 alloy [63].

They also found that the as-implanted specimens showed an increased strain rate

but the implanted+annealed specimens showed a decreased creep rate. The

authors suggest that in the as-implanted specimens, a large flux of vacancies were
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Table 9.

Minimum creep rates for unimplanted and Te-implanted type 304 SS [62]

sgeeumn Tem. _taxre ' mon:jn.

750% 77s°c 80o% 825% .......i

Onimplanted 3.2 x i0-4 7.9 x I0-4 2.0 x i0-3 -- 9.0%

Implantsd 3.7 x 10-4 8.2 x 10-4 2.5 x 10-3 7.7 x 10-3 14.8%, , |
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formed which would have migrated and coalesced as voids at the grain boundaries

much faster than precipitate nucleation and growth during the test. The

implanted+annealed specimens revealed stable A13Fe and All0Fe2Ce precipitates

in the microstructure which probably imparted particle and sub-grain boundary

strengthening. The annealing may also have eliminated the voids according to the

authors [63].

MECHANICAL PROPERTIES OF ION-IMPLANTED POLYMERS

Basic Effects

"['he history of research on ion implantation of polymers can be traced back to

radiation chemistry studies in the 1950s. High energy radiation from electron

beams, x-rays or B-rays was found to initiate ionization and radical formation

[64,65]. This was observed to cause chain-scission and cross-linking depending

upon dose rate and polymer structure. Most of these studies, however, have

concentrated on chemical effects such as polymerization in the absence of catalysts

and grafting to form copolymers [64]. The effects of irradiation of polymers using

ionization radiations were shown to include: (1) fragmentation and cleavage of

polymeric macromolecules resulting in loss of volatile species, (2) cross-linking,

resulting in the formation of chemical bonds between molecules and (3)

disappearance or formation of unsaturated groups in the molecular structure [66].

In the past decade, the implantation of keV or MeV ions has been used to

modify surface properties of polymers. These have mostly concentrated on
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changes in optical and electrical properties of polymer surfaces [9,67-70]. Studies

have also been performed on solubility and molecular weight distributions [71-74],

and biocompatibility [75,76].

There are several differences between irradiation of polymers using ionizing

radiation and energetic ions. Marletta has described the differences as: (1)

higher energy is deposited by the ions, typically 50 to 5000 eV/nm for keV ions,

(2) two energy deposition mechanisms, electronic excitation and collisions, act

simultaneously and their relative contributions strongly depends on the energy of

the ions and (3) there is a higher yield (or G-value, which is the number of

molecules released following absorption of 100 eV radiation energy) for ion-

irradiation as compared to ionizing radiation [66]. It is thus clear that ion-polymer

interactions are nonlinear events with high density energy deposition.

A review of ion beam effects in polymers and organic solids is given by

Venkatesan et al. [9]. Typical processes for high energy ion-polymer interaction

are shown in figure 13 for 2 MeV Ar . implantation based on ion dose. The

energy lost by the impinging ions results in the formation of ions and excited

states. The electrons produced by ionization can cause secondary processes if

their energy exceeds 100 eV. This results in bond rearrangements and chemical

changes on the surface [9].

Almost ali polymeric films undergo strong gas evolution during ion irradiation.

The ejected species include small molecules, ionized components, hydrogen and
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Figure 13. Typical processes occurring in polymers subjected to ion irradiation,
as a function of dose [after 9].
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Table 10.

Typical molecular species emitted from PE and PS subjected to ion irradiation.
The table also shows G-values for the various species [9].

Molecule Polystyrene "Poiyethylene

(Mass) I00 keV 200 kev I00 kev 200 keV
He+ At"+ He+ At"+

H2(2) 0.3 1.15 +.8 2.s "
cK,(16) -- o o.o12 -..o 0.064
C-,2H2(26) 0.02 0.61 0.15 0.3
C_H5(41) -- 0 0.004 0.14 0.03
c_H_(TS) 0.04 0.015
C_H8(104) 0 0.011
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species with higher molecular weight. Typical species emitted from common

polymers are given in Table 10 [9]. Figure 14 shows the residual gas analysis of

Teflon and Kapton during 200 keV Si+ implantation [77] showing typical gases

observed during the first minute of irradiation. Typically, the emission is greatest

at the beginning of the implantation and decreases slowly with time [77].

The chemical yield can be qualitatively characterized using the G-value, which

is the number of molecules of specific gases released from a given polymer surface

following absorption of 100 eV of radiation energy [9]. The G-value can be

estimated as:

G- Qo 100 (3)
! E

where, Q0 is the maximum emission yield, I is the current and E is the energy of

the incident ions [9]. Typical values are shown in Table 10 for polystyrene (PS)

and polyethylene (PE). Similarly, results obtained for PE and Kapton are shown

in figure 15 as a function of average stopping power of the various ion-polymer

combinations [78].

Ion irradiated polymers generally show a large reduction in hydrogen

concentration, up to 80 % in many cases. Similar results are seen for other

elemental constituents of the polymers. However, no large changes have been

observed in carbon concentration. Since the changes in elemental composition

occur within the ion range, the technique represents a powerful method for

changing polymer properties at the surface in a controlled manner [9].
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Microstructure

Currently, there appears to be two schools of thought regarding ion-polymer

interactions. Several authors suggest that during ion penetration, a plasma-like

region is formed along the ion-tracks, where ali existing bonds are broken [69,70].

There is a subsequent rearrangement of atoms causing the formation of a

graphitized region which explains the "blackening" of the polymer as well as

enhancements in electrical conductivity and optical properties [69,70,79]. A

second school of thought suggests that "mild" and well defined chemical reactions

are induced by the primary ion-polymer interactions, the sum of which produces a

different chemical system. According to this model, the ion irradiated polymers

show a continuous evolution of the primary chemical structure to the

"carbonaceous" material which is finally obtained [66].

The sometimes drastic increases in conductivity of polymers by ion

implantation led workers to examine the microstructures of ion implanted

polymers. The conductivity enhancement has been described in terms of an

"electron hopping mechanism" or tunnelling between individual conducting islands

embedded in an insulating matrix based on a model due to Sheng and Abeles [79].

The islands have been described to consist of graphitic platelets or highly carbon

enriched material [80-82]. Typical diameters of the carbonaceous regions

estimated from the electronic conduction theory are in the order of 10-50 nm with

mean (surface-to surface) distances of 0.1 to 20 nm for fluences under lx10is

ions/cm2 [80].
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Fink et al. used small angle neutron scattering to show that two different

structures were found in inn irradiated polymers. One consisted of small sepan_tc

globular particles of the order of those predicted by the conduction theory, while

the other consisted of coagulated globular particles. The authors suggested that

these may be pre-stages of polymer carbonization [80]. Davenas et al. have shown

that irradiation of PMMA and polystyrene films at high fluences forms

hydrogenated carbon layers which are very similar to amorphous hydrogenated

carbon films [83].

Foti et al. have used Raman spectroscopy to show that Ar . irradiated PS

contains hydrogenated amorphous carbon. They found an increase in the number

of graphitic clusters with dose [84]. Similarly, Ishitani et al. found amorphous

carbon in the modified layer in oxygen implanted PE. They also report finding a

very thin diamond-like carbon film on the outermost surface using surface

enhanced Raman scattering [85]. Sofield et al. observed a graphitic layer at high

energies and a diamond-like coating at lower energies for ion beam modification

of poly-ether-ether-ketone (PEEK), again using a Raman microprobe indicating

an energy threshold for microstructural evolution [86].

Microhardness

Hardness is not an inherent property of a material and is subject to several

factors for interpreting the data. This is particularly true in the case of polymeric

materials because of their visco-elastic nature. Conventional hardness

measurement techniques in metals are based on the measurement of the indent
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dimensions. In polymers, the time interval between the removal of the loaded

indenter and measurement is critical. Moreover, the time of interval of

application of load is also important. The indentation hardness measurement is

also affected by temperature, time, and the nonlinear stress-strain response apart

from being a complex function of several properties such as modulus and indenter

profile [80,81].

There have been a few studies on surface hardening of polymers by surface

attack, where for example, the etching of polyethylene with nitric or sulfuric acid

has been found to strengthen the polymer surface [89-91]. One of the most

effective methods of increasing polymer hardness is by crosslinking the

macromolecules, which is possible due to the covalent nature of the carbon bond.

Cross-linked polymers are used in several applications requiring resistance to high

temperature and solvents, and for better mechanical properties [92].

One technique for cross-linking polymers is by means of ionizing radiation

such as ultraviolet radiation and there are several applications of radiation curing

of polymers [93]. However, there have been very few studies conducted to

investigate hardness improvements using ion beams. In a recent study, Lee et al.

have implanted several polymers with boron, nitrogen, carbon, silicon and iron

singly or simultaneously using dual and triple beams [10]. The ultra low-load

nanoindentation technique described earlier was used for the hardness

measurements. The results are shown in figure 16. Kapton implanted with B .,

N . and C . showed an improvement in hardness by a factor of 26. The results
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Figure 16. Hardness improvements in various polymers after ion implantation
obtained by Lee et al. Hardness values, reported at 100 nm depth,
were measured using the nanoindenter [10].
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are compared with B, N, C implanted Fe-13Cr-15Ni stainless steel showing that in

some cases, the surface hardness of implanted polymers can exceed that of metals.

The authors have attributed the hardness increase in ion implanted polymers as

due to three major factors: (1) three-dimensional cross-linking, (2) introduction of

alloying elements which act as links for bonds, and (3) embedding hard particles

on the polymer surface. The authors also indicate that ion implantation can be

used to tailor the near-surface hardness of polymers [10].

Nishiyama et al. have implanted 1.5 MeV Au + and O . ions singly in

polyethylene terephthalate (PET). They have used a specially designed

microtome to measure cutting forces at specific depths to relate hardness and

depth. Their results indicate that hardness increases with depth and the hardest

region lies beyond the depth of the distribution maximum of the implanted

ions [94].

A separate study was conducted on B. implanted polycarbonate to study dose

and energy effects [95]. Boron was implanted at 100 and 200 keV at three

different doses at each energy. The hardness results are shown in figure 17. The

hardness increase levelled off at higher doses suggesting the possibility of an

optimum dose for hardness improvement [95]. Lever,s and Lee have observed a

good correlation between G- values of ion irradiated polymers with surface

hardness improvements. The authors observed that enhanced G-values (indicating

greater egress of molecules from the surface) also resulted in enhanced surface

hardness suggesting that carbonization of the surface had occurred [78].
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Figure 17. Hardness values of polycarbonate implanted with B+, given as a
function of ion dose at two different energies [95].
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Wear

Tribological properties of polymeric materials are of great importance due to

their wide usage today in applications such as plastic bearings, gears and shafts.
J

In general, polymers have a built-in lubricity unlike other classes of materials.

Early pioneering research on wear of polyrners was done by Tabor and co-workers

at Cambridge, England, who have contributed greatly to the general field of

tribology. A general introduction to wear in polymers is given by Steijn in ref [96].

Wear of polymers can be classified into three major forms: (1) adhesive or

galling wear, (2) abrasive or cutting wear and (3) surface fatigue. This list can be

extended to include corrosive wear and thermal wear. A more fundamental

categorization, suggested by Briscoe [97] categorizes wear into two classes:

cohesive and interfacial. Cohesive wear processes occur in relatively large

volumes adjacent to the interface and include abrasive and fatigue wear.

Interfacial wear, on the other hand, involves much thinner regions located in the

vicinity of the interface; this includes adhesive wear. In general the wear process

is not "monomechanistic", rather, there is an overlap of the different wear

processes [97].

