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ABSTRACT OF THESIS

ION IMPLANTATION BORIDING OF a-IRON AND M2 STEEL

Boriding, a thermochemical diffusion process, traditionally has been used to
create wear resistant boride layers on the surface of metals. Traditional pack, bath and
gas boriding methods use large amounts of heating power and consume large amounts
of boron containing material, which in some cases can be toxic or corrosive. It is
argued that boron ion implantation at elevated temperatures is an attractive alternative
to conventional boriding. To avoid the problems of traditional boriding techniques
boron was ion implanted at a low energy, 20 keV, into iron and M2 tool steel from a
high-current-density (500 pA/cm?), broad-beam (5 cm) ion source which uses solid
boron instead of a boron-containing gas to create boron ions. Iron and M2 steel were
implanted over a range of high substrate temperatures to allow the study of
thermochemical diffusion beyond the ballistic depth of implantation and to facilitate the
formation of iron borides.

It is shown that the Fe,B and Fe,;B, are the predominant borides formed while
no indication of the brittle FeB phase, which is typically formed with conventional
boriding, is found. These borides are shown to be more wear resistant than untreated

iron and M2 steel that has seen the same thermal cycle.
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Activation energies and the pre-exponential of the Arrhenius diffusion equation
for boron in iron were found to be 0.76 eV/atom and 7.0 x 10® cm?/s, while those for

M2 steel were 1.43 eV/atom and 8.93 x 10° cm?¥s.

John Davis

Department of Mechanical Engineering
Colorado State University

Fort Collins, CO 80523

Fall 1997
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1.0 Introduction

The annual cost of the waste associated with unnecessary wear and friction is
tremendous. For example, a 1976 study of this waste suggested that in the United
States it was as great as tens of billions of dollars per year.[1] A substantial fraction of
this waste can be traced to the time and money lost when metallic parts such as cutting
tools, bearings, gears, etc. wear to the point where they are no longer serviceable and
must be replaced.[1,2]

One method of increasing the wear resistance of metallic components, thereby
increasing their useful lifetimes, involves alteration of their surface properties. This
can be done by diffusing boron into the surface using a process variously called
boriding or boronizing.[3] The process is similar to the more popular carburizing and
nitriding processes which of course involve diffusion of carbon and nitrogen. In all
cases, however, the final objective is generally the formation of a surface layer that is
saturated with hard, wear-resistant borides, carbides or nitrides. Boriding is attractive
because it yields a surface that is arguably more wear-resistant than ones treated using
carburizing, nitriding and various other treatments. This was shown by Budinski [4],
Hunger and Trute [5], and Sinha [6] who have studied many surface treatments under a
variety of wear states (e.g. adhesive and abrasive) and found that borided surfaces
typically exhibit order-of-magnitude-greater wear resistances than nitrided or carburized
surfaces. In addition, Erdemir, et al. [7,8], showed that a borided surface can tend to
release a natural, solid lubricant which facilitates reductions in both wear and friction.
This occurs because boron from the surface can react with moisture in the atmosphere

to form boric acid, a substance that has a layered structure similar to that of graphite.



Borided surfaces are also attractive because they are:

e Hard. Iron borides are reported to have a hardness that is equivalent to that
of tungsten carbide [6] and higher than nitrided and carburized layers.[9]

e Hard at high temperatures. Borided layers retain their hardness at higher
temperatures than nitrided layers.[6]

e Very resistant to corrosion in non-oxidizing acids and alkalis. [6]

¢ Resistant to molten metal attack.[6]

e Moderately resistant to oxidation to 850 °C.[6]

e Heat treatable. Heat treatment of the base material can be done after the
boriding process without affecting the boride layer provided the temperature
remains below the eutectic point of the iron-boron system (1150 °C).[10]

Borided surfaces are relatively unattractive because they are [6]:

o Expensive. Traditional boriding is more costly than carburizing or
nitriding.

e Subject to growth during processing. During boriding, surface layers
expand S to 25% of their pre-treatment thickness, depending on the base
material. For precision parts this growth must be taken into account.

Finally it is noted that boriding induces only marginal improvement in the

fatigue endurance limit of a surface.



1.1 Methods of Boriding

In order to take advantage of the attractive features of borided surfaces and
make them competitive with nitrided and carburized ones, it will be necessary to reduce
their costs. These costs are determined mainly by the processing method and associated
boron-donating medium that is selected. The conventional boriding methods that are

used along with their pros and cons are:

1.1.1 Pack Boriding - This process involves the packing of a powder mixture
containing a boron-donating compound, an activator, and a dilutant around the surface
to be borided.[3] The pack and substrate are then raised to a temperature between 800
and 1100 °C. In this temperature range the activator, usually a fluoride or chloride
compound dissociates. The halide part of the activator reacts with the boron donor,
usually amorphous boron or boron carbide, to form a boron-halide gas. The boron is
then transported to the surface in the gas. When the gas comes in contact with the
surface, it dissociates thereby enabling boron diffusion into the surface and leaving the
halide free to react with more of the boron-donor compound.[11-13]
Pros:
o This is the best understood and, therefore, most popular method for commercial
applications [3,9,14,15] and research purposes.[11-13,16-28]

e No toxic gases or corrosive salt baths are involved.



