Calibration of gauge blocks with special focus on phase change
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From ISO 3650 (GPS) — Length standards- Gauge blocks: "The length of a
gauge block is defined as the perpendicular distance from any particular point
on the gauge block and a plane surface of an auxiliary plate of the same
material and surface texture upon which the measuring face has been wrung.
Note: This length of the gauge block includes the effect of one face wringing.”

The calibration of gauge blocks at NMISA is performed using laser
interferometry as prescribed in ISO 3650. However in these calibrations the
gauge blocks are wrung onto a quartz platen and not a platen of “same
material and surface texture” as stated in the standard.

This paper explains why NMISA does not follow the standard in using quartz
platens and also how to determine the correction factors for the different
material and surface texture.

Introduction

Gauge blocks are together with line scales the oldest standards in
dimensional metrology. However as new standards and especially laser
interferometers were developed these older standards took a back stage. A
metrologist from NIST(USA NMI) which is seen as the international expert on
gauge blocks once said; “when ask to prove the development in gauge block
metrology he was asked, how accurate could they measure gauge blocks
back in the early 1900? about + 20 nm was the answer. And how accurate
can we measure gauge blocks now? - about + 20 nm he answered again.”

So with no improvement in the accuracy of gauge block calibration brings up
the question, why a paper on gauge blocks metrology then?

Gauge blocks are and will be for a good few years the most important
standard for dimensional metrology. Most of the length measuring equipment
use gauge blocks to calibrate it or to set up the datum point even if the
measuring scale is a laser interferometer.

So why is there not a significant improvement in the measuring accuracy of
gauge block over the last 100 years? The answer is “optical phase change”
and together with this “wringing film”.

1) International standard 1SO 3650 for the calibrat  ion of gauge blocks

The length of a gauge block is describe in this standard as: “The length of a
gauge block is defined as the perpendicular distance from any particular point



on the gauge block and a plane surface of an auxiliary plate of the same
material and surface texture upon which the measuring face has been wrung.”
With a special note: “This length of the gauge block, |, includes the effect of
one-face wringing.”

Figure 1: Centre length Lc of a gauge block wrung to the plane
surface of an auxiliary plate.

The specification also prescribe the reference temperature as 20T (ISO1)
and the standard pressure at 101 325 Pa. The orientation must be vertical for
all gauge blocks.

The standard further prescribed that the centre length of the measuring face
shall be measured using the method of interferometry.

The auxiliary plate shall be of the same material as the gauge block and have
a wringing surface of the surface finish as the measuring face of the gauge
block. If auxiliary plates of some other material are used then corrections
made necessary by the different physical material properties need to be taken
into account.

2) Different length due to optical phase change bet ween gauge block
and auxiliary plate.

When gauge blocks are measured interferometrically as prescribed in the
standard, a phase correction is needed to compensate for the differences in
the reflecting surfaces between the gauge block and the auxiliary plate. The
main reason for this is the difference in surface texture, if of course the same
material is used for the auxiliary plate as the gauge block [2].
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Figure 1: lllustration of practical correction required for interferometric
gauge block measurements.

The interferometer measures the length L as seen in figure 1. However the
light penetrates into the gauge block due to the surface texture and is
reflected approximating halfway between the peak and valley of the surface
texture. If the gauge block and plate had exactly the same surface texture, no
correction will be required. In general the surface texture does differ and a
correction is required. According to Thwaite [2] a correction can be applied if
the surface texture is measured and by using the following formula the
correction for the difference in surface texture can be applied.

The corrected length =L —a +b (1)
The surface texture of a steel gauge block and steel plate was measured.

Figures 2 is the surface texture of a gauge block and figure 3 that of a steel
plate.
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Figure 2: Surface texture of steel gauge block.
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Figure 3: Surface texture of steel auxiliary plate.

From these figures it is clear that the gauge block has a smoother surface
texture than the plate and therefore less penetration of the light. A correction
according to formula (1) can be made to the length measured.

Unfortunately the surface texture is measured with a mechanical probe, which
in this case has a radius of 2um and although it is very small can not measure
all the valleys. Because of this 2 um radius it cannot measure valleys with a
width smaller than 2um. Even with an AFM which has a radius of only a few
nm, there will still be valleys which can not be measured. Although a
correction can be made it can not be used directly to correct for the level of
light penetration.
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Figure 4: Integrating sphere for measuring surface roughness.