Adhesive wear is the most fundamental wear process. The frictional work has

its origins in the adhesive forces between the contacting solids. There is an

increase in local temperature. An important phenomenon is the transfer of a film

of polymer onto the countersurface. This transfer is dependent upon load, sliding

speed, time and type of polymer. Eventually, wear debris is formed [96].
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Abrasive wear occurs by abrasion or gouging. This occurs when a hard, rough

surface rubs against a softer countersurface and abrasive action occurs by

grooving, cutting or ploughing. Abrasive particles present between the sliding

surfaces can also add to this process. Surface fatigue is another source of failure

where repetitive encounters between two surfaces, no matter how smooth, causes

material breakdown [96,97].

Surface modification is an obvious solution to wear control in polymers.

Three main techniques have been investigated: (1) plasma treatment, (2) surface

photopolymerization and (3) silicone modification [98]. Among these, only plasma

treatment has been studied in some detail [98,99] and has been found to be

applicable and useful in specific cases. Recently investigations on wear properties

of ion-implanted polymers have been carried out at Oak Ridge National

Laboratory [10,95].

Lee et al. [10] performed reciprocating sliding wear tests on several polymers,

both implanted and unimplanted using 9.53 mm (3/8 inch) diameter nylon and

SAE 52100 high-carbon steel balls. Optical microscopy showed that ion

implantation improved wear resistance in general as shown in figure 18 for

Kapton. In particular, for the B,N and B,N,C simultaneous implantations, no

scratches were visible on the polymer surface after 10000 cycles. Although only a

single load and a single speed were used in the study, the results were

encouraging, considering the complex nature of the wear process [10].
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Figure 18. O_ntica! micrographs oi ,.,,ear tracks on implanted Kapton tested

using a nylon ball. Insets show morphologb' of ,,,,,ear debris for each

casm [i(ll
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A study.into the effects of ion dose and energy was performed on

polycarbonate (PC) using boron ions [95]. Boron was implanted into PC at 100

and 200 keV energies to three different doses. Wear properties were

characterized using nylon, brass and steel balls. The wear mode was found to

depend on ion dose, energy, ball type and normal load. Using the nylon ball, it

was observed that there was an optimum dose corresponding to the intermediate

dose at which no wear was observed after 10000 cycles. Friction coefficients were

also reduced by over 40 % by implantation. Results are shown in figure 19. The

implantations also changed the dominant wear mode, which was dependent upon

ion dose [95].



Figure 19. \\"car tracks on PC implanted with 20(1/kev B + at various doses.
The intermediate dose implanted _.naterial showed no wear tracks.
The wear _f the nylon ball is also shown [95].



lH. EXPERIMENTAL PROCEDURES

SPECIMENS AND MATERIALS

Metals

Miniature bending fatigue specimens developed at Auburn University were

used in this study [100]. The specimen configuration is shown in figure 20. The

fatigue specimens were made from sheet material with thickness 760 #m and have

a gauge region of 6.35 mm (1/4") x 4.76 mm (3/16"). The gauge region has an

hourglass shape with a minimum width of 3.175 mm (1/8").

Eight model alloys based on the Fe-13Cr-15Ni alloy system were used in the

study. The compositions of the eight alloys, designated as El-E8, are given in

table 11. The alloys are based on the Fe-13Cr-15Ni-2Mo-2Mn-0.2Ti-0.8Si-0.06C

alloy (El) with minor alloying elements removed or added. These alloys were

chosen to determine the effects of these minor alloying elements in conjunction

with the implanted ions. The alloys were developed at ORNL as part of the

radiation effects program and their microstructures and mechanical properties

have been previously characterized. In order to study the effects of grain

boundaries in the alloys, single crystals of Fe-15Cr-15Ni were grown at ORNL

using the Czochralski method. The single crystal samples were oriented

62
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Figure 20. The miniature bending fatigue specimen used for the fatigue tests.
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Table 11.

Alloy compositions for the eight E-series alloys used in the study
in weight percent.
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with the longitudinal sample axis along [100] using x-ray back reflection and were

then machined using electric-discharge erosion.

Ali specimens were annealed at 1150°C for 15 minutes in vacuum. The resulting

grain sizes are included in table 11. The specimens were then electrochemically

polished in a 60% methanol - 36% butyl cellusolve - 4% perchloric acid electrolyte

at -5°C using a 100 mA current at a D.C. voltage of 6V. Each specimen was

polished for 4 minutes to eliminate machining surface defects.

Creep

Creep tests were performed on modified SS-3 tensile specimen configuration

shown in figure 21. The specimen is also made from 0.762 mm thick sheet material.

The miniature specimen has a gauge length of 6.35 mm and a width of 1.52 mm.

The specimens were subjected to the same annealing and electropolishing treatments

described in the previous section. The E1 and the Fe-13Cr-15Ni ternary alloys were

used for the creep tests.

Po_ilels

Four polymers were used in this study: polyethylene (PE), polypropylene tPP),

polystyrene (PS) and polyethersulfone (PES). The molecular structures of the

repeating unit are shown in figure 22. These four polymers were selected for the

increasing complexity of the side groups as well as the backbone chain (in the case

of PES). The polymers were obtained in the form of 76 _m films, except PP which

was obtained as 1 mm thick sheets. PE, PP and PS were obtained from Goodfellow

Advanced Materials Company and PES was obtained from the Westlake
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Figure 21. The modified SS-3 creep specimen configuration used in this study.
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Figure 22. Molecular structures of the repeating units for the four polymers used
in this study.
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Plastics Company, both in Pennsylvania. Table 12 shows some physical and

mechanical properties c _ the four polymers including density, the glass transition

temperature (Tg), melting temperature (Tta), tensile strength and modulus. Of the

four polymers, it can be seen that PE and PP are above Tg at room temperature.

ION IMPLANTATION

The ion implantations were performed in the Triple Ion Facility in the Metals

and Ceramics Division at ORNL. The facility has three Van de Graaff accelerators

with voltage ratings of 400 kV, 2.5 MV and 5 MV. These are capable of being

operated simultaneously to implant three different ion species. A schematic

representation of the facility is shown in figure 23 [101]. The maximum target sample

area that can be implanted is 100 mm 2.

The implantation chamber is divided into a loading chamber and a target

chamber, which can be isolated from each other. The target chamber is a high

vacuum chamber with vacuum level maintained at approximately 10.8torr. The dose
=

is determined by means of a computer which periodically measures the flux and

calculates accumulated dose. The X-Y profiles of the three ion beams are monitored

by a system of miniature Faraday cups. The output e'_ the Faraday cups is monitored

by the computer and this information is used to adjust the beam output to obtain a

= uniform beam profile on the target. The computer output also determines when the

final specified dose is attained so that the implantation can be terminated. Specimen

-
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Table 12.

Some physical and mechanical properties of the polymers used in this study

Property PE PP PS PES

Density (g/cm 3) 0.92 0.9 1.05 1.37

T_a_ t_.sitio.(° C) -80 0 100 220

Tmelting(°C) 130 165 > 95 > 220

Tensile Strength (MPa) 5-25 25-250 30-100 70-95

Tensile Modulus (GPa) 0.1-0.3 1-1.5 2.3-4.1 2.4-2.6

m

I
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Figure 23. Schematic representation of the triple ion irradiation facility at ORNL.

w
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temperature is monitored by means of two thermocouples at the target stations.

There are also provisions for measuring temperatures at specific locations on the

specimens.

Metals

The miniature fatigue specimen gauge regions were implanted simultaneously

with 400 keV boron (B +) and 1.1 MeV nitrogen (N2 +) ions using the 400 kV and 2.5

MV accelerators, respectively. A dose of 2.3 x 1016 ions/cm 2 was used for each ion

species corresponding to an accumulation of 1 at-% at peak deposition depth. These

specific energies and dose were also used by Lee and Mansur in their study using

simple Fe-13Cr-15Ni alloys [6]. Special holders were designed for implanting the

specimens in the high vacuum target chamber and each specimen was subjected to

four implantations, one for each surface and one for each edge. The ion flux was

maintained at fairly low levels so that specimen temperature was maintained at under

80°C during the duration of the implantations.

Polymers

Each polymer was implanted with 200 keV B . at three different doses: 1.7x10 TM,

5x1014and 1.7x1015ions/cre 2corresponding to ion concentrations of 100, 300 and 1000

appm. PS specimens were also implanted with 100 keV B + to the same three doses

with 200, 500 and 1000 keV Ar + to 300, 1000 and 2000 appm. Comparisons of the

effects of B + and N.-implantations into PS gave information regarding species

dependence. The various implantation conditions are summarized in table 13. The

polymer films were cut in squares of 110 mm 2 prior to implantation. The polymer
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Table 13.

The various implantation conditions used for the four polymers studied.

Pol_wner Io__n_n Energy Doses (ions/cm2)

PE B . 200 1.7x1014
PP 5x1014
PS 1.7x10 is
PES

PS B . 100 1.7x10 la
5x1014

1.7x1015

PS Ar . 200 5x1014
500 1.7x1015
1000 3.4x10 is
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films were very sensitive to overheating caused by a high flux. The ion flux was

therefore maintained under 100 nA/cm2 to prevent polymer meltdown.

MECHANICAL TESTS

Fatigue Testing of Metal Specimens

Fatigue tests were performed using a specialized bending fatigue machine (shown

in figure 24) developed at Auburn University [102]. The specimen is positioned as

a cantilever beam with one end fixed and the bending load applied at the other (free)

end. Ali specimens were tested using a flexing frequency of 8.33 Hertz (500 cycles

per minute) with a sinusoidal waveform. A total deflection of 4.8 mm (_+2.4 mm)

was used at the point of loading. For comparison purposes, ali specimens were

tested at a single value of deflection.

The load is detected by a load cell consisting of four strain gauges in a

Wheatstone Bridge network at the end of the cantilevered specimen holder arm. The

null position for the Bridge is adjusted on the shutdown controller. The output of the

load cell is monitored using an oscilloscope. Tests were automatically terminated

when the load decayed to 80% of the original load.

Creep Testing of Metal Specimens

Creep tests were performed using a test setup custom designed at ORNL. Ali

tests were performed at 600* C. Tests were conducted using a constant load with an

initial stress of 20 ksi for the B1 specimens and 37 ksi for the E1 specimens. The
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Figure 24. Bending fatigue machine used for testing the miniature fatigue specimens.
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vacuum in the specimen chamber was maintained at a level better than 10 .7 torr.

Two thermocouples were positioned touching the specimen gauge region to measure

actual specimen temperature. The temperature of the specimen was raised to 600 °C

within 10 minutes and the load was applied immediately. A temperature controller

maintained the specimen temperature to within 600_.+2"C. The specimen extension

was measured by means of an LVDT. A Hewlett Packard microcomputer was used

to periodically record and print the LVDT extension, temperature

and vacuum level. Before each test the gauge length was measured accurately to

calculate strains and results were obtained as strain as a function of time in hours.

Microhardness

Knoop Hardness

Knoop microhardness measurements were carried out on a Leitz Metalloplan

optical microscope. The microscope is equipped with a video camera attachment a

television screen to image the indents and associated electronics to accurately

measure the diagonals of the indent. Hardness (H) is measured as the average load

(P) under the contact area (A) of the indenter as :

H P (1)
A

Knoop tests can be carried out using loads of 2 to 250 g. Loads in this study

were limited to 2, 5, 10 and 25 g due to the small depth of the implantations. The

Knoop hardness measurements were used for rough measurements and more
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accurate determination of implanted layer strength was done using a nanoindentation

technique described below.

Nanoindentation

In conventional hardness measurements, the contact area is determined by

visually measuring the indent dimensions. However, for very thin surface layers, the

penetration depths of the indenter is often deeper than the thickness of the layer

even for very low loads. Moreover, the lower the indenter load, the greater is the

margin of error in determining the indent dimensions. Recently, there have been

several advancements in continuous load and depth sensing techniques using ultra

low-loads to accurately determine near surface hardness [33-35].