Cons:

The rates of boron delivery to a surface and distribution beneath that surface are
limited by several reaction and diffusion rates that can be controlled only via a
single parameter, namely the system (boron pack and component) temperature.[11]
e The high temperatures required to assure high boron delivery rates and short
processing times yield brittle layers associated with both FeB and Fe,B formation on
steels.[11]
e The processing energy requirement is great because the pack, component and
chamber must all be heated to the processing temperature.
e The pack contains a limited amount of boron so the available boron and its rate of
delivery both decrease as the processing proceeds.
o Safe disposal of the flouride- and/or chloride-bearing pack materials is expensive.
¢ Pack materials, which stick to the surface during processing, must be removed
using post-processing grinding.[11]
The inability to provide independent control of the temperatures of the pack and
the part being borided constitutes an important limitation for pack boriding. It is a
limitation because a single system temperature will generally yield a boron delivery rate
to a surface that is incompatible with the diffusion rate beneath that surface. This leads
to the formation of a dual-layer (FeB over Fe,B) when iron or steel is processed. The
FeB component is undesirable for wear applications because it is more brittle than Fe,B
and because the combination yields residual stresses (tensile in the FeB surface layer

and compressive in the Fe,B beneath it). The opposing stresses can cause cracking at



or near the FeB/Fe,B interface and this will result in flaking or spalling of the FeB
during wear.[6] The creation of a simple Fe,B layer is preferred. If FeB is created
during boriding it can be diffusion annealed to form Fe,B, but this adds another step to
the processing.[5] Once it forms, Fe,B will remain stable and not dissociate or diffuse
until the iron-boron eutectic temperature is reached at 1150°C. This high temperature
stability enables heat treatment of most metals after the boriding process is completed,
thus taking advantage of the best properties of both the boride layer and the substrate
material.

Companies like Elektroschemelzwerk Kempten GmbH [3,14] in Germany and
Lindberg Heat Treating Co. [9,10] in Rochester, NY have been using the pack boriding
method for years and they claim reduced wear and longer product life in a number of
applications. For example, stainless steel (17% Cr) perforated strips used in the
tobacco industry are borided to increase their service life 25-fold. Borided grinder
disks in a commercial coffee roasting plant have five times the life of untreated disks.
Borided oil-pump drive gears in the Diesel engine of Volkswagen Golf vehicles
performed so well that they became a standard item on this model.[14]

There is a hybrid-pack method, called Borudif [11], that involves BF,
production and transport to a surface through a pack of B,C/SiQO, activator rather than
traditional activators like KBF,/BaF,. The method is attractive because KF, which
forms from KBF,, melts at pack boriding temperatures, sticks to surfaces and is costly

to remove.



1.1.2. Bath Boriding - The component is submerged in a hot bath of molten, boron-
containing liquid that is usually composed of borax and other salts.[3] In some cases,
the component is biased electrically and borided electrolytically.[29] Both of these
processes are usually carried out above 850 °C, because the borax is too viscous to be
usable below this temperature. Borax diluted with NaCl and pure borax must be raised
to temperatures above 900 °C and 1000 °C, respectively to realize sufficiently low
viscosities.[29] The bath process is used less than pack boriding.[3,6,27,29,30,31]
Pros:

e The bath liquid can be circulated to assure a uniform boron distribution on all
surfaces.

e The components can be put directly into a hot bath. This eliminates the necessary
heat up of the entire system for each part or batch, as seen with the pack boriding
method.

Cons:

¢ The rate of boron delivery to a surface is determined by the viscosity of the salt
bath and rate at which the boron-containing compound dissociates. These rate-
controlling steps are both determined by a single parameter, the system
temperature.

o The high temperatures required to assure a low viscosity yield boron delivery rates
that result in the formation of an FeB/Fe,B dual layer rather than a simple Fe,B

layer.[29]



e The boron supply in the bath is limited so the boron concentration and delivery rate
to the surface diminish with processing time.[3]

e The processing energy requirement is great because the component, bath and
container must all be heated to and held at the processing temperature.

¢ Disposal of the salt bath in an environmentally acceptable manner is costly.

¢ Most applications require that the molten salts be washed off the substrate before

they are usable and this adds a post-processing step.[3,6,29]

1.1.3 Gas Boriding - The component is placed in a furnace, where it is heated either

through radiation from the walls of the furnace or by conduction. Boron-containing gas

is then circulated around the hot component. When the gas comes in contact with the

component surface it dissociates leaving boron that can diffuse through the surface into

the component. The gases that are used in this process include BCl;, BF;, BI;, BBr,

and B,H,.[3,32-34]

Pros:

e The gas circulates readily and this enables good surface-treatment uniformity.[3]

¢ Post processing to remove surface contaminants is not required.

e Treatment can be effected at temperatures as low as 700°C.[32]

e The boron-bearing gas can be renewed continuously to assure boron concentration
will remain uniform in time.

Cons:



o The rates of boron delivery to the surface via decomposition of the gas and
diffusion into the material are both determined by a single parameter, the system
temperature. [3]

o The gases used for this process are either highly corrosive, highly reactive
(especially with water vapor), highly toxic or combinations of these. Consequently,
great care must be exercised to prevent damage to the processing equipment and

harm to people.[3,14]

Because of concerns over boriding gases, it appears that this process has seen
research attention but no commercial application scale.[32-36] If commercial
application were possible, the rates of boron delivery to the surface and diffusion
beneath it would still be determined by the component temperature and could,

therefore, not be controlled independently.

1.1.4 Plasma Boriding - This is a modified gas-boriding process in which a boron-
plasma glow discharge is established between a cathode-potential component and an
anode which may be either the chamber walls or a separate plate.[37-40] The gases,
which are the same as those used for gas boriding, are dissociated and ionized in the
discharge and then accelerated into the cathode electrostatically at energies of a few
hundred electron volts. The boron delivery rate is controlled independent of the
component temperature by the bias voltage and the sub-atmospheric pressure at which

the gas is maintained.



Pros:

e Boron ions may gain enough kinetic energy via electrostatic acceleration to
penetrate the surface of the component. This should facilitate boron diffusion and
result in shorter processing times than those for gas boriding.[6]

e Components do not require external heating if the kinetic energy of the impinging
ions is sufficient to maintain the required temperature.[6]

e Component temperatures can be lower (500 °C) than those for previously
mentioned processes because the energy for dissociation of the boron-bearing gases
is ion-impact driven rather than thermally driven.[40]

e The boron delivery rate can be held constant because decomposition products can be
removed as new boron-bearing gas is added during processing.

Cons:

e Gases used for this process are the same as those for gas boriding so concerns about
reactivity and toxicity are the same as for that process.[6]

e Treated-layer thickness is a function of surface distance from and orientation with
respect to the anode.[6]

e The boron ion delivery rate and energy are difficult to control independently.

e The processing must be done in a pumped and sealed vacuum system.

