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Abstract

X-ray mirrors require a super-smooth surface to prevent strong X-ray scattering. We examined the fabrication possibility of the X-ray
mirror by single-point diamond turning (SPDT) for electroless nickel. The stable and unstable cutting modes for the electroless nickel
were obtained by observing the relative position of a diamond tool for machining. A super-smooth surface of 0.95 nm rms was achieved
within the stable cutting mode. The surface roughness of the electroless nickel mirror measured with an optical profiler was compared
with the X-ray reflectivity measurement. The electroless nickel mirror could be successfully used as a soft X-ray reflector and a low-pass

filter for the hard X-rays.
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1. Introduction

Metal cutting using an ultraprecision machine tool and a
diamond tool had begun in 1960’s and through 1970’s, the
machine tool had considerable been improved by advancing
of the numerical control system and the accurate position me-
trology using a laser interferometer [1]. Single-point diamond
turning (SPDT) is an excellent optical finishing technique and
is easy to generate aspheric shape compared to traditional
methods. Owing to these merits, the SPDT has various appli-
cations, mainly optical elements.

Generally, non-ferrous metals and plastics can be used in
the SPDT [2]. The well-known metal materials are aluminum
alloys, oxygen-free copper, and electroless nickel that is an
alloy of nickel and phosphorus. From a material point of view,
the surface topography after the SPDT depends on some mate-
rial aspects such as purity, grain size, and anisotropy [3, 4].
Thus, the selection of a material is very important to obtain a
super-smooth surface. In this sense, electroless nickel of an
amorphous structure is one of excellent materials in the SPDT.
In addition, electroless nickel has been widely used in indus-
trial and optical applications [5-6].

The properties of the electroless nickel largely depend on
the percentage of phosphorus and the heat treatment tempera-
ture. It is generally agreed that the nickel-phosphorus alloys
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containing less than 7% phosphorus are microcrystalline and
those in the 7 to 14% phosphorous range show amorphous [7].
Talyer et al. [8] investigated surface roughness by the SPDT
for electroless nickel samples having combinations of various
phosphorus contents and heat treatment temperatures.

X-ray mirrors using total reflection require a super-smooth
surface because the X-ray wavelength is very short, nanometer
or sub-nanometer scales; otherwise the X-rays suffer from
strong scattering on the reflecting surface. In addition, X-ray
reflection largely depends on the material property, that is, the
electron density of the mirror material. From the optical point
of view, electroless nickel is one of the best materials as the
mirror material for soft X-rays of a few nanometers wave-
length.

In this paper, we deal with the SPDT of electroless nickel
containing about 10 weight percent phosphorus plated on flat
aluminum alloy, A7075, samples. The relation between sur-
face roughness and cutting conditions is examined to obtain
super-smooth surface by the SPDT. We also discuss the X-ray
reflectivity for a diamond-turned electroless nickel flat mirror.

2. Single-point diamond turning

Generally, electroless nickel is plated on aluminum alloys
or steel. We prepared electroless nickel plated on the alumi-
num alloy, A7075. The thickness and the diameter of alumi-
num alloy substrate were 12 mm and 58 mm, respectively.
Nickel plating was done for ten hours, and the thickness of the
electroless nickel was approximately 110 pm, which con-
tained about 10 percent phosphorus. The electroless nickel had
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Fig. 1. X-ray diffraction measurement for an electroless nickel sample
which shows the amorphous structure.

amorphous structure. Fig. 1 shows an x-ray diffraction pattern
for an electroless nickel sample. The maximum peak appeared
at 20= 44.5° of which angle position corresponded to the peak
position of diffraction by (111) plane of pure nickel.

The diamond turning machine tool (AHN-10, TOYOTA)
used in this experiment has two perpendicular slide tables (Z
and X axes), an air bearing spindle on the Z-slide table, and a
rotary table (B-axis) with a tool post. A laser interferometer
system was used to determine positions accurately. X and Z-
tables could be controlled within 1 nm positional step. The B-
table could be rotated with an angular step of 0.0001°. How-
ever, in this experiment the B-table was fixed for the face
machining. The machine tool was set up within a vibration
isolator and supported by air mounts to prevent external vibra-
tions. The environment was maintained in a clean room of
class 100 and controlled within a temperature of 0.1 K. A
sample was loaded on the vacuum chuck, and the kerosene
mist with air pressure of 0.2 MPa was sprayed on the sample,
which also assisted in removing chips during machining.

Single-crystal diamond tools for which the crystallographic
plane (110) was rake face were used, and rake and clearance
angles were 0 and 5 degrees, respectively. The window angle
was 90 degrees. The shank of diamond tools was made of
steel.