In this study, the nanoindenter TM was used for measuring near surface hardness

based on ultra-low-load indentation. The instrument is capable of continuous control

of load and displacement of the indenter with a displacement resolution of 0.4 nm

and a force resolution of 300 nN. Five indents were made for each condition. Data

are obtained in terms of load as a function of indenter depth. From this, the

hardness at any depth up to the maximum indenter depth can be estimated. In this

study, the hardness at 100 nm depth was chosen as a standard for comparison. For

each indent, total depth of penetration was 500 nm with a rate of 10 nm/s.

Unloading was carried out at 3.5 nm/s with a hold period at 90% unloading to

determine thermal drift rate of the indenter. The entire process is controlled by a

computer.
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Wear Testing of Polymers

Reciprocating sliding wear tests were performed using a tribometer designed at

ORNL. Nylon balls of 9.53 mm diameter were used as the countersurface with a

1 N normal force. A stroke length of 3 mm and an average speed of 0.01 m/s was

used for the tests. Each specimen was subjected to 10000 sliding cycles for an overall

time period of 100 minutes. Tests were conducted at room temperature in a normal

laboratory atmosphere.

The tangential force on the specimen was determined using a strain gauge bridge

and was used to calculate the friction coefficient. Data acquisition and analysis was

performed using a desktop personal computer interface. Readings were recorded at

the following elapsed time periods (in minutes): 0.1, 1, 2, 5, 10, 20, 45, 60, 80 and

100. Each reading recorded 1000 datapoints/s for li) s. Friction coefficient values

were calculated at these times and plotted as a function of elapsed time. The

frequency of recording readings was greater at the beginning of the tests since friction

coefficient values changed rapidly during the first 10 minutes.

SPECIMEN CHARACTERIZATION

Optical Microscopy

A Leitz Metalloplan optical microscope was used for studying the surfaces of the

metal and polymer samples before and after testing. The microscope was used to

study slip band formation and fatigue crack initiation in metal specimens. In the
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polymer specimens, optical microscopy was used to examine wear tracks on the

specimen after the wear tests.

Transmission Electron Microscopy

A Philips CM-12 electron microscope was used for microstructural examination

of the fatigue specimens and to study implant layer microstructures. Both cross-

sectional and backthinned specimens were examined to study the implant layer

microstructure. Cross-sectional specimens were obtained by first Ni-plating the gauge

regions from the fatigue specimen. The Ni-plated material was then sliced and

electro-discharge machining (EDM) was used to cut a 3 mm TEM disk with the Ni-

steel interface lying approximately along a diameter of the disk. The disks were then

thinned in a Tenupol jet polisher with the electrolyte maintained at -20°C. The

electrolyte used was the same as that used for electropolishing the fatigue specimens.

The disks were thinned until a sufficiently thin region was obtained at the Ni-steel

interface. Backthinned specimens were obtained by using EDM to cut TEM disks

from the fatigue specimen gauge region and then polishing (or backthinning) the

disks to the implanted region.



IV. RESULTS AND DISCUSSION: METALS

RESULTS

Ion Depth Ranges

The computer code TRIM (1990 Version) was used to determine the depth

range of the implanted ions. TRIM (TRansport of Ions in Matter) is a Monte-

Carlo simulation program which follows individual ion histories in a target material

for a large number of ion collisions [11]. Calculated ion ranges are shown in

figure 25 for 400 keV boron and 550 keV nitrogen implantations. The peak depth

of the implant distribution was close to 500 nm for each ion species. The peak

concentration was calculated to be approximately lx1021atoms/cm 3for a fluence

of 2.3x1016ions/cm 2 for each ion corresponding to approximately a 1% peak

concentration in the Fe-Ni-Cr alloys.

The figure also shows the extent of ionization caused by the electronic energy

loss shown as ionization energy as a function of depth. The nuclear damage is

determined using the nuclear energy loss and the Kinchin-Pease model is used for

calculating the number of displaced atoms [11]. The figure shows the vacancies

formed due to nuclear collisions given as number of vacancies formed per ion as a

function of depth.

79
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Figure 25. Results of TRIM calculations showing implant depth distribution
for 400 kev B* and 550 keV N + implantations. The figure also
shows number of vacancies produced due to nuclear energy loss and
ionization due to electronic energy loss.
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Microhardness Results

Knoo]2

Knoop microhardness measurements were performed using a 5 g load. The

Knoop diamond has a ratio of long to short diagonal of 7:1 with a depth of

indentation about 1/30 of the long diagonal. This allows measuring hardness at

shallow depths in materials. Results for the eight E-series alloys are shown in

figure 26 and table 14. The hardness value shown for each condition is the

average of five measurements. The B,N implantation increased near surface

hardness of ali eight alloys as indicated in the figure. However, the improvement

varied from alloy to alloy indicating a dependence on the composition of the

alloys. The greatest improvement (104%) was observed for alloy E2 (no Mo), and

the smallest increase (29%) was observed for alloy E4 (no Ti). There is a

variation in hardness values of the control specimens which can also be attributed

to variations in solid solution strengthening and precipitate strengthening in the

alloys due to differences in minor alloying element composition.

Nanoindentation

Hardness measurements using the nanoindentation technique were made

directly on the fatigue specimens. As mentioned in the previous chapter, the

nanoindentation technique utilizes depth sensing at ultra-low loads. Raw data is

obtained in terms of load sensed as a function of displacement. Figure 27 shows

typical results obtained for a control E1 specimen. The hardness calculated has
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Figure 26. Knoop hardness results for the eight E-series alloys.
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Table 14.

Knoop hardness values and Nanoindentation hardness values (in GPa) for the
eight E-series alloys showing percent increase in hardness

due to the implantation

Alloy Nanoindentation (Knoop Hardness)
Unimplanted Implanted % Change

E1 4.5 (2.05) 5.58 (2.99) 24 (46.3)

E2 3 (1.43) 5.25 (2.91) 75 (104)

E3 3.325 (1.87) 5.625 (2.86) 69 (53)

E4 3.45 (2.02) 5.38 (2.6) 56 (29) :

E5 3.28 (2.02) 5.26 (3.2) 60 (58)

E6 3.75 (1.8) 5.75 (2.92) 53 (64)

E7 3.75 (1.7) 5.5 (3.2) 47 (88)

ES 3.8 (1.8) 6 (3.2) 58 (78)
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Figure 27. Typical nanoindentation results, show_] here for the control E-1
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one indent and (b) shows calculated hardness values as a
function of depth.
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been corrected for the effects of elasticity. From the hardness vs depth plot, the

hardness values at 100 nm was determined and reported for comparison.

Figure 28 shows results of nanoindentation measurements for the eight E-

series alloys before and after implantation. The near surface hardness of all

specimens increased after implantation, similar to the knoop hardness values

observed as shown in table 14. The percentage hardness increases obtained using

the two techniques are different for the alloys though some of them show similar

trends. In both cases, E2 alloy showed the greatest increase in near-surface

hardness. The differences could be attributed to the fact that the Knoop indenter

contact area is much larger than that of the nanoindenter. Interestingly, while the

hardness of the control alloys varied, the implanted alloys' hardness values were

comparable in ali eight alloys.

Fatiaue Testin_w

Fati_ue Datav

For the control specimens, two to four specimens were tested for each alloy

whereas for the B,N implanted samples, only one specimen was tested for each

alloy. The fatigue test results for the eight alloys are shown in figure 29. lt can

be seen that the dual implantation reduced fatigue life for the eight alloys. The

reduction in fatigue life varied from around 15% for alloys E1 and E6 to 45% for

alloy E7 as shown in table 15. This is in contrast to the results obtained by Lee

and Mansur [6] using simple Fe-13Cr-15Ni alloys (compositions given in table 2).

They found that dual implantation with B and N under conditions identical to
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88

Table 15.

Fatigue tests results for the eight E-series alloys indicating the
percentage decrease in fatigue life for the implanted specimens

ALLQY CYCLES TO FAILURE % CHANGE

UNIMPLANTED IMPLA_D

E-I (Base) 57242 48342 -15.55%

E-2 (-Mo) 47835 28650 -.40.11 %

E-3 (-Mn) 47694 35194 -26.2 %

E-4 (-TJ) 51180 39242 -23.33 %

E-5 (-C) 48628 35803 -26.4 %

E-6 (-0.5 Si) 41371 3"5531 -14.12 %

E-7 (-Si) 61606 33530 -45.6 %

E-8 (+P) 62610 37305 --40.42%
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those used in this study, significantly increased fatigue life, up to 250% in one

case, as mentioned in chapter 2. A comparison of the change in fatigue life and

hardness due to implantation (figures 26, 28 and 29) shows that in general, the

greater the percentage increase in hardness, the greater is the reduction in fatigue

life.

Optical Microscopy

Typical surface appearance is shown in figure 30 for control and implanted E4

and E5 specimens. The control specimens in general, had up to four major cracks

along with a number of minor cracks in contrast to the implanted specimens which

revealed one major crack and fewer minor cracks. A number of microcracks were

observed in both cases although the implanted specimens showed fewer

microcracks as weil. Examination of the fatigue gauge regions after testing the

specimens showed a suppression of slip bands on the surface. The fraction of

grains with slip bands was greater for the control specimens than for the

implanted specimens. Slip bands are manifestations of the movement of

dislocations along preferred planes of atoms in the metal which causes the

material between planes to be elevated or depressed at a free surface.

Slip bands in the control specimens were visible throughout the gauge region

whereas in the implanted specimens, slip bands were confined to the immediate

vicinity of the major crack. Slip bands in the control specimens, in general, had a

wavy character in contrast to the implanted specimens in which the slip bands had
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Figure 30. Optical micrographs of the surface of control and implanted
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implanted specimens.
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a planar character. This probably indicates a lowering of stacking fault energy due

to the implantation which allows wider separation of partial dislocations and

restricts cross slip and dislocation motion. Thus, the slip bands which form

underneath the implanted layer are constrained from penetrating the layer and the

slip bands that do penetrate the implanted layer cannot cross-slip thus causing the

planar appearance at the surface.

The process of fatigue failure begins with the initiation of microcracks at

various sites on the surface of the material. Typical crack initiation sites are slip

bands, twins, grain boundaries and at the precipitate particle-matrix interface.

Some of these microcracks eventually grow and coalesce to form larger cracks

ultimately leading to fatigue failure [37]. In the control specimens, cracks were

found to initiate primarily in slip bands. A few grain boundary cracks were also

formed. Crack initiation in the control specimens was studied using interrupted

tests where a specimen undergoing a fatigue test was periodically examined for

surface features and crack formation. Results for one such test is shown in figure

31 for an E1 control specimen showing micrographs of one particular area in the

gauge region photographed as a function of time. The photographs show the

initiation of cracks in slip bands that eventually grow to form large cracks.

In the case of the implanted specimens, the availability of a limited number of

specimens precluded a similar crack initiation study from being performed.

However, examination of the specimen surfaces indicated the presence of a
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Figure 32. Optical micrographs of implanted E-specimens showing grain
bounda_, cracks.
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number of grain boundary cracks as shown in figure 32. There were very few slip

band cracks due the presence of fewer slip bands as compared to the control

specimens indicating that grain boundary crack initiation was probably responsible

for the final failure.

Transmission Electron Microscopy

Transmission electron microscopy of the as-annealed E-alloys showed a

basically featureless microstructure with very few dislocations evident. After

fatigue testing, several distinct microstructures were observed depending upon

location of examination on the fatigue specimen cross-section. In the fatigued

specimens, near the neutral axis, the microstructure was very similar to the as-

annealed microstructure with very few dislocations as shown in figure 33(a). At

intermediate locations, between the neutral axis and specimen suff_ce,

microstructures such as the one shown in figure 33(b) were observed. These have

been termed "dislocation debris" by some researchers and represent precursors to

the formation of dislocation cells [104]. Close to the specimen surface, dislocation

cell structures were observed (figure 33(c)). The cel_sw_,:_ imperfectly formed

witt,,dislocations present within the cells. Figure 33(d) shows a labyrinth or L-

structure, an alternate form of cell structure, which was also observed near the

specimen surface [104].