1.1.5 Conventional Ion Implantation - The boron-bearing gases cited for gas boriding
are used in this process by ionizing them in a chamber and then extracting them into an

electrostatically accelerated beam.[41-53] In order to remove all but the boron ions



from the beam, it is passed through a magnetic field and a columnator (i.e. a mass

separator). As a result of using this device, the beam diameter is generally limited to

about one millimeter. In most applications the implantation is done at room

temperature, to low doses and at high acceleration energies (100 keV and above).

Since no diffusion is involved, it usually results in a thin, amorphous' surface layer.[53]

Pros:

e This is a non-equilibrium process, so boron concentrations in the treated surface
layer can exceed thermodynamic equilibrium limits.

e Boron delivery through the surface can be controlled precisely at a rate that is
independent of the component temperature.

Cons:

e The small beam diameters involved generally require long processing times to treat
typical component surface areas.

¢ The line-of-sight nature of this process limits its usefulness on geometrically
complex surfaces.

e The processing must be done in a pumped and sealed vacuum system.

e Mass separation introduces energy and boron utilization inefficiencies and increases
equipment costs substantially.

o Gases used for this process are the same as those for gas boriding so concerns about
reactivity and toxicity are the same as for that process.

e Beam heating is generally insufficient to raise the surface temperature substantially

so diffusion is limited and as a result treated layers are thin (tens of nanometers).
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1.1.6 Ion-Implantation Boriding - This process, which is investigated experimentally in
this thesis, involves delivery of energetic boron ions through surfaces at temperatures
where substantial boron diffusion and boride formation can occur. The implantation
system utilizes pure boron (99.99%) that is vaporized, ionized and accelerated into a
broad beam that requires no mass analysis.[54] The boron phase produced in a surface
layer is controlled by balancing the rates of boron delivery through the surface and
diffusion beneath it, by controlling the ion source beam current and the surface

temperature, respectively.

Pros:

The boron delivery can be controlled precisely at temporal rates that are

independent of the surface temperature.

e Beam-ion energy, processing time and substrate temperature can also be controlled
independently with good precision.

o Beam-ion heating of the component reduces the external-heater power required to
sustain its temperature during implantation.

o Environmental concerns associated with corrosive or toxic gases are minimal and
solid or liquid waste production is negligible.

e Anion beam with a large cross-sectional area can be used. The 5-cm-diameter

beam that will be used in experiments described here is much larger than

conventional beams and beams that are larger still are practical.[54]

11



e Mass separation is unnecessary because ions are éxtracted from a pure boron
plasma.
Cons:
e This is a new process.
e The processing must be doné in a pumped and sealed vacuum system.
e As used in the present experiments, this line-of-sight process is useful only for
geometrically simple surfaces.
It should be noted that it is possible to use plasma immersion ion implantation
[55 ,56] as a means of overcoming the line-of-sight limitation just cited. For the
experimental work described herein, however, the beam process is actually preferred
because it affords more precise, wide-range control of the implantation parameters.
Independent control of the delivery rate of boron, the substrate temperature and the
processing time is important because it enables control of the boride layer composition.
This control enables balancing of boron delivery and diffusion rates at values where the
preferred Fe,B phase can be produced. Thus, boron buildup at the surface, which
tends to produce brittle FeB layers under many pack, bath, or gas boriding conditions,
is avoided. Precise, independent control of the rates of boron supply to and diffusion
from an implanted layer near a surface facilitates accurate investigation of diffusion
processes that should yield understanding and reveal minimum temperatures at which

boron diffusion treatments are practicable.
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1.2 Ion implantation boriding versus conventional boriding

An initial objective of this thesis will be to refine the ion implantation boriding
process by treating pure a-iron. A goal will be to achieve layer characteristics similar
to those associated with conventional boriding. These characteristics include a thick,
continuous boride layer with wear characteristics that are much better than those of the
non-borided surface. Efforts will be made to avoid high process temperatures, long
heat up and cool-down cycles and the formation of the FeB/Fe,B dual layer. Pure
o-iron is used so the effects of boriding can be studied without the interference of any
alloying agents.

A parameter that will determine the viability of ion implantation boriding will be
the processing time required to create layers of the same thickness as those of the
conventional process. Both of these processes involve thermal diffusion and the
associated treated-layer thicknesses will be determined by boron diffusion coefficients

given by

eH
D= D,exp T (1)

where D, is the pre-exponential coefficient in cm’s™, k, is Boltzmann's contstant (1.38
x 10% J/K), T is the absolute temperature in K, e is the electron charge (1.6 x 10"° C)
and H is the activation energy in eV/atom. Kucera and Stransky [57] give pre-
exponential coefficients and activation energies of 2.3 x 10” cm’s™ and 0.83 eV/atom
for B diffusion in a-Fe and 2.0 x 10?* cm’s* and 0.91 eV/atom for B diffusion in y-Fe

when the boron is present at low concentrations (<0.02 at. %).

13



Diffusion coefficients can also be estimated from the implantation/diffusion time (t
in sec.) and the thickness of a treated layer (x in cm) using the equation:

<x>2

D=~ @)

where B is a constant that should have a value near unity. This equation can be used to
calculate diffusion coefficients associated with boron diffusion at high concentration
levels in iron froﬁ published layer-thickness/boriding-time data. [13,29,40,58] Natural
logarithms of the diffusion coefficients determined from these data are plotted in Fig. 1
against corresponding inverse temperatures. The reason for plotting these particular

quantities becomes apparent when the natural logarithm of Eq. 1 is taken to obtain

LnD = LnD, + (- %] Gj 3)

The solid line in Fig. 1 is the least-square;s fit of the data and as Eq. 3 suggests, the
activation energy, H, is equal to the slope of this line divided by -e/k, or 1.21 eV/atom
in this case. Also, the pre-exponential coefficient D, is simply the exponential of the
y-axis intercept or 2.5 x 10” cm’s*. The fact that the activation energy computed from
the boriding data is greater than the value published by Kucera and Stransky for a-Fe
suggests that boron diffusion rates in the boriding applications are less. This could be a
result of a surface impedance or because most of the boron must diffuse through iron
borides which have greater activation energies. Data shown by Kunst and Scaaber [59]
support the later theory. They show that diffusion of boron through iron borides yields

a diffusion coefficient of 1.82 x 10" cm?/s at 950 °C, while diffusion through

14
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iron is an order of magnitude larger, 1.53 x 107 cm?/s. Comparison of activation
energies and pre-exponential coefficients obtained from ion implantation and these
conventional boriding experiments conducted on the a-Fe should give additional insight
into the similarity of these two boriding processes.