The samples used in investing surface roughness behaviors
in terms of cutting conditions were divided into five sections
with different boundary radii, and the machined surface was
examined with a Nomarski microscope and measured with an
optical profiler (ZYGO New View 200 HR with 20 X magni-
fication objective). The measured area was 360 pm x 270 pm.

3. Surface roughness and cutting conditions

Surface roughness was really independent of cutting speed
of from 0.5 m/sec to 3.6 m/sec. Fig. 2 shows the relation be-
tween surface roughness of rms (root-mean-square) value and
cutting speed. Error bar stands for the standard deviation for
each measurement. The average surface roughness and the
average standard deviation were 1.75 nm rms and 0.32 nm,
respectively. The surface roughness under different cutting
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Fig. 2. Relation between surface roughness and cutting speed under 1
um in depth of cut (d), 1 um/rev in feed rate (f), and 3 mm in nose
radius (R).
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Fig. 3. Relation between surface roughness and depth of cut under 2
m/sec in cutting speed (V), 0.5 um/rev in feed rate (f), and 10 mm in
nose radius (R).

conditions, i.e., different nose radii (5 mm and 10 mm), depth
of cut (2 um and 3 pm), and feed rates (0.8 um/rev and 1.5
pm/rev), also showed constant behaviors. It meant that the
cutting force was almost constant, which was indirectly in-
ferred from the chip behavior. There was no chip rubbing.
Surface roughness with respect to the depth of cut showed
almost constant behavior between 1 pm and 3 pm within
standard deviation as shown in Fig. 3, and the machined sur-
face showed the best quality. However, as increasing the depth
of cut (from 3 pum roughly), the surface roughness had a ten-
dency to increase at a very low rate. The surface roughness
increased when the depth of cut was from 1 pm (actually,
between 0.5 um and 1 um) to the lowest depth of cut, which
gave a whole cut on the sample without partial cut. In this
range, the machined surface strongly was affected by the
spindle motion errors. The yawing error of the air spindle was
approximately 0.1 pm, which was measured with an acceler-
ometer to check the spindle motion. The yawing error corre-
sponded to the angle deviation of 3.3x10™ rad with respect to
the rotation center. Thus, the surface roughness might increase
because the displacement deviation of the depth direction



K. S. Chon and Y. Namba / Journal of Mechanical Science and Technology 24 (8) (2010) 1603~1609 1605

d=1um ;
V =2 m/sec o
i1 R=10mm !

Surface roughness rms (nm)

Feed rate (um/rev)

Fig. 4. Relation between rms surface roughness and feed rate for a nose
radius of 10 mm.

might be maximally 0.19 pm, which came from the spindle
angle deviation times the sample diameter of 52 mm. There-
fore, the spindle motion error could have a the strong influ-
ence on the surface roughness in very low depth of cut, less
than 0.5 um. Additionally, a tiny chip mixed with mist oil was
attached on the diamond tool and the chip removal was not
easy, which resulted in the surface degradation. There is a
critical depth of cut for transition from ductile mode to brittle
mode for brittle materials [9]. Electroless nickel is a brittle
material. The critical depth of cut is above 10 um for the elec-
troless nickel [10].

A depth of cut of more than 0.5 pm and cutting speed from
0.5 m/sec to 3.6 m/sec were not critical factors to influence to
the surface quality of electroless nickel samples under the
fixed feed rate. The tool marks on the surface of the elec-
troless nickel strongly depended on the feed rate as well as the
residual stress, friction, and subsurface plastic flow. The sur-
face roughness of an ultraprecision machined sample is
largely influenced by the machine kinematics at high feed rate,
but significantly influenced by other factors at a lower feed
rate [11]. Fig. 4 shows the relation between surface roughness
in the rms value and feed rate for a nose radius of 10 mm.
Open circles and solid line present experimental data and fit-
ted curve, respectively. The experimental data shown in Fig. 4
were obtained from samples machined with a cutting speed of
2 m/sec and a depth of 1 um. The surface roughness showed
similar behavior compared to the theoretical estimation even if
the values were different. It could result from the inherent
machine tool vibration which made a dominant waviness of
120 pum in spatial wavelength on the machined surface. How-
ever, at very low feed rate of less than 0.5 um/rev the surface
roughness was increased. In this range, the surface roughness
largely depended not on the feed rate and the nose radius of
the diamond tool but other factors such as high-frequency
vibration and chip removal.