Examination of cross-sectional TEM specimens of the implanted alloys

revealed a damaged surface region with peak damage close to 0.5 _m as was

estimated from TRIM calculations. Typical micrographs are shown in figure 34.
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Figure 33. Typical TEM micrographs of control fatigue specimens showing
microsT.ructures as a function of position on the specimen cross-
section. (a) close to the neutral axis, (b) intermediate locations.
(c) cell structure close to the surface and (d) L-structure close to
the specimen surface.
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Figure._._ 34. Typical. cm_s-sectional...... TEM im_,es.__ of the irnnlanted, lave,.. in
fatigued specimens.
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The black-dot damage microstructure showed a mottled contrast. Electron

diffraction did not reveal the presence of precipitate particles. The modest doses

and low temperature implantation used in this study probably precluded formation

of precipitate particles large enough to be detected by electron diffraction.

Backthinned specimens were also examined in the TEM and typical

microstructures are shown in figure 35. The slip bands could be seen penetrating

the implanted layer. The planar nature of the bands was evident.

Creep Testing

Creep Data

Creep test results are shown in figure 36 for the ternary B1 alloy. Results are

shown for two control specimens, one Ar+-implanted specimen and one BUN .-

implanted specimen. The implanted specimens showed a small negative creep

region during primary creep and just before the onset of secondary creep. The

implanted specimens clearly showed a smaller steady-state creep rate as compared

to the control specimens with the B./N . implanted specimen yielding the lowest

strain rate. The Ar.-implantation increased the creep rupture life by

approximately 45% and the B./N.-implantation increased life by approximately

75%. The implanted B1 specimens also showed a slightly higher ductility as

compared to the unimplanted specimens.

Results are similarly shown for creep tests performed on the E1 alloys in

figure 37. The control E1 specimens showed a fracture life of nearly twice that

for the control B1 specimens in spite of the much higher initial stress level. This
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Figure 36. Creep test results for the B1 specimens for control, Ar . and
B./N.-implanted cases tested at 600"C.
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Figure 37. Creep tests results for the control, Ar+-implanted and B+/N .-
implanted E1 specimens tested at 600"C.
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can be attributed to precipitate and solid solution strengthening. The B*/N.-

implanted specimen had a total life of approximately 560 hours, an increase of

72% over the control specimen rupture life. Unlike the Ar+-implanted B1 alloy

however, Ar+-implantation had only a minor effect on creep life of the E1 alloy

and in fact, the life was decreased to a small extent. Again, the B+/N+-implanted

specimen showed the smallest creep rate although it's ductility was significantly

reduced. Ali E1 specimens showed a small negative creep region during transient

creep. The steady state creep rates as well as plastic strain to rupture for ali

specimens are given in table 16.

Optical Microscopy

Ali specimens failed by intergranular creep fracture (ICF). However, the

mode of failure was different in the two alloys. Figure 38 shows the surface of the

B1 control specimen. The specimen failed by the formation of spherical "r" type

cavities [103] at grain boundaries and their subsequent growth and coalescence.

Several cavities were also observed in the matrix of the grains, evident when the

microscope was defocussed. The imF,lanted specimens revealed a very similar

surface appearance and there were no obvious differences. Both control and

implanted specimens revealed slip bands in most grains.

The intergranular cracks formed in the E1 alloys were very different as shown

in figure 39 for an unimplanted E1 specimen. These type of g.b. cracks are

termed wedge or "w" cracks and are mainly formed at the junction of three
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Table 16.

Steady state creep rates for the B1 and E1 creep specimens

Specimen Implantation Condition Minimum Creep Strain Strain to
rat....._e fracture

(mm/mm/sec)

B1 Alloy (20 ksi bfftial Stress)

B1G4 U nimplanted 1.22x10 .3 0.25

B1G2 Unimplanted 1.10xl0 .3 0.26

B1G6 1 MeV Ar . 8.75x10.4 0.30

B1G5 400 kev B+/550 kev N. 8.5x104 0.29

E1 Alloy (37 ksi bfftial Stress)

E 1G2 Unimplanted 1.75x10 .4 0.225

E 1G 3 Unimplanted 1.37x10.4 0.21

E 1G6 Unimplanted 1.4xl 0.4 0.22

E1G5 1 MeV Ar . 2.4x10.4 0.20

E1G7 1 MeV Ar . 2x10"_ 0.21

E1G8 400 keV B./550 keV N . 5.4x10 "s 0.12
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adjoining grains. The cracks are thought to be formed by g.b. sliding [103]. The

implanted E1 specimens also showed no essential differences as compared to the

control E1 specimens. There were a large number of precipitate particles evident

on the surface of the specimen, both in the matrix as well as at grain boundaries.

DISCUSSION

Fatia_ae
v

Ion Implantation Effects

Several consequences of ion implantation on mechanical properties have been

suggested by researchers and they can be examined in light of the present study.

Residual stresses are an important factor [50]. Residual compressive stresses are

probably induced by the implantation since the implanted ions most likely will

occupy interstitial sites. The residual compressive stress would be beneficial

during the tension part of the fatigue cycle, though not during the compression

cycle.

Radiation damage may also be an important factor. The implantation results

in the creation of several point defects at the surface, which form clusters and

Frank loops, as evinced by TEM examination. The damage microstructure

strengthens the surface. In an earlier study, Fe.+ was implanted onto four B-

series alloys, which are simple Fe-13Cr-15Ni alloys (composition given in table 2)

[104]. The self-implantation increased surface hardness but had no significant

effects on fatigue life. Radiation damage caused by ion implantation is probably
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not an important factor in fatigue. Morrison et.al, found no improvement in the

fatigue life of Ni after self-implantation which was attributed to cyclic softening of

the hardened layer. The authors ob'served formation of clear channels which were

penetrated by PSBs [57].

The formation of precipitate particles due to the implantation hinders

dislocation movement, which can delay crack initiation. Fine precipitates can also

make surface emerging slip homogeneous, decreasing the chances of crack

initiation at su;face inhomogeneities [50,58]. As mentioned earlier, in this study,

TEM could not discern the presence of precipitates, probably due to the

overlapping strain fields of the large concentration of lattice defects. In any case,

the dose used was quite modest and implantation was performed at room

temperature. Therefore, any precipitates that may have formed were probably

too small to be detected in the TEM. High resolution electron microscopy or the

atom probe field ion microscopy can be used to detect precipitates on the order of

1 nm. An earlier atom probe study of nitrogen implanted Fe-13Cr-12Ni alloy did

reveal the presence of small precipitate clusters [105].

The hardness improvements found in the implanted Fe-13Cr-15Ni alloys are

the result of residual stresses, radiation damage, precipitate strengthening as well

as solid solution strengthening. These effects caused the formation of a thin, hard

layer with an increased yield strength on the surface causing a reduction in surface

plastic strain, which is reflected in the hardness increases observed.
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lt is clear from the optical micrographs that slip band formation was

suppressed at the surface due to the presence of the implanted layer. It has been

shown that slip bands do form in the material underneath the implanted layer, but

are effectively prevented from penetrating the layer [6]. The implanted layer also

appears to have a lower stacking fault energy than the control material since slip

in the implanted specimens was planar in contrast to the wavy slip observed in the

control specimens. The lowering of SFE prevents cross-slip, thus forming the

planar slip bands observed on the surface as opposed to the wavy slip observed in

the control specimens.

Poss_le Fatigue Mechanisms

The dominant effect of implantation on fatigue appears to be a shift to grain

boundary crack initiation from slip band cracking. This shift is responsible for the

observed reduction in fatigue life. It was shown that in the control specimens,

cracks primarily initiated in slip bands, although some grain boundary cracks were

also observed. In the implanted specimens, the slip bands were greatly

suppressed. The applied stress was then relieved by crack formation in grain

boundaries that were favorably oriented with respect to the bending moment.

Kim and Laird have investigated grain boundary crack nucleation in high strain

fatigued copper. They have shown that grain boundaries that were favorable to

act as crack initiation sites had the following properties: (1) They lie at an angle of

30-90 ° with respect to the stress axis, (2) the boundaries join highly mis-oriented
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grains and (3) a dominant slip system in one of the adjacent grains is directed at

the grain boundary at the surface [106].

This hypothesis is supported by results obtained for the B-series alloys that

were studied by Lee and Mansur. They observed that dual implantation with B

and N significantly improved fatigue life. In a later study, the alloys were

implanted with B, N and C simultaneously [104]. The results are shown in figure

40. The triple implantation, in contrast to the dual implantation, shewed no

improvement or in some cases reduced fatigue life as compared to the control

specimens. Optical microscopy revealed grain boundary cracks only in the triple

implanted specimens as shown in figure 41.

The B-series results can be compared to the E-series alloys data from this

study. In the E-alloys, due to additional alloying elements, the strength is

inherently greater than the B-alloys. Thus dual implantation was sufficient to

cause the shift to grain boundary cracking. In the B-alloys, only triple

implantation caused sufficient strengthening for the promotion of grain boundary

cracking. The dual implantation suppressed slip band formation on the surface

just enough to decrease slip band crack initiation, so that fatigue life was

improved. There thus appears to be an optimum level of strengthening for

maximum fatigue life improvement in the alloys.

These results are similar to those of a dose dependence study on the fatigue

behavior of Ni by Hohmuth et al. [48]. They observed an optimum dose for B

implantation in Ni (table 7). At doses higher than the optimum, the authors
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• +:_++,:,_+:::?r_+,-,..,+_+,.+sn:,l_+= ,,+-_.+dual in:t?lantcd specimens.
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observed grain boundary cracks. It can be speculated that for the Fe-13Cr-15Ni

alloys, an optimum surface strengthening level exists which yields the best fatigue

life. This strength level would be dependent on grain size.

To further explore this idea, single crystals of Fe-15Cr-15Ni were implanted

with B and N to the same doses used for the E and B-alloys. The results of

fatigue tests are shown in figure 42. The implantation decreased fatigue life of the

single crystal specimens. Optical microscopy showed that slip bands were formed

over the entire gauge region as shown in figure 43. The specimens were oriented

with the longitudinal axis along the [100] direction. Two sets of slip bands were

observed perpendicular to each other and oriented at 45 ° to the [100] direction.

The slip bands correspond to two {!11}<110> systems, the preferred slip system

for fcc metals.

In the implanted specimens, most of the slip bands were suppressed from

penetrating the implant layer. However, a few intense slip bands were formed

and ali cracks initiated from these intense slip bands as shown in figure 44. It

appears that while slip was suppressed in general, a few slip bands managed to

escape to the surface and further applied stress was concentrated along these slip

bands leading to an earlier crack initiation.

Model for Observed Fatigue Behavior
z

The Basic EGM Model for FCC Single Crystals

We can invoke the model proposed by Essmann, GOsele and Mughrabi (EGM

model) [107,108] to understand the mechanisms suggested in this study. The
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Figure 43. Optica! micrographs of _he control and implanted single crystal
r. _ '....specimen surIaces sho,a'in_ the suppression of slip hands.



!14

Figure 4.4. Crack initiation at intcns_ slip bands e,n thc B,N implanted
s_n_,l_ c_'stal specimens.
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EGM model was developed to describe crack initiation in FCC metals and alloys

under conditions of low to intermediate strain amplitudes. The basic tenets of the

model are generally accepted and have been verified experimentally [109]. The

model is based on dislocation processes that occur in persistent slip bands (PSBs)

which are the sites for fatigue crack initiation at a surface.

During cyclic fatigue, initially a number of dislocation sources become active.

After a certain period, a steady-state is reached, generally referred to as cyclic

saturation, during which dislocation densities remain constant due to annihilation

processes. These annihilation processes result in the formation of vacancies. In

pure fcc metals such as copper, which has been studied extensively for fatigue

dislocation structures, edge dislocations predominantly form the walls in PSBs as

well as the veins in the matrix, which are dense multipolar arrays. Typical

dislocation densities in walls are 6x10_5m2 and in veins are 3x10_5m2. In the low

dislocation density regions separating veins in the matrix and walls in the PSBs,

dislocations are mainly of screw character [107].