Although a-Iron is scientifically interesting it sees very little commercial
application. For this reason, the effect of ion implantation boriding on the wear
resistance of a common tool steel (M2) was also studied. High speed tool steels are
used extensively in the manufacturing economy for machining applications including
cutting, drilling and milling.[60] It is frequently the sliding wear that occurs on tools
that determines their lifetimes and improved wear resistance would extend tool
replacement intervals thereby reducing the maintenance part of production costs.
Traditional boriding methods have been shown previously to improve wear resistance
of other tool steels.[3,6] In this work, implantation boriding was used to diffuse boron

into M2 steel and its effect on wear resistance was studied.
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2.0 Apparatus and Procedure

Pure a-iron (99.5%) discs with an outer diameter of 4.8 cm, an inner diameter
of 1.4 cm and a thickness of 1.83 mm were used for this study. Each disc was
polished to a mean roughness of 0.015 um and cleaned in an ultrasonic bath for
5 minutes in cﬁlorothene and then 5 minutes in acetone just prior to any processing.

Discs were implanted with boron by installing them in the vacuum system which
houses a broad-beam, high-current-density metal ion implanter [54] and is shown
schematically in Fig. 2. As the figure suggests, each disc was mounted on an electrical
resistance heater which was used to raise its temperature to the implantation
temperature. During the resistance-heating phase, which required approximately
15 min, each disc was also typically sputter-cleaned and heated by moving the mask so
the disc would be exposed to a 20 keV, 500 pA/cm? Ar* ion beam extracted from the
metal-ion implanter for 3 min. Once the disc was at temperature and the metal ion
source was operating on boron, the mask would be positioned so the disc would be
exposed to a 20 keV, 500 pA/cm® B* ion beam for the prescribed implantation time.
During and prior to this time, the disc temperature was monitored using a chromel-
alumel thermocouple spot welded to the disc at a point near its outer edge which was
shielded from direct ion impingement. This temperature typically rose to the desired
value within 1e§s than three minutes and was then controlled at the desired value by
adjusting the resistance heater power and/or the beam voltage. At the conclusion of the
implantation, both the resistance heater and the beam and were turned off and the disc

temperature dropped at an initial rate that was typically 65 °C/min.
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The boron ion beam extracted from the metal-ion source was derived from a
boron plasma which was obtained by vaporizing amorphous boron powder (99.99 %,
300 mesh) that had been pressed into 1 cm diameter pellets and placed in a crucible like
that described in Ref. 54. Boron vaporization was accomplished via energetic-electron
bombardment of the crucible and the boron pellets within it.

Changes in surface phases induced by the ion implantation boriding of a disc
were measured using X-ray diffraction (XRD) spectrometry. This spectrometer,
which used CuKa (8 keV) X-rays in the Bragg-Brentano configuration, sensed the
conditions in a surface layer that was 1 to 3 pm thick. In some cases the surface was
also analyzed with Conversion Electron Mossbauer Spectroscopy (CEMS) and
Conversion X-ray Mossbauer Spectroscopy (CXMS) to sense mean phases present in
layers that extended to depths of 0.1 and 10 um, respectively. Boron concentrations
were also measured as a function of depth utilizing Auger electron spectroscopy (AES)
coupled with sputter erosion. The AES activation region for these measurements was
100 um in diameter and sputtering was accomplished using a 9 keV, Ar* beam at 55°
from normal. Boron diffusion depths were generally determined from AES data.

An oscillating pin-on-disk tribometer [61] like that shown schematically in
Fig. 3, was used to determine the effects of ion implantation boriding on the wear
behavior of the iron discs. This device, which is designed to wear a relatively large
area uniformly by repeatedly translating the pin radially inward and outward as the disc
is rotated, is well suited to the study of ion-implanted surfaces. For these wear tests a

WC pin with a tip radius of 3.17 mm (1/4”), a load of 3.5 N (corresponding to a

19
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Figure 3 - Pin-on-disc wear tester schematic
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Hertzian contact stress of 1.7 GPa), and a mean sliding speed of 0.17 m/s
(corresponding to a rotation speed of 100 rpm) were used. The pin and disc were
washed continuously with a boundary lubricant consisting by volume of 10 % oleic acid
and 90 % kerosene. Disc wear rates were determined by measuring the mass loss as a
function of time. The rates were found by removing the samples from the wear test
apparatus at prescribed intervals of 0.5, 0.5, 1, 1, 2,2, 3,5, 5, 5, and 5 hrs and
weighing them on an electronic balance which is accurate to 0.05 mg. Differences in
the mean of ten mass measurements were then used to determine the mass-loss history
associated with the wear. Optical micrographs were taken of the disc surface before
the start of a wear test and after 1 hour of testing.

The M2 steel material (4.4 Cr, 3.0 Mo, 2.3V, 1.9 W, 4.1 Cin at%) used in
this study were machined, heat treated and tempered to meet the ASTM specifications
for block-on-ring wear testing.[62] The blocks, which were 10.16 mm x 6.35 mm x
15.75 mm, and the rings, which had a 35 mm outside diameter, had final mean
roughnesses of 0.25 and 0.3 pm, respectively and both had a hardness of Rc 62.5.

After chemical cleaning, blocks only were placed in the same vacuum system
and implanted with the same metal ion implanter [54] as the iron discs. Pairs of blocks
were mounted on an electrical resistance heater which was used to preheat and then
maintain the blocks at the desired implantation temperature. Before implantation was
initiated, the blocks were sputter-cleaned and heated for 3 min. in a 20 keV,

500 pA/cm?, Ar* ion beam extracted from the metal-ion implanter. The blocks were

then masked until implanter operation had been switched to boron and the blocks could
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be exposed to the boron ion beam. All blocks were also implantation borided for 15
minutes at an ion beam energy of 20 keV and a beam current density of 500 pA/cm?.
These blocks were, however, implanted at different temperatures (600, 700, 750, 800
and 900 °C) so the effect of this parameter on the phases that formed and resultant wear
behavior could be examined. Rings were not implantation borided.