There was a low limit in the depth of cut and the feed rate to
achieve a high quality surface. To examine the relation be-
tween cutting conditions and the working condition of the
machine tool, we observed the relative position of the dia-
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Fig. 5. Schematic configuration of the relative tool position measure-
ment.
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Fig. 6. Frequency response for stable (a) and unstable (b) cutting
modes in observing the relative position displacement of diamond tool
during machining of electroless nickel.

mond tool by a gap sensor for machining of the electroless
nickel. Fig. 5 shows the schematic configuration of the rela-
tive tool position measurement. A gap sensor was strongly
fixed on the X-axis table, and the relative position of the dia-
mond tool in the vertical direction to the machined surface
was monitored with a position sensitive sensor which gener-
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Fig. 7. Stable and unstable cutting modes of single-point diamond
turning for electroless nickel.

ated “voltage” according to the distance between the sensor
and a piece of silicon wafer. The silicon wafer was attached on
the tool post and was parallel to the machined surface of the
electroless nickel. The smooth surface of the silicon wafer
reduced the noise level within the signal. The voltage signal
through the A/D converter was analyzed by fast Fourier trans-
form. The sampling time for the voltage signal was 10 msec.
We found that the frequency of 23.8 Hz was enhanced in the
unstable cutting mode as shown in Fig. 6(b). The enhance-
ment of the 23.8 Hz critically depended on very low feed rate
and very small depth of cut. Fig. 7 shows stable and unstable
cutting modes of the SPDT for electroless nickel samples with
respect to the depth of cut and the feed rate. A smooth surface
could be obtained within the stable cutting mode, and the
boundary between two modes might depend on detail cutting
environments such as machine tool condition, nose radius and
wear of the tool, and chip removal. The stable cutting mode
means that the surface roughness of electroless nickel is lower
as decreasing the feed rate and the depth of cut. However, the
surface roughness is larger as decreasing the feed rate and the
depth of cut in the unstable cutting mode. Fig. 8 shows
Nomarski microscope images for the stable and unstable cut-
ting modes in the SPDT of the electroless nickel.

The mode was derived from the measurement of the vibra-
tion frequency, and the mode was very similar to the combina-
tion of the relations between the surface roughness and the
depth of cut and the surface roughness and the feed rate. If
either of the depth of cut or the feed rate was very low, the
cutting mode became unstable. The resonance of the machine
tool [12] was closely related to the low depth of cut and the
feed rate. The resonance might be connected to the B-axis.
The B-table was fixed on the X-table, but the servo system
of the B-axis was working. Because the rigid tool post was
positioned on the B-table, the origin of the vibration could
be B-table. The relative angle variation of the B-table was
+0.0002°, which was verified by checking the numerical
controller with respect to the B-axis and by measuring the
position deviation at the position of the marked “A” on the
tool post as shown in Fig. 5. The angle variation by the later

(©)

Fig. 8. Nomarski microscope surface images for stable (a) and unstable
(b) cutting modes of single-point diamond turning for flat electroless
nickel.

measurement was very close to the former. Although the ef-
fect by the angle variation at the center of B-axis, i.e., the cut-
ting edge of the diamond tool, was very small, the angle varia-
tion of the B-axis would be one of the vibration sources.

The machined surface depends on wear of the single-crystal
diamond tool. In our experiment, after 33 km in cutting dis-
tance the minor tool wears were detected on the rake and the
flank faces which were observed with the Nomarski micro-
scope. Up to the distance, there was no degradation of the
electroless nickel surface. We found surface deterioration after
50 km in cutting distance. Other studies for the electroless
nickel also show no surface change before 40 km [13] and 50
km [14]. To remove the tool wear effect on the surface rough-
ness, we changed the cutting edge of the single-crystal dia-
mond tool by rotation of 0.5 degree after around every 20 km
in cutting distance.

4. Reflectivity study

The electroless nickel shows good optical properties, espe-
cially reflectivity in the soft X-ray region. It is one of the ex-
cellent optical substrates used in soft x-ray optics and synchro-
tron optics [15]. We made a flat electroless nickel mirror un-
der cutting conditions of 10 mm in nose radius, 1 wm in depth
of cut, and 0.5 um/rev in feed rate. The surface roughness of
the electroless nickel mirror was 0.95 nm rms with a standard
deviation of 0.25 nm in 360 um x 270 pum area. The surface
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Fig. 9. Surface profiles for an electroless nickel mirror (b) and (c) show
the vertical and parallel direction profiles for (a).

roughness value was approximately ten times better than other
studies [10, 14] for the electroless nickel. Fig. 9(a) shows the
measured surface for the machined electroless nickel surface,
and Fig. 9(b) and (c) are profiles for vertical and parallel direc-
tions to the tool marks. The surface roughnesses for the verti-
cal and parallel directions were, respectively, 0.89 nm and
0.31 nm, and the surface roughness for the parallel direction
was very small compared to those for the area and the vertical
direction.