PSBs form above a certain plastic shear strain amplitude ypl in the material, in

the form of thin lamellae of high slip activity parallel to the primary glide plane.

PSBs consist of nearly equidistant spaced dislocation walls with narrow edge-

dislocation dipoles, separated by channels with low dislocation density. Within the

channels, strain is carried by gliding screw dislocations. The typical extrusions on

the surface of fatigued metals are formed due to irreversibilities in the glide

process. Irreversible slip is mainly confined to PSBs after cyclic saturation is
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achieved. It has been shown that point defects are formed along dislocation walls

by mutual annihilation of unlike edge dislocations [109].

The surface profile, according to the EGM model is developed by the

formation of extrusions and subsequent surface roughening by random irreversible

slip. The formation of extrusions in a single crystal is shown in figure 45. The

interface dislocations (along AB' and A'B) correspond to arrays built of

interstitial-type dipoles. Because of the interstitial nature, a net residual

compressive stress is built up in the direction of K If m is the number of interface

dislocation-dipoles then,

mb= _-D (1)

where D is the single crystal dimension measured along the Burger's vector t5 and

Cv_t is the mean atomic fractional concentration of vacancies in the PSBs. Cv_t is

given by:

n

m 2

Cy = ny, p_b (2)
2yp

where y, is the critical annihilation distance for edge dislocations, yp is the capture

distance for point defects, _e_' is the local density of edge dislocations in the walls,

n is the volume fraction of walls in PSBs (typically 0.1). For pure FCC metals, it



118

has been estimated that y,=l.6 nm and _e_"z6xl04 m 2. Assuming yp=5, Cv_' is

calculated to be 6x104. The elastic compressive internal strain is given by:

= mb - (3)D

Therefore,

°a = ¢i_ E = -C_ E (4)

where E is the Young's Modulus of elasticity. Thus, extrusions form on both sides

of the PSBs as shown in figure 45. The total possible height of extruded material

along b is given by:

- "= (5)e-mb=C,, D

This is for the case where no vacancies escape into the matrix, an assumption

valid at low temperatures. There are two types of stress raisers at the extrusions,

namely the PSB-matrix interface and surface roughness as shown in figure 46.

Studies suggest that fatal cracks initiate at positions A and A' in figure 45, though

cracks form earlier at B and B' [110].

Model Applied to Polycrystals

In polycrystals, PSBs form similarly in grains that have a favorable orientation,

that is, slip systems with a high Schmid factor (-0.5) [109]. In an internal grain,
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121

the effects of PSB formation is shown in figure 47. Here the PSB-matrix interface

dislocations pile-up against grain boundaries. Under the applied stress, the

displacements at the grain boundary assume the shape shown in figure 47(a). The

boundary is subjected to transverse compressive stresses at B' and tensile stresses

at A'. There is also the long range pile-up of dislocations at A and A' as seen in

figure 47(b). The pile-up effect is counteracted by overall shear displacement.

The displacement s would be:

s - h Ypta,sB (6)

where h is the width of the PSB perpendicular to the walls and Yp_.PSBis the plastic

shear strain on the PSB. Using a simple approximation, the pile-up effect

due to m dislocations becomes dominant when:

m b > 0.5 s (7)

Using equation (1), we get:

h YpI,PSB
D > ___ (8)

2

As per Stroh's analysis [111], the tensile stress at the head of a pile up is

largest along a plane with an angle of 70.5* with the pile-up as shown in figure

47(b), which in many cases lies almost in the grain boundary. Thus repeated

piling up of PSB-matrix interface dislocations causes grain boundary cracking.

Stroh's condition can be stated as:
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m '_ a 3 _2 a,,.O. (9)
8b

where ae_ is the effective surface energy and r is the acting shear stress.

, Using equation (8) we obtain:

Model Applied to Ion Implanted Polycrystals

This analysis can now be extended to the present study to ion implanted

. specimens. Considering a grain at the alloy surface in a control specimen, the slip
J

band would exit at the surface forming an extrusion as shown in figure 48(a). The

height above the surface along the glide plane is s. Figure 48(b) shows the effect

of an implanted layer on the surface. Under the action of an applied streos, a, the
I

slip band, prevented from exiting at the surface would impinge on the grain

boundary. The necessary condition for this would be:

m b e s (11)

From equations (1) and (6),
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Figure 48. Effects of the presence of an implanted layer at the specimen
surface.



124

h YpI,PSB
D a (12)

C_

This would be the condition for the formation of a grain boundary crack due to

suppression of slip bands at the surface caused by the implanted layer.

The results of the present study can be examined ir_ light of the modified

EGM model. The optical micrographs in figure 30 clearly show formation of

extrusions by slip bands in several grains which are favorably oriented for slip with

respect to the stress axis. These slip bands were also observed using TEM as

shown in figure 35(b). In the implanted specimen however, there were very few

slip bands visible, indicating a suppression of slip due to the implanted layer

similar to figure 48(b). In those grains that were favorably oriented for slip band

extrusions to form, the suppression of slip would conceivably cause initiation of

cracking at adjacent grain boundaries.

Equation (12) may be used to obtain the condition for formation of grain

boundary cracks. For a pure fcc metal such as copper, a typical PSB width h is

approximately 1 _zm, _2v_' has been estimated to be 6x10 4 and yo,ess_7.5xl0 5 [109].

Using these values,

D > 12.5 Ism. (13)
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This would be the condition for the interface-dislocation pile-up effect to become

dominant. Since the ASTM grain sizes of the eight E-series alloys are in the

range of ASTM numbers 3.5 to 6, this condition is easily satisfied since the

minimum necessary ASTM number can be calculated to be 9.7 from D= 12.5/_m.

This indicates that the suggested mechanism of a shift to grain boundary cracking

from slip band cracking due to the presence of the implanted layer is clearly

feas,ible.

The EGM model is based on the formation of PSBs during high cycle fatigue.

The above arguments would obviously be more realistic only when several parallel

PSBs are acting simultaneously on a grain boundary. A similar qualitative model

has also been proposed by Tanaka and Mura [112]. Their model suggests the

formation of several embryonic cracks at the grain boundary by the action of

several parallel slip bands. These cracks eventually join to form the g.b. crack

under the applied stress. The EGM model thus provides theoretical evidence for

the proposed mechanisms for fatigue crack initiation in this study.

Cr_.rmp

Ion Implantation Effects

The ion implantation effects on creep properties are similar to those for

fatigue properties. The major difference is the temperature of testing. While the

fatigue tests were performed at room temperature, the creep tests were

performed at 600* C which would alter the surface implant layer microstructure
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significantly. Moreover, diffusion kinetics become more significant at higher

temperatures.

In a study on helium pre-injected (110 appm) solution annealed type 316 SS

[113], the microstructure of the as-implanted material consisted of fine, dense,

"black-dot" damage similar to the as-implanted microstructure of the alloys used in

this study, as shown in the fatigue specimens. After aging the He-injected alloy at

600* C, it was observed that the loop damage coarsened and formed larger Frank

loops. The nature of the loops was also identified to be interstitial [113]. lt is

probable that in the implanted specimens, the 600°C test temperature must have

resulted in the formation of Frank loops which have been shown to cause

strengthening of the microstructure [113].

Radiation damage is also a significant factor. The large number of vacancies

created would become mobile at 600°C and also act as nucleation sites for

precipitate formation in the E1 alloy. Previous studies on ion implantation effects

on high temperature deformation properties have indicated the importance of

point defects. The formation of precipitates is also of significance. In the

unimplanted specimens, the B1 alloys only contain 0.078 wt% Cr203. Aging has

no effect on the B1 alloy.

The E1 alloy on the other hand contains 0.187 wt% of TiO, TiC, MC and

T_,0S3. After aging at 600°C, additional Laves, MC, M_C 6 and Eta phases were

formed after 24 hours [114]. The point defects can act as nucleation sites for the

precipitates, particularly fine MC particles. The precipitates in the unimplanted
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material are relatively coarse. This additional formation of fine precipitate phase

causes further strengthening and contributes to the creep resistance of the

material. Ar*-implantation can also aid in the strengthening of the matrix. The

insoluble Ar is expected to form bubbles in the material which can also pin

dislocations [115], contributing to the strengthening effect.

Mechanisms of Intergranular Creep Fracture

In general, low strain rates and high temperatures favor intergranular creep

fracture (ICF). In addition, composition, microstructure, grain size and grain

boundary migration and sliding are other important factors [7]. ICF requires the

formation of voids at grain boundaries (g.b.). Voids generally form at ali grain

boundaries but only those located on boundaries normal to the tensile axis

coalesce and grow to form macroscopic fracture [103].

Typically, ICF can be classified into two categories: (1) formation of spherical

"r" voids and subsequent coalescence, and (2) wedge or "w" type voids. Wedge

type voids are generally associated with high stresses and "r" voids are associated

with low stress ICF [116]. During ICF, extensive permanent deformation is

restricted to regions adjacent to grain boundaries [103].

Intergranular cavities typically nucleate throughout the creep process

beginning with the primary creep stage. Classically, it has been assumed that

vacancy migration and clustering at interfaces under the action of tensile stresses

are responsible for void nucleation. However, more recently it has been suggested

that stress concentrations are required to account for the observed rates of cavity
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nucleation [116]. Stress concentrations could arise at grain boundaries by several

means such as presence of particles at the g.b.s, presence of irregularities,

dissolved gases or interactions of g.b.s with slip bands giving rise to irregularities.

These are illustrated in figure 49(a) [106,116].

Wedge cracking is more commonly associated with triple grain junctions with

transverse grain boundaries as shown in figure 50 and are associated with higher

stresses. Formation of wedge cracks is usually associated with sliding at triple
t

junctions [116]. It has however been shown that diffusional creep processes can

relieve stresses at triple junctions and thus stress concentrations alone are not

sufficient to cause cavitation by sliding. The formation of "w" cracks is probably a

result of rapid cavity growth and coalescence due to higher stresses at triple

junctions. In fact, it has been suggested that "r" and "w" cracks are probably

different limiting conditions of the same basic process [116,117].

Growth of cavities is thought to occur by several processes. Cavities can grow

by grain boundary diffusion through mass-transport from cavity surfaces to the

adjacent grain boundary [116]. Mass-transfer can occur along the grain bour_dary

or through the surrounding crystal lattice at higher temperatures. The cavities are

believed to maintain their equilibrium shape. Fracture results when the larger and

closely spaced cavities grow together. Surface diffusion in cavity growth is

important. When surface diffusion is finite, the cavity does not maintain its

equilibrium shape and can become elongated and attain a crack like shape

[106,116,117]
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Closely shaped cavities can have overlapping diffusional fields so that matter is

deposited in the grain boundary between cavities. The rate of separation of the

two grains and cavity-growth rate is controlled by diffusion. When the spacing

between cavities exceed the diffusion distance, cavity growth is controlled by

diffusion and creep processes. Macroscopic cracks can also form and grow by

creep flow. Here, the crack tip advances by cavitation processes due to the crack

tip stress field.

Possible Creep Mechanisms in the Present Study

The mode of creep fracture can be used to interpret the effects of ion

implantation. Results showed that creep rates for the B./N.-implanted specimens

were lower not only during steady-state creep but also during primary

creep. This indicates that void initiation was delayed from the primary stage due

to the implantation.

The B1 alloy specimens showed round "r" voids initiating at grain boundaries.

