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Abstract

We report progress we have made in the production of
negative hydrogen and deuterium atomic ions in
magnetically-confined microwave-driven (2.45 GHz) ion
sources. The influence of source surface material,
microwave power, source ga,sprgssure and magnetic field
configuration on the resulting ion current is discussed.
ResulK strongly suggest tha~ at least in our source,
vibrational]y excited molecular hydrogen, the precursor to
atomic negative ion production, is produced via a surface
mechanism suggested by Hall et al. [1] rather than via a
gas phase reaction as is generally believed to be the case
in most ion sources.

1 INTRODUCTION

In order to accumulate (store) or accelerate large
currents of protons (H’) in circular machines, it is
necessary, flom phase-space considerations, that the ions
be injected into the circular storagdaccelemtion ring in
the form of negative ions, H, with the H behg stripped of
its ekctron~ to form ~ at the point of injection. Lhac
acceIerato~ performance can also be significantly
improved through simultaneous acceleration of positive
and negative ion .@axns. Suitable positive ion sources are
availabIe now, but negative ion source development has
lagged somewhat.

All advanced high current H sources currently
available, including surface sources and RF driven
(2MHz) volume sources require the addition of cesium in
order to achieve high H currerm This is undesirable for
several reasom”,not the least behg the technicalproblems
associated with introduction of cesium into the source in a
controlkbIe , manner over a long pixicd of time.
Moreover, all high current RF H and D sources
developed to date consume tens of kilowatts of power and
can only produce beams of a few MA per square
centimeter of extraction aperture when operating cw (i.e.,

100%duty factor).
Our novel approach to high current cw H and D

formation involves modification of an extremely simple
low power consumption (100’s of watts vs. 10,OWs for
other type) microwave-driven source.
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Qs.~~Previous attempts elsewhere [3] at negative Ion x ction
from this vpe of source have keen sin@xly

unsuccessful. Our approach involves application of
pioneering studies by Hall et al. [1] which demonstrated
the effectiveness of freshly evaporated trmtalum surfaces
in producing copious quantities of vibrationally excited
mokcular hydrogen (a required precursor to H
formation). The observations of Hall et al. appear to
never have been deliberately, or successfully, applied to
the production of high-cumentcw H or D beams.

2 APPARATUS AND SOURCE
DIAGNOSTICS
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Figure 1: Schematic of apparatus.

The major components of our apparatus shown in Fig. 1
incIu& a magnetically-confhvximicrowave-driven (ECR)
source purchased tlom Atomic Energy of Canada Ltd.
which is powered by a 2.45 GHz microwave generator ( 2
kW). The microwave generator is coupled to the source
via a circulator and a four-stub autotuner. The ion source
is attached to a large high-vacuum oil-ti diagnostic
chamber with abase pressure of lxIOS Torr.

Ion beams extracted at few hundred volts fkom the 5
mm source aperture by an accel-decel arrangement are
primarily colhxted on the decel electrode that is in the
con.llgurationof a faraday cup. A 0.5 mm aperture in the
&cl electrode allows a small portion of the beam to be
transported to a quadruple mass spectrometer (QMS) via
an electrostatic zoom lens for quantitative beam
composition measurement. Light from the ion source is
monitored by an optical monochromator by a clear linc-
of-sight through the QMS (sapphire window). The
monochromator continuously monitors the atomic
hydrogen Balmer a radiation (656 nm) to give a measure
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ABSTRACT

Aluminum alloys that are easily castable tend to have lower silicon content and hence lower wear
resistance. The use of laser surface alloying to improve the surface wear resistanceof319 and 320
aluminum alloys was examined. A silicon layer was painted onto the surface to be treated. A high
power pulsed Nd:YAG laser with fiberoptic beam delivery was used to carry out the laser surface
treatment to enhance the silicon content. Process parameters were varied to minimize the surface
roughness from overlap of the laser beam treatment. The surface-alloyed layer was characterized
and the silicon content wqs determined.

INTRODUCTION

319 and 320 aluminum casting alloys are common, inexpensive, and easily-castable alloys used for
automotive engine applications. It contains approximately 6 wt% Si; so aluminum is the primary
(higher volume fraction) phase. This soft phase is not durable enough for use directly as the engine
cylinder bore wall, so automobile manufacturers typically insert cast iron liner into the319 blocks.
An alternative is to cast the whole block into a hypereutectic alloy (> 12 wt% Si), where the hard
silicon phase is the primary phase. These alloys provide better wear resistance, but are more
expensive and difficult to cast.

Our approach is to use the common, low-silicon319 alloy, but incorporate a laser surface treatment
to increase the silicon content in the cylinder bore wall. Elimination of cast iron liners would save
approximately 20 pounds in vehicle curb weight, as well as allow greater flexibility in engine
design, production and reliability. The primary benefit of this approach is its simplicity. No
change in the casting alloy is required, so use of the low-cost, easily-castable 319 alloy can
continue. The silicon phase does not provide the best possible wear resistance, but it is much
better than the aluminum phase, and hypereutectic silicon alloys are among one of the only two
well-understood liner/piston/ring system available (the other involves cast iron).