The surface roughness as the rms value could be estimated
from the X-ray reflectivity measurement. Fig. 10 shows X-ray
reflectivities at the Cug, emission line (A= 0.154 nm in wave-
length) for the parallel and vertical directions, which means
that the incident X-rays are parallel and vertical to the tool
marks on the electroless nickel surface. During an angle scan
of the sample using the X-ray, the scan height and minimum
width were 0.1 mm and 4.5 mm, respectively. From the best
fitting-curves for each measured reflectivity, the surface
roughnesses for the parallel and vertical directions were 1.09

10 — : :

Parallel direction
(1.09 nm rms)

P

Reflectivity
=)

Vertical direction
(1.21 nm rms)

In"' L 1 1 L
0.0 0.5 1.0 15 20 2:5
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Fig. 10. X-ray reflectivity for parallel and vertical directions to cutting
tool marks.

nm rms and 1.21 nm rms, respectively. These values were
very close to the measurement value of the optical profiler,
0.95 nm rms. Although the two roughness values were slightly
different (10 % difference), the values for both directions were
not quite different like the line profiles shown in Fig. 9(b) and
(c). The difference of two vertical directional surface rough-
nesses measured with the optical profiler and the X-ray reflec-
tometer was 0.32 nm, which might result from the effects of
low spatial frequencies, i.e., figure error, on the surface. From
both different measurements, we can see that the rms surface
roughness (o) is presented by

U:\/U;D +UIZJD (1)

when one-dimensional surface profiles, for example, Fig. 9(b)
and (c), are used to measure roughness for a surface of no
isotropy property like the diamond-turned electroless nickel.
oy, and o, are rms surface roughnesses for the vertical and
parallel directions, respectively.

X-ray reflectivity (R) on the machined electroless nickel
mirror can be written as [16]

R=R e*(4mfsiu9/)\)2 )

0

where R, is the theoretical reflectivity [17] on the ideal inter-
face and a function of the grazing incident angle of X-ray (6)
and the optical constant [18] of the electroless nickel. A and &
are the wavelength of X-ray and the rms surface roughness of
the electroless nickel mirror. To obtain high reflectivity on the
machined electroless nickel mirror, the surface roughness
should be less than the wavelength of X-ray used [19], and the
incident angle is generally less than the critical angle of X-ray.
In practical applications, the incident angle is less than 2 de-
grees. For soft X-rays, especially the ‘water window’ (2.3 ~
4.4 nm in wavelength) [20], the calculated reflectivity is over
0.8 at a surface roughness of 1.21 nm rms. It means that the
electroless nickel surface machined by the SPDT can directly
be used as a soft X-ray reflector without any post finish, for
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example, polishing, and this fabrication method can be applied
to manufacture aspheric X-ray mirrors. The diamond-turned
electroless nickel mirror can also be used as an X-ray low-pass
filter. Low energy X-rays easily can be removed by a thin
solid filter. However, high energy X-rays have high transmis-
sion property. So, it is not easy to remove the high energy X-
ray in broad band spectrum. Using the X-ray reflection on the
electroless nickel mirror, low energy X-rays of less than 0.9
keV can be reflected with a high reflection efficiency of over
80%, but the high energy X-rays of over 3 keV are surely
removed at an incident angle of 2 degrees.

5. Conclusions

The fabrication possibility of X-ray mirror by the SPDT
was examined. Electroless nickel plated on flat aluminum
alloy was used for the SPDT. The surface roughness of the
electroless nickel was nearly independent of the cutting speed
and the depth of cut of 1 um to 3 um. When depth of cut was,
however, less than 0.5 pm, the surface roughness was in-
creased. In the feed rate of less than 0.5 pm /rev the surface
quality was degraded.

By observing the relative position of the diamond tool for
machining, the stable and unstable cutting modes in terms of
the feed rate and the depth of cut were obtained and were very
close to the combination of the relations between the surface
roughness and the depth of cut and the surface roughness and
the feed rate. In the sable cutting mode, a surface roughness of
0.95 nm rms was achieved.

X-ray reflectivity measurement for an electroless nickel flat
mirror showed no strong directional dependence for parallel
and vertical directions, contrary to the line profiles measured
with the optical profiler. There was no difference in the sur-
face roughness values by X-ray reflectivity measurement and
an optical profiler within a standard deviation. The electroless
nickel machined by the SPDT without any post finish can
successfully be used as a soft X-ray reflector and a low-pass
filter for hard X-rays.
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