In the B1 specimens, since there are very few precipitates, the likely mechanism

would be the formation of voids by interaction with slip bands by forming ledges

and subsequent sliding at the g.b. as shown in figure 49(b) [117]. Figure 38 clearly

shows slip bands in almost all grains. Slip bands can be seen ending at grain

boundaries which could be partly responsible for "r" voids initiating at the

boundaries.
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Figure 50. Grain boundary sliding at a triple point junction causing 'kv"
type wedge crack [116].
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The B+/N+-implantation would restrict dislocation motion in the surface

material, delaying slip band movement and delaying the formation of voids at

g.b.s. For the B1 alloy, Ar . implantation also caused a decrease in the creep rate

though not to the extent as for the B+/N+-implanted specimen. This can be

explained in terms of competing effects of Ar . bubble formation at the g.b.s and

strengthening due to suppression of dislocation motion due to radiation damage

and bubbles in the matrix. It is clear that for the B1 alloy, the strengthening effect

was more dominant leading to the observed increase in creep life.

The E1 specimens failed by the formation of wedge cracks at g.b.s. Wedge

cracks have been found to form by grain boundary sliding at triple point junctions

as shown in figure 50. lt has also been suggested that wedge cracks can be

formed as a result of rapid cavity growth and coalescence due to higher stresses

[116]. It is clear that stress concentrations are formed at triple points. Since

surface grains are strengthened by loop formation and precipitate strengthening,

this would reduce the extent of sliding at the triple point junctions at the surface.

The decrease in ductility also hints at the reduced extent of sliding at triple points.

A linear relationship has been observed between g.b. sliding distance and total

elongation. Since total strain is the sum of slip in grains and g.b. sliding, there is a

close relationship between crystalline slip and g.b.sliding [118]. Thus strengthening

of the matrix as well as increasing shear strength, as by ion implantation, should

reduce the extent of g.b.sliding, lt was also observed that Ar+-implantation did

not have a significant effect on creep properties, in fact it decreased the overall
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rupture life. This can be explained in terms of Ar . bubble formation at g.b.s.

This would be expected to accelerate the g.b. cracking and is probably a dominant

mechanism as compared to the strengthening effect in the matrix.

The mode of failure depends on the stress level applied to the specimens.

Although both the B1 and the E1 specimens failed by intergranular cracking, the

B1 specimens failed by "r" type cracks typically observed at lower stresses, and the

E1 specimens failed by "w" type wedge cracks, typically found at higher stresses.

Thus, the failure modes for the two cases were operating at different regimes.

However, some general conclusions may still be drawn about the effects of ion

implantation on high temperature deformation. The implanted layer, though

constituting a small fraction of the total specimen volume, had a significant effect

on the high temperature creep properties. It is clear that the surface plays a

major role in creep deformation. Radiation damage is an important factor and

the creation of point defects and their subsequent migration is probably of

significance. The creep mechanisms discussed thus far can only be confirmed by

additional creep testing and extensive TEM examination.



V. RESULTS AND DISCUSSION: POLYMERS

RESULTS

Ion Implantation Effects

TRIM (1990 version) was used to calculate ion depth ranges for the four

polymers under the different conditions used. Table 16 shows the results of the

TRIM calculations. The peak depths of the implants, in general, were in the

range of 500-800 nm. Residual gas analysis (RGA) was performed on PS during

irradiation. The pressure in the UHV target chamber is normally around lxl0 s

torr. During the first few minutes of the irradiation, due to egress of gaseous

species from the polymer surface, the pressure in the chamber typically rose by

one or two orders of magnitude. The various gaseous species observed included

H2, CH4, C2H2, C3H4 and C6H 6. G-values, defined as the number of radiolytic

events for absorption of 100 eV of radiation, were calculated for these species for

Ar implantation of PS and the results are shown in figure 51. The radiolytic

events in this case would be the chemical formation of gaseous species [78].

Typically, the polymer surface changed color and became darker during the

course of the implantation. The color change was dependent on the ion energy

and dose used. Figure 52 shows the typical color changes that occurred for PS

during B . implantation at 100 and 200 keV implantations. The specimen surface

134
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Table 16.

Results of TRIM calculations for the four polymers implanted under
various conditions

Polymer Implantation Peak Implant Depth (nm)

PE 200 keV B + 815

PP 200 keV B + 843

PES 200 keV B + 880

PS 200 keV B + 809

PS 100 keV B + 464

PS 200 keV Ar + 284

PS 500 keV Ar + 658

PS 1000 keV Ar + 1180



136

o o o

_nI_A-D

Figure 51. G-values for different gaseous species released from the polymer
surface during irradiation, shown here for Ar implantation of PS.
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became darker with increasing dose and energy. At very high doses and energies,

the surface turned completely black and this has been documented by other

researchers as well [9]. A thermocouple was attached to the specimen holder and

was used to monitor the temperature. Measured temperature was approximately

30 °C during the irradiation.

Microhardness Results

The near-surface hardness changes observed in the implanted polymers were

characterized using the nanoindentation technique. The raw data was obtained as

load sensed by the diamond indenter as a function of indentation depth.

Hardness was then calculated as a function of depth. Typical nanoindentation

results are shown in figure 53 for pristine and 200 keV B . implanted PES

(1.7x1015 ions/cm2). The hardness increase in this case was from about 0.35 GPa

to 2.3 GPa.

The hardness results for 200 keV B implanted PE, PP, PS and PES are shown

in figure 54. The results shown are hardness values at 100 nm depth which was

chosen for comparison since it has been determined that at the 100 nm depth, the

hardness was almost independent of substrate, indentation rate and indentation

method [119]. Figure 55 similarly shows the effects of ion energy and species in

the case of PS. The effects of 100 and 200 keV B . implantation as well as 200,

500 and 1000 keV Ar . are shown in the figure.

The results clearly indicate that the hardness increases'with increasing dose

and energy. For 200 keV B . implantation, PS showed the highest value of
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Figure 53. Typical nanoindentation hardness results shown here for pristine and
200 keV/1.7x1015B+/cm2 implanted PES.
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Figure 54. The hardness results for 200 keV B + implanted PE, PP, PS and PES
as a function of dose.
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142

hardness of around 3.5 GPa at the highest dose. However, hardness increases

obtained with Ar . were even greater. At the highest energy of 1000 keV and

dose of 2000 appm, the hardness value recorded was over 12 GPa, much higher

than the values measured for stainless steels (approximately 3 GPa).

Figure 56 shows the hardness results for the B. implanted polymers in terms

of measured hardness values and hardness increase. It can be seen that, in

general, the less complex the molecular structure, the greater is the relative

increase in hardness as compared to the unimplanted material. However, absolute

(measured) hardness values are higher for the more complex molecular structure.

This reflects the inherently higher hardness of the pristine polymers with a more

complex molecular makeup. There is a clear structure dependence on hardness

improvements by ion implantation of polymers.

Tn'bological Properties of Ion Implanted Polymers

The tribological properties of the B. implanted polymers were studied as an

example of a possible technological application of ion implantation of polymers.

Wear tests were conducted using a nylon ball as a countersurface. The wear

tracks on the contact surfaces (implanted polymer and nylon ball) were

subsequently examined in an optical microscope and photographed. Figures 57-60

show optical micrographs of wear tracks on 200 keV B. implanted PE, PP, PES

and PS respectively and corresponding wear on nylon ball, as a function of dose.

Figure 60, in addition, shows wear tracks on 100 keV B. implanted PS as well. lt
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is clear that the implantation improved wear properties of the polymers at even

the lowest doses.

An earlier study on polycarbonate has shown that there was an optimum ion

dose at which best wear improvement was observed [120]. This was observed in

this study also. The optimum dose for PS was the lowest dose (0.17x10 _s ions/cre _-)

at both energies. In the case of PES and PP, it was the intermediate

dose (0.5x10 is ions/cm 2) and for PE the optimum dose was the lowest dose also.

The improvement in wear properties was most striking in the case of PS and

PES, where no wear tracks were visible on the polymer surface even after 10000

sliding cycles. The PP surface was not very smooth before the implantation, and

hence, at the intermediate dose, though wear tracks were barely visible, several

cracks were evident. In the case of PE though the lowest dose case yielded the

best improvement, it was evident that a dose lower than that would have further

improved wear properties.

Figure 61 shows friction coefficient data for the wear tests on PS as a function

of time, as a typical case. In the earlier study of B . implanted PC, it was

observed that the condition for best wear improvement also yielded the lowest

friction coefficient values [120]. That was not found to be true in this study. In

PS, the pristine material showed the lowest friction coefficient values. There was

no consistent relationship between dose and friction coefficients for the other

polymers as weil.
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DISCUSSION

Ion Irradiation Effects

Ion implantation increased near surface hardness of all four polymers studied

in this investigation, even at the lowest doses. This is an important effect sir,ce it

opens up a variety of possible applications for the ion-beam treated polymers.

The observed hardness increases had a sensitive dependence on ion dose and

energy, ion species, and structure of polymer. Each of these factors were

examined in this study. Ion irradiation of polymers is significantly different from

ion irradiation in other materials such as meta is and ceramics, principally due to

the vastly different structure of polymeric materials. The egress of gases from the

polymer s_rface during ion irradiation is a good example of this. The release of

gases indirectly gives some insight into the processes occurring in polymers during

ion irradiation.

Ion irradiation causes irreversible changes in the chemistry of polymers. One

of the major consequences is the breakage,, of bonds, yielding several small

molecules. These diffuse to the surface and are released as gaseous species,

readily detecte,i by residual gas analysis. The modification of microstructure can

be caused by both electronic and nuclear energy losses and recently there has

been some speculation about the relative contributions of the two processes [69].

Electronic energy loss has been shown to induce several chemical events in

polymers leading to bond rearrangement [9].
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However, recent results suggest that energy loss of ions due to atomic recoil

causes the formation of most of the carbon containing gases released from

polymers during implantation [77]. Figure 15 compares the G-values for the

various typical gaseous species released during irradiation of the polymers.

Irradiation with electromagnetic radiation or fast neutrons mainly resulted in

release of H2 whereas irradiation with ions caused a greater yield of C containing

species as weil. There is obviously some contribution of nuclear energy loss to the

microstructural changes observed. When G-values are plotted against average

stopping power, the shape of the curves was non-linear, with an incremental step

at stopping power value of around 180 eV/nm corresponding to nuclear stopping

[78]. This indicates the significance of nuclear recoil for generation of gases since

the number of radiolytic events increase abruptly. This has been observed by

other researchers as well [9].

Temperature effects also need to be considered here. Thermocouples

attached to the specimen holders did not register temperatures greater than 30* C.

However, since polymers are insulators, surface temperatures must have been

much higher. The ion fluxes were limited to under 0.1/_A/cm 2 to ensure excessive

heating did not occur. The Stefan-Boltzman radiation law can be invoked to

calculate surface temperatures [95]"

E = 2_oT4 (1)
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where E is the beam energy input per unit area, T is the absolute target

temperature, cr is the Stefan-Boltzman constant, e is the emissivity and the factor

2 is included for both surfaces of the film. Considering the highest dose rate used

in the study of 1 MeV Ar + at 0.1/_A/cm 2, and considering unit emissivity, surface

temperature would be 87*C. However, emissivity is an unknown factor and for a

much lower value, say 0.1, surface temperatures are significantly higher. An

interesting outcome of this would be to raise local temperature above Tg in the

polymers which would result in vastly different chemical reaction paths. It must

be noted here that when high fluxes over 0.15 _A/cm 2were used, the ion beams

raised temperatures sufficient enough to melt the polymer film over the area of

irradiation.

The color changes observed are qualitative manifestations of optical property

changes which include modifications of transmission and refractive indices of the

polymers. The darkening observed with increasing dose is due to carbonization of

the surface which can also be related to electrical conductivity enhancements with

increasing dose [9].

Hardness

Measurement Technique

The ultra-low-load nanoindentation technique used in this study can be further

examined. It is clear that conventional microhardness measurements such as

Knoop hardness are not effective in the case of polymers due to the difficulty in

accurate measurement of indents. Short term elastic and viscoelastic recovery and



153

non-linear stress-strain response in addition to difficulty in viewing indents

complicate the process. Conventional techniques are especially inadequate for

measuring hardness at shallow depths such as in ion implanted polymers.