Preliminary results of laser surface treatmentsof319 and 320 aluminum casting alloys with silicon
have been obtained. The silicon was incorporated into the aluminum substrate with no cracks. A
very fine grain structure was also obtained (common in laser cladding and alloying processing)
which should exhibit enhanced wear resistant properties.
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Test Materials
The base materials used as

EXPERIMENTAL CONDITIONS

substrates in the investigation were 319 and 320 aluminum castirw
alloys. Their composition is listed in Table 1[11. Silicon is added to the A1-Si-Cu system to
increase fluidity, reduce cracking, and improve feeding to minimize shrinkage and porosity. The
copper contributes to improving strength and hardness [21.

Table 1 Compositionof319 and 320 aluminum casting alloys in wt%

Materials Si Fe Cu Mn Mg Ni Zn Ti Al

319 5.0-6.5 1.2 3.0-4.0 0.8 0.10-0.5 0.50 1.0 0.25 rem.
o

320 5.0-8.0 1.2 2.0-4.0 0.8 0.05-0.6 0.35 3.0 0.25 rem.

The silicon paint used consists of 50 wt% fine silicon power (45 pm nominal size) and 50% YK
binder. A uniform layer of 50 pm thickness was spray painted on the as-received surface of the
cast sample. The composition and microstructure of the two alloys are essentially the same. Tests
were performed on both alloys. The results are virtually identical and only the 320 alloy results are
presented.

Surface Alloying System

The laser processing system used to carry out the surface treatment consists of a 2 KW pulsed
Nd:YAG laser with fiberoptic beam delivery, five-axis CNC workstation and shielding gas unit
(Fig. 1). Fiberoptic laser beam delivery is particularly attractive because of its inherent flexibility
and ease in integration to robotics system [31. The 1000pm fiber was attached to the output optics
housing mounted on the z-axis of the workstation. A 125 mm transrnissive focusing optic
producing a focused beam diameter of 1000 pm was used. The CNC workstation provides the
sample with the necessary movement with respect to the fixed output optics. Top gas shielding
was provided by a 20 Ipm flow of nitrogen in a trailing jet configuration delivered by a 0.8 cm
diameter tube oriented at 450 from the surface, 1 cm from the meltpool. The optics were protected
by a cover glass and an air knife with a 50 Ipm flow of nitrogen.

Materials Characterization

Transverse cross-sections of surface-alloyed layers were metallurgically prepared and etched to
determine the depth and width as well as the microstructure. The metallographic samples were
etched with an etchant composed of 1 ml HF (48%) and 200 ml H20. A JEOL JSM-6400
Scanning Microscope equipped with an Energy Dispersive Spectrometer (EDS) was used to obtain
the profile of the wt% of the silicon as a function of the depth from the alloyed surface down into
the substrate. Direct Current Plasma Spectroscopy (DCPS) was also used to verify the bulk
composition of the base material. Vickers microhardness measurements were made along the
depth of surface alloyed layer using 200 g load.
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RESULTS AND DISCUSSION

Characterization of Surface-Alloyed Layer

The SEM EDS analysis of silicon content profde of the surface-alloyed layer obtained from a single
pass laser treatment is shown in figure 2. A maximum silicon content of 15 W% was achieved on
the surface of the surface alloyed layer. The silicon content decreased monotonically into ,thelayer
until it reached the base material composition. The relatively fast process speed did not allow more
thorough mixing of the silicon with the melted base material. The average silicon content of the
surface-alloyed layer is in agreement with the expected increase in silicon content from the amount
of silicon in the paint layer.
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Figure 2. The silicon content profile (wt%) of the surface

alloyed sample as a function of the depth
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Effect of Process Parameters

The travel speed was varied to determine its effect on the width and depth of the alloyed layer.
Beam parameters were set constant. A pulse energy setting of 4 J/ins with a pulse width of lms
and a repetition rate of 200 Hz were used. The pulse energy setting was arrived at from
considerations of surface smoothness and alloyed depth. The range of travel speed used was such
that 90% overlap of the beam pulses occurred on the sample to maintain approximately the same
“continuous” width of the beam across the length of the processed track. Table 2 lists the
parameters used for the travel speed test and Fig. 3 shows the width and depth of a single alloyed
track as a function of different travel speeds.

T.hle 7 Track Width ~d De~th at Different s~eds. -“.” - . . w“..

Travel Speed Overlap of beam spots
I

Width (nun)
(cm/s) (%) I

Depth (mm)

5 I 80 I 1.59 I 0.59 I
8 1 68 I 1.42 I 0.45 I
10 60 1.40 0.40

12 52 1.38 0.36
m m

15 I 40 I 1.27 I 0.29

As expected there is a monotonic decrease of alloyed width and depth with travel speed. At higher
travei speed, there is less overlap of the pulses, resulting in lower energy input per unit area.
Consequently, a smaller volume (width and depth) in the vicinity of the beam pulse was melted.
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Figure 3. Track width and depth as a function of beam travel speeds



.