After implantation the blocks were wear tested on a block-on-ring tribometer
like that shown schematically in Fig. 4. The tests were conducted for 1 hour at a
relative sliding speed of 0.55 m/s (300 rpm) and a normal load of 222 N (271 MPa
Hertzian stress) in a water-soluble boundary lubricant used in maching operations
(Long-life 20/20™ which was diluted 20-to-1 with water). The mean wear rate
associated with each block was found by measuring the volume lost in its wear scar and
dividing it by the test duration. Wear volumes were found from three scar-width
measurements [62] and verified using mass-loss measurements.

The implantation borided surface of the blocks was also analyzed with Auger

electron spectroscopy and X-ray diffraction.
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\ Rotating Direction

Figure 4 - Block-on-ring wear tester schematic
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3.0 Results and Discussion
3.1 a-Iron

It is instructive to examine data obtained from a typical ion-implantation borided
disc because similar data were generally obtained on all discs. The a-Fe disc selected was
implantation borided at an ion energy of 20 keV, a current density of 500 pA/cm?, and a
temperature of 700 °C for 15 minutes. This resulted in the boron concentration profile
determined using AES that is shown in Fig. 5. It has a maximum concentration near 39
atomic percent and high concentrations that extend to a depth of 0.4 um before they begin
to drop off to a concentration near 10 at. % at approximately 0.8 pm. This plot shows that
substantial diffusion has occurred because a TRIM calculation [63] reveals that the
maximum depth to which significant boron could be implanted into o-Fe at 20 keV is ~0.05
pum. Because the disc cooled rapidly at the conclusion of the implantation, the diffusion and
implantation times are essentially the same.

The dose of implanted boron determined by integrating the AES curve of Fig. 5 to
0.8 um is 3 x 10" B/cm? and this is equal to the dose determined by the product of beam
current density, implantation time and reciprocal of the mean ion charge. The agreement in
boron dose determined by these two independent methods indicates essentially all boron
delivered during implantation is being retained.

The implanted boron shown to be present by the data of Fig. 5 could exist in one of
several phase states. It could have 1) made the iron amorphous as it has been observed to
do under low-dose, low-temperature implantation conditions [53], 2) gone into solid

solution as nitrogen has been observed to do in stainless steel [64], or 3) it could produce
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borides like those produced during conventional boriding and also seen in a preliminary
study of ion implantation boriding [65]. The phases that are present within layers of
different depths can be determined using XRD, CEMS and CXMS. The XRD data of

Fig. 6, which show phases that are present within 1 pm of the surface, indicate the
implantation converted what was a completely a-Fe layer into one that is a mixture of Fe,B,
Fe,,B, and o-Fe. These data show no indication of the undesirable FeB phase that makes
conventionally borided surfaces brittle. The CEMS and CXMS data of Fig. 7 indicate the
phases present in layers that are 0.1 and 10 pm thick, respectively, and they show
consistency with the data of Figs. 5 and 6. In the table below the raw data show the
strengths associated with the various signals required to match the measured data.
Specifically, they indicate that the surface (CEMS data) is essentially all Fe,B, and that the
thicker region (CXMS data) is mostly a-Fe with some Fe,B and another boride for which
Maossbauer data are not available in the literature. This other boride could be the Fe,;B,
observed by XRD because Mdssbauer are not available for it. The high percentage of Fe,B
seen by CEMS is indicative of a continuous Fe,B surface layer and the large iron percentage
in the CXMS data indicates this layer is not thick compared to the 10 pm sensing depth for
CXMS. If one assumes the CXMS signal is coming from a uniform layer of Fe,B on top of
o-Fe, the Fe,B percentage corresponds to a layer thickness of 1.9 um. This differs from
the thickness of 0.8 pm seen with AES. The fact that 99 percent of the delivered dose of
boron is seen in the sample by integrating under the AES curve seems to indicate that the
AES is showing the true depth. Both analysis methods were checked [66,67] and no

explanation of the discrepancy seems apparent.
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IMPLANTATION CONDITIONS
20 keV
500 pA/cm?
15 min
700 °C
1 50 _ T LB

IMPLANTATION BORIDED
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50 L UNTREATED IRON

[X—ray Intensity (c/s)]i/2

20 30 40 30
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Figure 6 - X-ray diffraction spectra for ion implantation borided iron
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Method Fe,B bce-Fe Fe,B
CEMS 93 7 0
CXMS 25 72 3

Figure 7 - CEMS and CXMS spectra for ion implantation borided iron
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It should be noted that the equilibrium atomic concentration of boron in Fe,B is
33%. It is believed that the greater B concentration indicated by AES is due to free boron
that is trapped while it is in the process of diffusing from the region where it is delivered by
implantation to the growth front of the Fe,B layer. The rapid cooling that occurs after
implantation boriding is stoppéd (65 °C/min) essentially stops the diffusion of boron, thus
trapping it in pléce.