A system to measure the surface texture optically is developed by some NMI's
[3] using an integrating sphere as in figure 4. The total integrating scatter (TIS)
is defined as the ratio of the diffuse reflectance (Ry) to the total reflectance
(Ro), thus TIS = Ry / Rp. It can be shown that the sqr (Rq / Ro ) is directly
proportional to the surface roughness of the gauge block.



This system is calibrated by measuring the centre length of a gauge block
wrung onto a series of plates having different surface roughness textures.
The system is then used to measure each gauge block in the set and make a
phase correction for each block. As the system still needs to be calibrated
using measured lengths, the only advantage is that every gauge block in a set
can be calibrated and not just an average for the set.

3) Stacking method for determining the phase change correction

The stacking method is a well-known method [4] for the calculation of the
phase change correction.

The method is by measuring the centre length of four gauge blocks by
wringing them individually to the auxiliary plate and then wrings them in a

stack and onto the auxiliary plate, and measure the centre length of the
combined length, as in figure 3. The phase correction is then calculated using

(2).

Gauge block stack

Individual gauge block

:

Figure 3: Measuring gauge block individually and in stack.
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The two methods, i) measuring surface texture using mechanical probing
instrument and make corrections ii) measuring surface texture with integrating
sphere and make corrections both required the stacking method as an initial
value.

Phase change corrections at NMISA
For the last 20 years calibration of gauge blocks at NMISA were performed

using a Hilger and Watts interferometer with quartz plates. A new gauge
block interferometer was commissioned in 2003. This interferometer was



supplied with special plates to fit inside the interferometer. The materials of
the plates were steel and Tungsten carbide. A decision to change over to
using these plates were made on grounds that the platens did fit into the
interferometer and is in line with 1ISO 3650 which states that similar material
plates must be used.

However since 2008 an investigation was performed on this issue. The main
reason was that the wring-ability of the gauge blocks onto the auxiliary plates
supplied with the interferometer is not that good. One of the reasons is that
the surface texture of quartz plates is smoother, figure 4, compared to the
surface texture of the steel plates, figure 2.
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Figure 4: Surface texture of Quartz plate.
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Furthermore wringing gauge blocks with nominal length smaller than 5 mm
does has other advantages. These small gauge blocks deform under
wringing and make it very difficult to determine the “quality” of the wring. With
quartz plates the quality of the wring can be visually inspected. Figure 5
shows a 0,5 mm gauge block wrung to a quartz plate. The wring is clearly not
satisfactory but if this gauge block had been wrung to a steel plate it would
have “feel” satisfactory, as the fringes cannot be observed.

The phase change correction is calculated using the stacking method, the
same way as when using similar material auxiliary plates. The correction
when using dissimilar materials for the gauge block and the auxiliary plate are
larger than when using similar materials but the uncertainty is smaller
because of the better wring achieved.

The decision was to change over to quartz auxiliary plates mainly because of
the quality of the wringing which is better and can be inspected to achieve the
best wring especially for smaller blocks.
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Figure 5: Fringes generated between 0,5 mm gauge block and auxiliary
plate.

Future for gauge blocks

The wringing and the phase corrections limit the overall accuracy
improvement of the calibration of gauge blocks. This is that the surface
texture of the plate and the gauge blocks cannot be improved. This affects
the accuracy to which gauge block can be wrung and how accurate the phase
change can be determined.

There are however ongoing research to improve the accuracy in phase
change corrections. Brazil NMI did research in improving the phase
correction and claimed to have reproducibility of 0,1-0,2 nm and a overall
accuracy of only 2-3 nm[5]. In an answer to these claims an article, “letter to
editor” [6] was published stating that not all uncertainty contributors were
considered, especially surface texture and form error and therefore these
claims were considered to be to small. Further more there is no model
equation for the process making it difficult to evaluate. There is also another
article [7] questioning these claims.

Another option that is considered is a double-ended interferometer [8] where
no wringing to an auxiliary plate is required. In figure 6 the diagram shows the
layout where the gauge block (GB) is illuminated from both ends without it
being wrung to an auxiliary plate. Although this is not according to 1ISO 3650
there are advantages in this setup; 1) because no wring is involved, the
calibration is faster. 2) no damage to the gauge blocks as no wringing is
involved. There is no phase change determination as prescribed in the 1SO
standard, but from comparisons with conventional systems an accurate value
can be achieved. The two advantages make this setup a viable option and
one worth considering. NMISA will research this at a later stage.



Figure 6: Schematic diagram of the double ended interferometer.
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