The nanoindentation technique, which continually monitors load as a function

of indenter displacement to calculate hardness does away with optical

measurement of indents and was therefore used in this study. However, the

interpretation of results is complicated because of the visco-elastic nature of

polymers. The current nanoindentation model used for analyzing the

nanoindentation results has been described by Oliver and Pharr [121]. There are

two basic assumptions of the model, namely, linear elasticity and time-dependent

plasticity. These may not be entirely valid for polymers.

Recently, Lee et al. have examined nanoindentation of ion implanted polymers

in detail [119]. Figure 62 shows typical effects observed during indentation of

polymers and the relevant terms used in the analysis. For the calculation of

hardness and modulus, the load on the indenter (P), total displacement of the

indenter (ht), elastic stiffness of the contact (S) and an accurate geometrical

description of the indenter are required. The stiffness (S) is determined by

obtaining the slope of the initial portion of unloading. This technique was used to

determine the hardness in this study. Lee et al. have found that substrate effects,

creep, as well as loading and unloading rates affect the measurements. However,

hardness at 100 nm depth was found to have a consistent value regardless of

substrate, indentation rate or mode [119]. Thus, the hardness values reported in
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Figure 62. Analysis of nanoindentation of polymers.
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this study are valid for comparison purposes. Hardness is not a fundamental

property of a material and depends on elastic modulus, yield strength and strain

hardening capacity. The hardness values of the ion implanted polymers in this

study were measured under identical conditions using the same loading and

unloading rates, the same diamond indenter under similar conditions. The

measurements represent a good estimation of the surface mechanical properties

for comparative purposes.

Ion Dose, Energy and Species Effects

The major effects of ion implantation of polymers that lead to hardness

improvements are ionization and bond breakage, eventually leading to cross-

linking, branching and chain-scission along with radical formation, gas evolution

and micro-alloying [95,120]. The polymer molecular structure is therefore an

important factor. Figure 56 shows hardness increases with respect to those of the

unimplanted polymers. In general, the less complex the molecular structure, the

greater is the relative increase in hardness. This can be related to efficiency of

cross-linking. However, absolute (measured) hardness values are higher for the

more complex molecular structure. This can be attributed to inherently higher

hardness of :tie unimplanted polymer with the more complex structure. This is

due to the reduced flexibility of the molecular chains and a consequently greater

resistance to indenter penetration during hardness testing. The atomic density of

the polymers is also a factor. The atomic densities of PE, PP, PS and PES are

14.2, 11.6, 9.7 and 8.3 (xl0 _ ions/m 3) respectively. The more complex the side
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groups or the main chain, the less effective would be the packing of molecules.

There would thus be fewer sites available in unit volume for cross-linking and

chain-scission during ion irradiation.

The structure of the molecular backbone chain is also of significance. The

hardness data for PS and PES can be compared for this purpose. While the

hardness values of unimplanted PS and PES are very similar, at a given dose, for

200 keV B. implantation, the hardness of PS is greater than that of PES. Chain-

scission and subsequent cross-linking occurred to a smaller extent in PES due to

the presence of more complex groups in the PES chain.

During ion irradiation of polymers, chain-scission and cross-linking occur

simultaneously [95]. Chain-scission occurs due to bond breakage by ionization as

well as atomic displacements due to nuclear stopping. Cross-linking results from

reactions between free radicals and through dangling bonds, produced for example

by elimination of H atoms from C-H bonds. This competition between the two

processes could explain the dose dependence observed in this study. Increasing

dose increases the extent of cross-linking which results in increased hardness

values. This process continues until ali possible linkable sites are exhausted.

Subsequently, chain-scission would become the dominant mechanism and

thereafter, hardness should decrease. This could explain the levelling of hardness

values at higher doses and conceivably, higher doses would decrease the hardness

yielding an optimum dose at a given ion energy for a particular ion type.
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It has been shown for PS implanted with B. and Ar . that increased energy

yields higher hardness values. This is probably due to the greater depth of

implantation and a consequently greater volume of material at the surface which is

cross-linked. Moreover, at lower energies, the efficiency of chain-scission and

side-group breakage would be lower leading to a smaller extent of cross-linking.

Also, at different energies, local temperatures along the ion paths are probably

different causing different chemical reactions at different energies.

Apart from damage effects, the implanted ion itself may contribute towards

hardness improvements through several mechanisms. The monovalent H atoms

could be replaced by multivalent B atoms resulting in extra dangling bonds leading

to more effective cross-linking. As in metals, hard particles such as some forms of

borides could form contributing to the hardness. A preliminary ESCA study on B

implanted PS showed that most of the implanted B was in the free state in the

implanted region. Some of the B was in the form of B203, and B(OH)3

presumably from oxygen adsorbed at the surface of the polymer prior to

implantation. A third peak was also detected which could not be identified. This

presumably could be some new precipitate structure formed by B. However, the

chemical effect contribution is small as compared to the damage effects as seen

for B and Ar implantation of PS, where Ar implantation caused greater hardness

improvements.
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Implant Layer Microstructure

lt has been shown that in ion implanted polymers, due to the release of

various molecular species, in general, there is an enrichment of carbon at the

surface which can be related to the hardness improvements [10]. In a related

study, Tefzel, a copolymer of tetrafluoroethylene and ethylene, was implanted

simultaneously with 400 keV B., 700 keV N. and 600 keV C. ions to a dose of

3x10_5ions/cm 2for each ion [122]. The hardness of Tefzel increased by over 66

times due to the implantation. TEM of the implanted layer revealed a patch type

contrast with bright and dark regions (figure 63) whereas the pristine material

showed a basically featureless, uniform contrast. EELS was used to decide

whether the contrast was due to variation in local atomic concentration or due to

thickness effects.

EELS conclusively showed that the bright regions in the TEM image had up

to a 15% higher carbon concentration as compared to the darker regions [122].

This relates well with earlier studies on conductivity enhancements in ion

irradiated polymers which have shown the presence of similar carbon rich islands

[80,84]. In the present study on tefzel, the average size of the C-rich regions was

around 40 nm, consistent within the framework of the conduction model for ion

implanted polymers [122].

The EELS spectra also showed that the implanted layer spectra were similar

to those of amorphous carbon [122, 123] which has been noted by other
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PRISTINE

B,N,C. IMPLANTED

Figure 63. TEM of unimplanted and B,N,C implanted tefzel showing bright and
dark regions. EELS showed that the brigh_ regions had a 15c/}greater
C concentration than the dark regions [105].
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Figure 64. EELS spectra for the B,N,C implanted Tefzel [122]. P is the
curve for the pristine material and lm for the implanted
material. (a) shows the low-energy loss and (b) the C-K edge
loss after subtraction of background.
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researchers as well [83,124,125]. The structure has been visualized to be a

network of independent clusters of sp2 bonded carbon atoms, with sp3 sites present

and hydrogen preferentially bonded in the sp3 configuration [126]. The

sp3 tetrahedral (diamond type) bonding would be expected to significantly

contribute towards hardness and the sp3/sp2 ratio is an important factor

contributing to hardness in hydrogenated amorphous C [127]. An interesting

aspect of the EELS analysis was the strong broadened peak observed at 300 eV as

shown in figure 64. Fine structures in EELS spectra of diamond, amorphous

carbon and graphite did not show such a peak [123]. However, the 300 eV peak

does appear in the EELS spectra of C_ (Buckminsterfullerenes) [128]. This

interesting possibility of the presence of C6omolecules in the ion implanted

polymers needs to be further explored.

In an ongoing study, the electrical conductivities of the Ar implanted PS were

studied and the results are shown in figure 65 and compared with corresponding

hardness increases. The trends followed for the two properties are very similar

indicating that the underlying microstructural causes are probably the same,

namely, carbon enrichment and bonding.

Raman spectroscopy studies were also performed on the B . implanted PS and

the Raman spectra are shown in figure 66. It is interesting to compare these

spectra with those of other forms of carbon. There are two characteristic peaks

observed for carbon. Diamond shows a first-order Raman peak at 1332 cm_ (D-



I62

1.00E-5 t Ar Implanted PS

1.00E-6 --; _ 200 keV __

1.00E-7 -- -- -.9-- 500 kev . ._.._..-_ _'v'm
._ . - _.._ _'_

1.00E-8 -- -- El- -- 1000 kev . _._
- _-

1.00E-9 _ . i
"" _ ,m,"

_F.1.00E-10 lr _- i
L00E-11 , ' "_ ' _ -

a.OOE-_Z // _-_ J_

'_ 1.00E-14
/7 ,1.00E-15

/!1.00E-16 "_
!

1.00E-17

L_. , _, , .__.__.__.__.__1.OOE-18
0 500 1000 1500 2000

oovt .12 ----_-- 500 keV /

10 -- t -- 1000 keV _.._- /./ ..O

. • / I_- _"

4

0 _d. _ _
0 500 1000 1500 2000

Dose (appm}

Figure 65. Conductivity changes in Al"implanted PS as a function of ion dose and
energy compared with hardness changes in the same materials.
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Figure 66. Raman spectra for unimplanted and Ar implanted PS obtained for
various doses: (a) unimplanted, (b) 5x1014, (c) 1.7xlO 15 and
(d) 3.4x1015 ions/cm 2.
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peak) whereas single crystal graphite shows a single peak at about 1575 cm1 (G-

peak) [129]. These peaks can be used as diagnostic features.

The spectra obtained for the implanted polymers is very similar to those

obtained for amorphous C-films such as diamond-like C-films (DLC) [129]. The

low dose implanted PS shows two peaks at 1374 and 1566 cm1. With increasing

dose, the D peak shifts to a higher wavenumber whereas the G peak shifts to a

lower wavenumber. Moreover, the intensities of the two peaks decreased with

increasing dose, with the spectra resembling those of diamond-like C-films. It has

been shown that the Raman spectra of DLC films are distinctly different from

graphitic carbon [129] and the structure of ion implanted polymers must be

sm_cturally similar to DLC films and different from graphitic carbon [129].

It has been shown by Tuinstra and Koenig that the ratio of the intensities of

the two peaks ID/Ia is an important parameter and is proportional to the inverse

of the graphite microcrystallite size [130]. The ratios for Ar implanted PS in

figure 66 are, in general, over 1, again very similar to the ratios obtained for DLC

films [129] indicating that the local order or microcrystallite size is very small, on

the order of a few nm. Similar Raman Spectroscopy results were also obtained

for the B,N,C implanted Tefzel [122].

It has been suggested that in DLC films, tetrahedral sp3 bonded C is present

though only as a small percentage [129]. Theoretical modelling studies by Beeman

et al. have also shown the same effect [131]. The authors modelled vibrational

properties of amorphous C containing varying percentages of four-fold sp3 bonds,
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from 0 % to 100 %. They found that with increasing percentage of four-fold

coordinated atoms, the G peak at 1575 cm1 shifted towards the a lower

wavenumber. This is similar to the effect observed with increasing dose in the Ar

implanted PS. Thus the percent of sp3 bonds appears to increase with dose and

this probably contributes to the hardness increase found in the implanted PS. The

structure probably consists of diamond-like regions connected by large graphitic

regions [131].

Tn'bological Properties

Wear behavior of materials are in general not well understood, even more so

in the case of polymers. In general, one has to rely heavily on extensive empirical

precedents from previous wear studies [97]. The present study on wear of ion

irradiated polymers is by no means extensive but some basic conclusions may be

drawn.

Wear is a combination of several different modes such as adhesion, abrasion,

fatigue and delamination. In a given system, certain modes dominate [95]. In

general, in this study, wear on the polymer surfaces was clearly reduced by ion

beam treatment. In PS (the lowest dose) and PES (intermediate dose), no wear

was evident on the surface even after 10000 cycles using a nylon ball.