It has been shown that boron diffuses far beyond the depth to which it is implanted
at an implantation temperature of 700 °C. In order to understand the diffusion behavior of
boron in a material such as iron better, the effect of temperature was examined. This effect
was studied by implanting boron at 20 keV and 500 mA/cm? into iron at temperatures over
the range 600 to 950 °C. The resulting B concentration profiles measured using AES are
shown in Fig. 8. They indicate significant diffusion beyond the 0.05 um implantation depth
occurs at all temperatures investigated. They also suggest concentrations near 10 at. %
extend deep into the surface at all of the temperatures investigated. Unfortunately, 10 at. %
is near the sensitivity limit of these particular measurements, so at least some of these
concentrations are probably dropping below this value. At temperatures between 600 and
750 °C the profiles all show similar peak boron concentrations. The 700 and 750 °C AES
profiles are similar and compared to them, the 600 °C profile is thinner (~ 0.6 pum).
Integration of 600 °C profile in Fig. 8 shows that it corresponds to a boron dose near 90%
of the boron that was delivered as determined from the beam current density-time product.
These data also show the peak boron concentration drops as the temperature rises above

750 °C. The reason for this is shown in optical micrographs of the surfaces treated at
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700 and 900 °C which are shown in Figs. 9 and 10, respectively. These pictures and
CEMS data (72 % Fe,B, 26 % a-Fe, 2 % Fe,B for 900 °C) both suggest that the borided
surface layer at a lower treatment temperature is continuous while that at the higher one is
composed of boride precipitates in an iron matrix. It has been previously shown [65] that
these precipitates are Fe,B. Similar precipitates are seen on the surfaces implanted at

800 °C and 950 °C and microéraphs of these surfaces show that precipitate sizes and the
separations between them both increase with treatment temperature. It is noteworthy that
the AES beam spot used was about 100 um in diameter so the data of Fig. 8 represent
average B concentrations of the Fe,B/a-Fe matrix in each case. The consequence of the
growth in precipitate size and separation for temperatures above 750 °C is, then, the
decrease in peak concentrations shown in Fig. 8.

Integraﬁon under the AES curves of Fig. 8, for the 800, 900 and 950 °C cases to a
depth of 0.8 um, yields retained boron doses of 65, 65 and 42% of the delivered dose,
respectively. Beyond this depth the AES signal drops into the background noise level
(10%), and boron concentration values become unreliable. Published activation energy and
pre-exponential coefficient data [6, 57] indicate, however, that boron diffuses into iron
much more quickly when concentrations afe low. This fact coupled with the decrease in
retained-dose results suggest that the boronldelivered to the surface that is not found in the
first 0.8 pym may »have diffused deeply into the surface at concentrations below 10%. If it is
assumed that the boron concentration remains at 10 at. % for depths 0.8 um, it is possible to

determine the depth to which the boron would have to diffuse to assure all of the B not in
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—— 10 pm

Figure 9 - Iron surface implantation borided at 700 °C (1000X)

Figure 10 - Iron surface implantation borided at 900 °C (1000X)
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the first 0.8 um is retained . These depths are shown in Figure 11 along with boride-layer
thickness’ for temperatures of 750 °C and below.

Analyses using XRD, CEMS and CXMS performed on selected surfaces processed
over the full range of temperatures were similar in that they showed primarily Fe,B with
some Fe,,B, and no indication of the undesirable phase FeB. At 950 °C, there was also
modest évidence of the phase Fe,B.

The preceding data have shown that iron can be implantation borided and that the
phases Fe,B and Fe,,B, generally form, but the wear characteristics of the resulting surfaces
need to be investigated. Raw wear-test results obtained from discs implantation borided at
each temperature investigated are compared to the wear behavior of pure iron in Fig. 12,
These data, which show disc rﬁass-loss hisfories over thirty-hour test periods, indicate that
all of the implantation-borided iron discs exhibit lower wear rates than the untreated one.
The discs implanted in the 600 to 750 °C range exhibit the lowest wear rates in the
107 mm*/N/m range, while those at the higher temperatures show wear rates in the 10”
range (Figure 13).

Insight into the reason for the greater wear rates on discs implanted at higher
temperatures can be obtained by éomparing_ the optical micrographs in Figs. 14, 15 and 16.
They show the surfaces of discs treated at 700 °C after one hour of wear testing and 900 °C
after one hour and 30 hours of wear tesﬁng. The surface of the disc which has been
processed at 700 °C and has the continuous layer, appears the same before and after testing
(compare Figs. 10 and 14). Although there is no micrograph of the 700 °C after 30 hours of

wear testing the surface continued to look similar to the surface shown in Figure 14. On the
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——10 pm

Figure 14 - Iron surface implantation borided at 700 °C
after 1 hour of wear (1000X)

Figure 15 - Iron surface implantation borided at 900 °C
after 1 hour of wear (1000X)

37



—— 10 um

Figure 16 - Iron surface implantation borided at 900 °C
after 30 hours of wear (1000X)
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other hand, the surface of the one processed at 900 °C shows evidence that the precipitates
are pushed into the a-Fe matrix thereby exposing successively more of this matrix to wear
(compare Figs. 10, 15 and 16) and producing greater mass-loss rates. This suggests the
o-Fe removal rate is determined by the rate at which the precipitates are pushed into the
surface of the iron. Strengthening a matrix should reduce the rate of boride intrusion and
hence its rate of wear.

The wear data suggest that iron borides in a surface layer are more wear resistant
than the iron and that continuous boride layers are still more wear resistant. The continuous
layers that have been produced may, however, still not represent the most wear resistant
boron-treated iron surface. Traditional boriding techniques continue to show continuous
boride layers even when the boriding takes place at higher temperatures than those used
here (800 °C - 1050 °C) [3-6,9-25,27-39]. It can be argued that continuous layers are
realized at these temperatures because the rate of near-surface boron delivery is sufficient to
sustain a boride (Fe,B) layer in the face of the rates of boron diffusion away from the region
of boron delivery. It may be that the precipitates seen on the higher temperature iron
samples form as they do because there is a tendency for boron that is implanted into a-Fe to
continue to diffuse through the iron while that which falls on an iron boride surface diffuses
to a precipitate boundary where it reacts and forms more boride (e.g. Fe,B).

The Iaté of boride-layer growth can be quantified in terms of diffusion coefficients,
which can be determined using Eq. 2, the layer thickness values of Figure 11 and the
processing times corresponding to these values. The results of doing this are plotted as

circles'in Fig. 17 where the data are presented as the natural log of the diffusion coefficient
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versus inverse temperature. The least-squares fit of these data is shown as the centerline
and the activation energy and pre-exponential factor associated with the equation given for
this line are 0.76 eV/atom and 7.0 x 10°® cm/s, respectively. The conventional boriding
data from Fig. 1 and a solid line representative of the Kucera and Stransky results are also
plotted for comparison. The lines in Fig. 17 show that boron diffusion as characterized by
corresponding diffusion coefficients are 1) high in pure iron [Kucera and Stransky],

2) moderate in iron boride under conventional boriding conditions, and 3) low in iron
boride/iron under implantation boriding conditions. The implication of these effective
diffusion coefficients is that boron delivered by implantation boriding is probably being
limited by the rate of implantation. It is believed that the diffusion behavior of conventional
boriding can be approached using ion implantation boriding by increasing ion beam current
density. - It should, however, be limited to & level where concentrations do not favor the

formation of the FeB phase.