Microstructure

The microstructure of the laser processed 320 aluminum sample is shown in Figure 4 at different
magnifications. The as-cast base material shows coarse and pored microstructure which is the
nature of casting. The thin molten layer formed during the surface-alloying process was subjected
to rapid solidification in the short process time. As a result a very fine and dense microstructure
was formed similar to the process of laser glazing [4]. There were no cracks or pores present in the
surface alloyed layer. The surface alloyed layer is metallurgically bonded with the base alloy
which is a substantial advantage over plasma-sprayed coatings that tend to crack and peel off when
subjected to heavy loads [4].
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Figure 4. Microstructure of laser surface alloyed 320 Aluminum

Microhardness

The Vickers rnicrohardness profile of the transverse cross section of a surface-alloyed sample is
shown in Figure 5. The average microhardness of surface-alloyed layer is HV = 138 compared to
the base material value of 105. Converting the Vickers hardness to Brinell hardness according to
the hardness conversion table from ASM Specialty Handbook Ul, HB=122 for surface-alloyed
layer and HB=90 for the base material. These values are close to the published hardness data for
the aluminum casting alloy with the same silicon content[l]. The Brinell hardness for319
aluminum casting alloy is reported to be 70 to 95, and for 336 with 12 wt% silicon HB =105 to
125. The higher silicon content within the surface-alloyed layer (approximately 12 wt%) compared
to 6.8 wt% in the base changed the solid phase mostly into eutectic phase and therefore increased
the hardness. However, the uniformity of the rnicrohardness in the surface-alloyed layer that has a
decreasing silicon content into the surface (see Fig. 2) indicates that the hardness is also increased
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by the change in microstmcture to very small grain sizes.
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Figure 5. Vickers microhardness profile-of transverse cross-
section of surface-alloyed 320 aluminum casting alloy.
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Figure 6. Surfaces of treated samples obtained with
overlap of (a) O%, (b) 25%, 0 50%, and (d) 75% .

Surface Roughness

For a given laser, the available power limits the width of the beam to achieve the required
irradiance to carry out surface alloying. Consequently, multiple overlapping tracks are often
required to produce a surface-alloyed layer of the required width. However, the overlapping
treatments tend to produce an irregular or rough surface. To optimize the process, different
overlaps of adjacent tracks were tested. Figure 6 shows the surfaces obtained for track overlap of
(a) O%, (b)25%, (c) 50% and (d) 75%. The indicated area in Fig.6 (c) is the treated surface with
overlap rate of 25%. The untreated surface on the right side of the treated area is shown in the same
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Fig. The indicated area (by arrow) in Fig.6 (d) is the treated surface with overlap of 75%. The
corresponding cross sections of the surface alloyed layers in Figure 6 are shown in Fig. 7. The
corresponding surface roughnesses for Fig. 7 (a), (b), (c) and (d) are 45, 65, 70, and 80 microns
respectively. The longitudinal section view of a single track with overlap O% in Fig.6 (a) is
presented in Figure 8.

First of all, the treated surface quality depends on the single track that overlapped to form the layer.
The smoothest single track was obtained using laser beam energy setting of 4 J/ins, pulse width 1
ms and pulse frequency 200Hz. The surface roughness decreased as the track overlap rate
decreased. The overlapped tracks usually covered treated and untreated areas. Because the surface
condition of the treated area is different from the untreated area for absorption and reflection of the
laser irradiation, the resulted overlapping tracks were not as uniform as the O%overlapped tracks.
Therefore the treated surface without track overlap is smmoother than overlapped surface.

.

Q)

Figure 7. Tr~~sverse cross section view of treated area at
overlap of(a) O,(b) 25Y0,(c) 50%, and (d) 75%.

F@re 8. Longitudinal section view of a
single track cut from Fig. 6 (a)
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CONCLUSIONS

The above preliminary laser processing parametric study on surface alloying of silicon into an
aluminum substrate shows that the surface silicon content of aluminum casting alloys319 and 320
can be increased by laser surface-alloying. Crack and pore-free layers with a very fine
microstructure typical of laser cladding or glazing are produced. A composition gradient of silicon
was produced with a silicon content of 15% at the surface decreasing monotonically into the
sample to the base alloy composition. Alloyed depths obtained in this study were at approximately
0.4mm. Silicon content and alloyed depth can be increased or decreased by changing the painted
layer thickness of the silicon and the process parameters.

Alloyed surfaces wider than the beam diameter can be obtained by using multiple overlapping
passes of the laser beam on the sample surface. However, surface roughness may become a
problem and process parameters would have to be optimized to reduce surface roughness. In
addition , the use of a continuous wave laser beam would mostly likely decrease the surface
roughness that is associated with the use of a pulsed beam. Nevertheless, the roughness from
overlapping treatments would still have to be addressed.

This initial effort addresses feasibility of the process in producing the required surface-alloyed
layer. Further effort needs to be expended to determine specific applicability in regards to wear
characteristics and direct application to engine bores.
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