Qualitatively, it appears that the wear mode shifted from (1) adhesive and ridging

wear, to (2) no wear, and eventually to (3) surface fatigue and abrasive wear with

ii:creasing dose. Since the surface hardness of the polymers also increased with
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dose, an approximate correlation could be made between hardness and wear

mechanisms.

Abrasive wear and adhesive wear were evident in the unimplanted polymers.

The main mechanism is the shearing off of asperities. Ratner et al. have

suggested the following relation for the wear volume W per unit distance of

sliding:

w- (2)
Heo

where/_ is the coefficient of friction, H is the hardness, e is the percentage

elongation to failure, o is the tensile strength and k is a constant [132]. Wear rate

is thus inversely proportional to the hardness as observed in this study. Transfer

films have been found to form on the countersurfaces during wear of polymers

due to adhesive wear [97]. These films eventually form typical debris observed

during wear tests. In this study, transfer films were not detected on the nylon ball

or the polymer surface. In a related study using metal balls as the counterfaces,

films were detected [133] but the effect of the transfer films have not been studied

in detail in this study.

At the optimum dose, it was observed that no wear tracks were visible at the

surface indicating a suppression of abrasive and adhesive wear. At higher doses

however, surface fatigue became the dominant mechanism. It was evident that

higher doses made the polymer surface hard and brittle. Fatigue cracks were

evident in these cases. Since the implanted layer rests on the soft substrate, it was
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consequently weakened. In some cases, as in the high dose implanted PE, the

surface fatigue had caused small debris particles to form on the surface which

caused additional abrasive wear damage. Thus, the optimum dose caused

sufficient strengthening to reduce adhesive and abrasive wear but did not harden it

to the extent to cause surface fatigue cracking.

=



VI. COMPARISON OF IMPLANTATION EFFECTS IN METALS
AND POLYMERS

Ion implantation has been shown in this study to be capable of significant

changes in various surface-related mechanical properties in materials. In

particular, the atomic and molecular structure of the material subjected to

implantation is of significance for rationalizing the observed changes.

METAZ,S

This study showed that a surface layer thickness of the order of one/_m was

affected by the implantation. From this thin layer, significant effects on surface

hardness, cyclic fatigue properties and high temperature creep properties were

obtained. Metals are crystalline materials and the main effect of the implantation

was the disruption of the ordered crystal lattice at the surface. This effect has

been shown to be mainly due to nuclear collisions, wherein the energy of the

incoming ion is transferred by elastic collisions to the host atoms creating the

damage [2]. Subsequently, there is a production of point defects and related

processes such as point defect agglomeration, radiation-enhanced-diffusion and

radiation-induced-segregation [24].

These microstructural changes had significant effects on mechanical properties.

Mechanical properties are a direct consequence of behavior of dislocations in the

168
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crystal lattice. This study showed some of the effects of ion implantation on the

fatigue properties of metals. Dislocation movement in the form of slip bands at

the material surface is directly related to fatigue properties of metals, and by

affecting this movement of dislocations, the fatigue properties were altered. The

various consequences of ion implantation such as lattice damage, precipitate

formation and induced residual stresses in the surface layer contribute towards

altering the behavior of dislocations in metals.

The effects on fatigue properties due to ion implantation are to be expected

since fatigue cracks are known to initiate at the surface. However, the effects on

creep properties were somewhat surprising since deformation occurs throughout

the material. The significant improvements observed in the high temperature

deformation properties in this study reaffirm two facts: (1) the surface of materials

are important for high temperature properties and (2) although elevated

temperatures alter the implantation modified surface layer the implanted layer has

a significant effect. The present work represents the first effort to use multiple

ion implantation to alter creep properties of metallic alloys. The study also

demonstrated the synergistic nature of implantation effects since expected

improvements in properties, especially fatigue properties, were not realized due to

the presence of grain boundaries.
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POLYMERS

Ion implantation of polymers is a relatively new field as compared to metals

and ceramics. The obvious difference is the disparity in molecular structure.

Polymers consist of long-chain macromolecules and the changes induced by ion

implantation are permanent, whereas in metals, in many cases, annealing can

eliminate the damage.

There are several unique aspects to the implantation of polymers. The

implantation results in breaking of bonds and in the formation of smaller

molecular species, some of which escape from the surface. The identification of

these gases and their relative quantities gives insight into processes occurring

during implantation. Another significant aspect is that electronic energy losses

rather than nuclear losses may be significant in contrast to the case in metals

where nuclear collisions are more important in terms of damage. This has been

discussed in several papers recently [69,77-80,83,84] but there has been no

consensus thus far. Ongoing studies at ORNL have recently shown that ionization

may be the dominant factor for improvements in surface-mechanical properties

and correlations were made with the extent of ionization energy loss and hardness

improvements [134].

The unique aspect of the present investigation is the application of ion

implantation for the improvement of mechanical properties. Most previous

studies have concentrated on electrical and optical properties. The present w_rk

is part of an effort at ORNL that has clearly proven the efficacy of ion
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implantation for significant improvements in mechanical properties. In particular,

it was shown that a specific imi?lantation condition (in terms of dose and energy)

exists which yields optimum mechanical properties improvement. This was related

to two major effects occurring simultaneously, namely, cross-linking due to

ionization and molecular chain-scission due to nuclear energy losses. By

judiciously optimizing the relative ratio of these two effects, significant

improvements in mechanical properties can be achieved.

Ion implantation represents a unique method to tailor surfaces, as shown in

this study by the ion dose and energy effects in polymers. Effects of ion

implantation on polymers are generally discussed in terms of a change in

chemistry at the surface rather than structural damage as in metals and ceramics.

This aspect is important for understanding basic mechanisms. While the present

study has explored technologically relevant aspects of changes in mechanical

properties of metals and polymers, a more important outcome of the study was a

better insight into basic controlling mechanisms.



VII. CONCLUSIONS

The effects of ion implantation on several surface-sensitive mechanical

properties of metals and polymers have been investigated in the present study.

The investigation resulted in the following conclusions:

METALS

Fatiaue

Eight complex (E-series) alloys based on the Fe-13Cr-15Ni-2Mo-2Mn-0.2Ti-

0.8Si-0.06C composition were implanted simultaneously with 400 keV B+ and 550

keV N. to doses of 2.3x1016 ions/cm2for each species. Bending fatigue tests were

conducted using miniature specimens. Single crystal Fe-15Cr-15Ni specimens were

also implanted with B. and N. and tested for fatigue life. The following

conclusions resulted from the study:

1. The simultaneous dual implantatien caused a significant improvement in near-

surface hardness. However, the fatigue life of the eight alloys decreased.

2. Optical microscopy revealed that the implantation caused suppression of slip

band formation and crack initiation at slip bands. This, however, caused a

transformation from slip band crack initiation, which is the operative failure

mechanism in the unimplanted alloys, to grain boundary cracking.

172
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3. Supporting evidence was obtained from an earlier study of multiple-ion-

implantation of four simple (B-series) Fe-13Cr-15Ni alloys. Implanting the

alloys simultaneously with B and N significantly increased fatigue life.

However, triple implantation with B, N, C decreased fatigue life. Only the

triple implanted specimens showed grain boundary cracks. Thus, the triple

ion implantation caused sufficient strengthening for the transformation

to grain boundary cracking in the simple B-series alloys whereas, in the

complex E-series alloys, which have an inherently higher strength, dual

implantation was sufficient to cause the shift in crack initiation mechanism.

4. The fatigue life of the single crystal specimens also decreased after

implantation due to a concentration of slip along fewer but intense slip bands

leading to earlier crack initiation.

5. The results suggest the existence of an optimal level of strengthening for

improvement in fatigue properties by suppressing normal slip band crack

initiation. Additional strengthening causes the applied stress to be relieved at

grain boundaries leading to crack initiation and a consequently lower fatigue

life.

Creep

The complex Fe-13Cr-15Ni-2Mo-2Mn-0.2Ti-0.8Si-0.06C (El) alloy and the

ternary Fe-13Cr-15Ni (Bl) alloy were implanted simultaneously with 400 keV B+

and 550 keV N. and tested for high temperature deformation properties. Creep

tests were conducted using SS-3 miniature tensile specimens at 600* C. Specimens
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of each alloy were also implanted with 1 MeV Ar + to a dose of 2.3x1016ions/cre 2

to investigate the effects of inert gas implantation.

1. The simultaneous dual implantation improved the overall creep life of the E1

alloy at 600 °C by 72% with a decrease in minimum creep rate. However, the

ductility of the alloy was decreased. The specimen failed by the formation of

intergranular wedge type cracks at triple grain junctions. The implantation

strengthened the matrix of surface grains reducing the extent of grain

boundary sliding. This also accounts for the reduced ductility.

2. The B+fN+-implantation also improved overall creep life of the B1 alloy by

75% with a consequent decrease in minimum creep rate. In contrast to the

complex alloy, ductility was also increased. The B1 alloy also failed by

intergranular fracture by formation of round "r" type voids at grain boundaries

and subsequent coalescence and growth. The voids were probably formed by

the interaction of slip bands and grain boundaries. The implantation delayed

slip band and void formation at the grain boundaries as suggested by the

reduced primary and secondary creep rates.

3. The Ar+-implantation increased creep life of the ternary B1 alloy by about

45% but reduced the life of the complex E1 alloy. This was attributed to

competing effects of Ar . bubble formation at grain boundaries and

strengthening caused by damage and Ar . bubbles in the matrix. The

strengthening effect was dominant in the B1 alloy whereas the effect of Ar +

bubble formation at grain boundaries dominated in the E1 alloy.
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POLYMERS

Four polymers, polyethylene (PE), polypropylene (PP), polystyrene (PS) and

polyethersulfone (PES) were implanted with 200 keV B.-ions to three different

doses of 1.67x1014,5x10TMand 1.7x10_5ions/cm2. The polymers represent

increasing molecular complexity of side groups and also main backbone-chain in

the case of PES. PS was also subjected to 100 keV B.-implantation to study an

energy effect. PS, in addition, was implanted with 200, 500 and 1000 keV Ar . to

5x10TM, 1.7x10_5and 3.4x1015ions/cm2. The polymers were investigated for changes

in near-surface hardness using a nanoindentation technique.

Hardness

1. The ion implantation always increased the near-surface hardness of the

polymers. The hardness increased with increasing dose and energy. For a

given dose, the relative increase in hardness decreased with increasing

complexity of side-groups, even though absolute (measured) hardness values

were higher. However, both relative increase and measured hardness values

were lower with increasing complexity of the polymeric backbone chain.

2. Hardness improvements are a direct consequence of cross-linking. Cross-

linking and chain-scission are competing processes that occur during

irradiation and at higher doses, chain-scission becomes more efficient as

suggested by the reduced hardness increase with increasing dose.

3. The implanted region consisted of carbon-rich regions as evidenced by

transmission electron microscopy and electron-energy-loss spectroscopy. This
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carbon enrichment drastically improved conductivity with the same trend as

for hardness, suggesting similar microstructural causes. Raman spectroscopy

suggested the presence of four-fold sp3 (diamond) type bonds in the

implanted region along with the majority sp2bonds. The four-fold

coordinated bonds could also have contributed to the hardness improvement.

Tn'bolo_eal Properties

The B+-implanted polymers were investigated for tribological property changes

using a reciprocating wear test machine using nylon balls as the counter-surface

with a normal load of 1 N for 10000 cycles at 100 cycles per minute.

1. The B+-implantation, in general, improved wear properties of the polymers.

However, there was an optimum dose that resulted in the best wear

improvement. This corresponded to the lowest dose for PS and PE, and the

intermediate dose for PES and PP.

2. No wear tracks were observed for PS and PES at the optimum dose even

after 10000 sliding cycles.

3. No specific correlations could be made between friction coefficient values,

hardness and wear resistance. In general, there was a shift in the dominant

wear mechanism with increasing dose from adhesive wear to minimal wear to

surface fatigue and abrasive wear.
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