3.2 AISI M2

The AES profile measured on the M2 block borided at 700 °C is shown in
Fig. 18. Except for an irregularity in the first 0.1 pm this profile has the shape that
would be expected for a case where boron is delivered near the surface and it diffuses
into a boron-free region. The AES profile shows concentrations that drop from over
40 at. % at the surface to approximately 10 atomic percent (where the AES accuracy
becomes marginal) at a depth near 0.55 pm. Because this depth is much greater than

the calculated ballistic depth [63] of 0.05 pum, it is obvious that substantial thermal
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diffusion has occurred. It is noted that the diffusion depths of Fig. 18 are less than
those associated with the pure iron implantation borided at this temperature. It is
suggested that this is the casé because alloying agents in the M2 steel inhibit boron
diffusion. This result is éonsistent with the work of Sampsonov and Epik [27] who
found that carbon, chromium, tungsten, molybdenum and vanadium all inhibit boron
diffusion dﬁﬁng conventional boriding. They found that even small percentages of
these elements can have a profound effect, e.g. 1 at. % of tungsten can reduce the layer
thickness by.up to 50%.[27] Goeuroit, et al. [18] confirm that carbon and chromium
lower the thickness of a borided layer and Carbucicchio, et al. [12,19,24] observe
similar effects.

Surface analysis by XRD allows a comparison of phase changes induced in a
layer as the implantation .boriding temperature is varied. As with pure iron, the only
borides shown in the XRD spectra of Fig. 19 are Fe,;B¢, Fe,B and for the block
implanted at 900 °C, Fe,B. None of the brittle FeB phase is observed. Comparison of
the unimplanted and 600 °C spectra suggests implantation boriding at this low
temperature induces the formation of no boride phases, although the V,C; peak is
greatly diminished. The lack of borides at 600 °C could be related to amorphization
[68] or insignificant B diffusion leading to a treated layer that is so thin that XRD
signals from it are insignificant compared to those from the rest of the 1-pm-thick
region sampled by this analysis technique. It is considered significant that small Fe,B
signals are seen in blocks implantation borided at 700 °C and 750 °C but not in those

treated at 800 °C and 900 °C. This suggests that the boron is diffusing sufficiently fast
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Figure 19 - X-ray diffraction spectra for implantation borided M2 steel
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at the higher temperatures so that the phases with lower B concentrations (Fe,;B¢ and
Fe,B with 20 at. % B and 25 at. % B, respectively) form in preference to Fe,B (33 at. %
B).

Effects of ion implantation boriding temperature on the sliding wear behavior of
M2 steel blocks worn against M2 steel rings are shown in Fig. 20. Because the
implantation boriding temperature could also affect the properties of the bulk material
and this could also influence wear behavior, two sets of data are plotted. The dashed
line shows that the wear rate behavior of implantation borided steel blocks remain
relatively constant, then rises and drops as £heir processing temperature is increased
from 500 to 900 °C. The solid line shows the effect of the same temperature history
experienced by the implantation borided blocks if no boron is supplied. These data
were obtained from unimplanted sides of the blocks that yielded the dashed-line data of
Fig. 20 so surfaces associated with corresponding temperatures should have
experienced about the same thermal history. The results show that wear rates are about
the same at the lower temperatures where no borides are formed (up to 600 °C).
Blocks implanted at temperatures where the data of Fig. 19 show borides formed, have
up to 27% lower wear rates than corresponding unimplanted blocks. The data of
Fig. 20 also show that untreated blocks exhibited wear rates that are lower than those
for both the implanted and thermally cycied blocks. The reason for this is uncertain,
but the corresponding Vicker's hardness data of Fig. 21 provide some additional insight
into the wear behavior shown in Fig. 20. These data suggest that 1) exposure to

temperatures above approximately 600 °C induce softening of M2 steel whether or not
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B is supplied, 2) introduction of B into a thermally cycled surface makes it harder than
one subjected only to thermal cycling, and 3) implantation boriding at a temperature
less than about 600 °C makes a surface marginally harder than the untreated material.

Taken together, the data of both Figs. 19 and 21 suggest that the boride
formation and surface hardening associated with implantation boriding is complicated
by the thermal cycling of the bulk M2 steel beneath the treated surface that
accompanies the process. If temperatures and normal wear loads are both great
enough, this can result in sufficient subsurface softening so that boride precipitates can
be pulled from the surface as the wear proceeds and surface mass can be lost more
rapidly than it would be from the untreated surface. It appears that this occurs because
bulk material annealing takes place when temperatures are above approximately 600 °C
for a sufficient length of time. As processing temperatures are raised above 800 °C,
however, the data suggest that the wear rate and hardness effects begin to reverse
themselves. At a processing temperature of 900 °C, wear rates have dropped back to
the point where they approach those associated with 500 to 600 °C temperatures.

A reason for the improvement in wear behavior as the processing temperature
approaches 900 °C may be understood by considering the continuous cooling
transformation diagram for M2 steel which is shown in Fig. 22 [69]. It shows that the
austenite-to-ferrite transition, which is associated with the A 90% and A 10% lines in
the figure, occurs in the temperature range 820 to 880 °C. The figure also shows the
900°C-block cooldown path misses the bainite nose at ~300°C and 1200 sec. Thus, it

appears that the blocks implanted at and thermally cycled to 900 °C both form some
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austenite when they are at high temperature and then undergo martensitic
transformations on cooldown that yield bulk materials that are harder than those
p.rocessed in the 700 to 800°C temperature range. The resulting bulk hardening may
still not be as effective as that associated with the original heat treatment because the
processing temperature was substantially less than the recommended austenitizing
temberature of 1210 °C.

ﬁlocks were examined after being wear tested by etching them in 3% nital for
60 sec ;'md then examinihg the etched wear scar under an optical microscope. When
this was done, the light area shown at the edge of the wear scar in Fig. 23 was
observed. This particular micrograph was obtained on the block implantation borided
at 800 °C, but those treated at 700 and 750 °C are similar. Auger electron
spectroscopic analysis was done at the 4 different points on and near the the light area
shown in Fig. 23 to determined boron concentrations. It revealed that B concentrations
were 19% at points 1 and 2 and negligible at points 3 and 4. This suggests that the
light area is a boride layer and there is little to no boron below this layer.

The thickness of the boride layer (d) can be determined from the width of the

light area (x) using the equation

1

! !
d:(r2 —(c—x)z)(zj _(rz_c,z)(;,] 4)
where c is half the width of the wear scar and r is the radius of the wear ring. Optical

microscope measurements of x were made at 10 different places across the wear scars
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Figure 23 - Optical micrograph of M2 steel implantation borided at 800 °C
(Edge of wear scar at 200X)

51



for each of the implantation borided blocks on which white regions were visible. Using
these values in Eq. 4, thicknesses of 0.7, 1.0 and 1.6 um were computed for the
blockstreated at 700, 750 and 800 °C, respectively. These thicknesses were used in

Eq. 2 along with the implantation time of 15 min to compute diffusion coefficients.

The natural logrithms of the resulting coefficients are plotted against reciprocal
temperature in Fig. 24. The slope and y intercept of the line through these data
correspond to an activation energy of 1.48 eV/atom and a pre-exponential coefficient of
8.93 x 10° cm?/s. This activation energy is greater than that for boron in iron [57] or

boron through iron boride as seen earlier.(Figure 1)
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4.0 Conclusions

The Colorado State University metal ion implanter can be operated on pure, solid
boron. Boron ions can be exﬁacted and implanted at current densities equal to or greater
than 500 mA/cm? over about a 5 cm diameter region. Relatively stable operating conditions
can generally be sustained for a period of about 15 min although operation was maintained
for 45 min. on multiple occasions. Independent control of the temperature of a target
surface can be maintained over the range 600 to 950 °C during implantation and
temperatures in this range are sufficiently high to enable ion implantation boriding of an
iron surface at an implantation energy of 20 keV. The theoretical ballistic depth of boron
implanted into iron under these conditions is ~0.05 mm but thermal diffusion in this
temperature range induces at least order of magnitude greater depths. There is evidence
that boron may diffuse even several times this deep at moderate concentrations (< 10%).

Ion implantation boriding of iron at the conditions of this study generally yields only
the phases Fe,B and Fe,B, at all substrate temperatures studied. Under no conditions was
the brittle phase FeB, which is usually formed with conventional boriding techniques,
observed. Over the temperature range 600 to 750 °C the boride layers appeared to be
continuous and the resulting surfaces were much more wear resistant than the discrete, 10
micron-sized boride precipitates in an a-Fe matrix which formed at greater temperatures.

Ion implantation boriding does not yield boride-layer growth rates as great as those
observed with conventional boriding techniques. Increases in the boron ion current density
are considered readily achievable with the existing equipment and they should lead to boride

layer growth rates approaching those of conventional boriding techniques.
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Boron-rich layers produced on M2 tool steel surfaces by implantation boriding
them at. 700 to 800 °C are several times as thick as the computed ballistic depth
associated witil the implantation energy (0.05 pm). This indicates substantial thermal
diffusion occurs at these temperatures. At the 20 keV, 0.5 mA/cm?, 15 min
implantation conditions used for this work, the layer appeared to be amorphous at
temperature below 700 °C and the borides Fe,;Bs and Fe,B were formed at
temperatures at and above 700 °C. The brittle FeB phase was not observed in any of

the implantatior_l borided M2 steel blocks.
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5.0 Future Work

The obvious next step in this work would be to achieve implantation borided
layer thicknesses closer to those of conventional boriding techniques. In order to
accomplish this it is recommended that effect of implantation current density be studied
over the range 500 to 2000 nA/cm®. The goal of the work would be to determine the
maximum current density at which boron can be delivered at prescribed implantation
temperatures and energies without producing layers that exhibit inferior wear
resistance. It is anticipated that the most wear resistant layers will be continuous and
will contain none of the FeB phase. Establishing such limits should lead to an
understanding of the true production capabilities of the ion implantation boriding
process.

With any new technology the ultimate goal is to make things better, faster, safer
and cheaper. To attain this goal with the ion implantation boriding system a number of
things should be considered. This system is currently run with a hot cathode filament
which limits the running time of the system and makes continuous boriding production
impossible. A redesign of the system, possibly as an RF source, should be considered
if mass production is ever to be considered with this technology. The difficulty of
running an RF source and still maintaining the high crucible temperatures needed to
evaporate the boron at a maintainable rate is definitely a technological challenge.

‘A point of possible interest that could be studied is the reduction in wear rate
for the iron disc implantation borided at 950 °C, as seen in Fig. 13, as compared to the

900 °C implantation boriding. The 950 °C disc is also the only iron sample to have
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Fe,B as seen with XRD. Based on the existence of iron-nitrogen martensite [70], the
fact that 950 °C is above the ferrite-austenite transition temperature and the long cool
down time compared to most heat treatments with low carbon steels it is thought that
the Fe,B might be a byproduct of iron-boron martensite, much the same way that Fe,C
is a product of annealed iron-carbon martensite. After a preliminary literature search
no information on iron-boron martensite was found, but further investigation of this
concept is considered potentially useful.

Ion implantation boriding studies of other materials such as titanium, zirconium,
chromium, molybdenum, intermetallics (NiAl), and cemented carbides may be in
order. This technology, not requiring explosive and toxic gases, could make the
boriding of these materials much more attractive. The high hardness, resistance to
oxidation and chemical attack, resistance to molten metal wetting and wear resistance
of borides of these metals make them attractive for applications ranging from aerospace

to cathodes in aluminum production. [15,26,27,35,47,71]
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