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Presenter
Presentation Notes
I cannot even to teach you a lot about dimensional metrology in an hour.  Information about dimensional metrology is not very well organized, and even if it were the bulk would be tricks of the trade built up over the last couple of centuries that have been passed down in some cases, rediscovered in most cases, written in places of published books.

Nearly all of the books on Dimensional Metrology are actually books on Dimensional Inspection, which is not really the same thing.  As manufacturing tolerances shrink the well documented tools of dimensional inspection will slowly show their limitations and the tricks and general tribal knowledge of the Dimensional Metrology Tribe will be needed in factories.  We are entering a time where the calibration lab is not a place where instruments came in to the lab, stickers were placed, and the instruments went out the door.  Inspection and cal labs will slowly merge, and if not the cal lab will not be needed much at all.  Most cal labs, for example, do not have a coordinate measuring machine.  Inspection areas in modern manufacturing have lots of them.  Non-contact gaging is coming and calibration and measurement assurance are not even settled yet.  Industry needs to talk to smart dimensional metrologists, and the NMI is generally the place they live.  It is a new day – you will need to prepare, and traditional preparation by apprenticeship is not going to be fast enough.  

If you get anything out of my talk today, let it be that you are entering a changing environment that perhaps even your supervisor is not ready for.  Everybody needs to get together and learn.  Everybody.  Hurry.
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Shipping 

Most cases are designed to protect the gages in the lab, not for shipping. 
On the left, the box has allowed a high stakes billiards game with 
precision gages.  Wires, on the other hand, are in separate tubes.   

Presenter
Presentation Notes
Every talk I give on metrology emphasizes shipping.  We see amazing things every year.  At the top left is how a KOBA step gage arrived for calibration at a DOE lab we used to work with.  There was no box.  It seems that the box was broken, the gage seems to have fallen off the truck and rolled on the road for a while.  It was a total loss.  Gage block cases should be taped closed with a filiment tape, the build in clasps are worthless against the shocks of shipping.  The balls, well lets just say we were unable to calibrate them because of dents and scratches.  Even gages in bottles are not safe unless the bottles are snug in another box.  We keep extra boxes and packing materials to rebox gages if we do not think the original packaging is adequate.  



Dimensional Metrology Group 

Cleaning and Handling 

We use gloves, everything from 
cotton to various polymers.  The only 
requirement is that there is no latex. 
 
We have two size ball tongs.  Ethanol 
is used for cleaning, along with lint 
free paper. 

Presenter
Presentation Notes
For real grease problems we have an industrial ultrasonic degreaser.  Very few gages come in heavy grease or wax coated.
We use various types of gloves, generally not latex because many people are sensitive to the material.  Never touch gages with bare hands.  We have found many finger prints rusted into gage surfaces in the past.

We have tongs, various types of holders, and a dust blower on hand for everything.  Do not use compressed air because it comes out cold and changes the temperature of the gage.
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Generic Uncertainty 
Budget 

 1) Long Term Reproducibility  

 2) Master Gage Calibration 

 3)  Thermal Expansion  

 4)  Elastic Deformation 

 5)  Scale Calibration 

 6)  Instrument Geometry 

 7)   Artifact Effects 

Presenter
Presentation Notes
I can’t teach metrology in an hour.  Dimensional metrology, like most metrology, is not really a cohesive science but a collection of concepts, tricks of the trade, and most of all an attitude.  Yes – attitude.
What I am going to do is to attempt to show you what I think about when I plan a measurement.  The basic list of things to worry about are on the slide.  When I think about measurement I run down the list in my head.  These are the primary stops on the journey.  The list is actually a bit longer in practice.
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Generic Uncertainty Budget 
for Dimensional Metrology 

1. Long Term Reproducibility 
2. Master Gage Uncertainty 
3.  Thermal Expansion 

a.  Thermometer calibration 
b.  Coefficient of thermal expansion (CTE) 
c.  Thermal gradients 

4.  Elastic Deformation 
a.  Probe contact deformation 
b.  Fixturing Effects 

5.  Scale Calibration 
a.  Sensor calibration 
b.  Environmental compensation 

6.  Instrument Geometry 
a.  Abbe offset and instrument geometry 
errors 
b.  Scale and gage alignment 

7.  Artifact Geometry 
Flatness, parallelism, roundness 

Presenter
Presentation Notes
Most of my staff worry about temperature all of the time.  We have a large number of thermometers, we have temperature controlled rooms, and we study their performance continuously.  
Working in 10s of nanometers means that holding things up or down is a treacherous problem because at the level of nanometers everything is made out of Jello.  Scales lie for all sorts of reasons, some are avoidable and some not.
Instruments need good geometry, but “good” is a slippery word and not very useful.  I need a list of bad things to go over.
Finally, if you are measuring junk, your measurements are going to be junk.
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Coefficient of Thermal Expansion (CTE) 

• Measurement not made at exactly 20 °C needs 
thermal expansion correction using an assumed 
CTE, α.   

• The uncertainty in this coefficient is a source of 
uncertainty.   
 

ΔL = α(T-20) L 

Presenter
Presentation Notes
The length of everything is defined at 20 °C.  This is ISO 1.  Since nearly everything changes size when the temperature changes, a drawing with sizes marked can only be true at one temperature.  In 1931 this temperature was chosen to be 20 °C.

You do not actually need to measure at 20 °C, you can calculate the size using the coefficient of thermal expansion (CTE) and the measurement temperature.  There is, however, uncertainty in the CTE and the thermometers and the thermometer placement.  Generally your uncertainty is strongly tied to your thermometry capabilities.

In the equation there are three sources of uncertainty: the temperature, the CTE and the difference in temperature between the thermometer and the part.  With large gages this last term is very important.
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SOURCES OF COMPARATOR MEASUREMENT 
ERROR 

Presenter
Presentation Notes
Heat comes from everywhere.  I have found CMMs next to glass windows, techs using their bare hands to set up gages, computers with their cooling exhaust blowing on measuring equipment, people who are probably breathing, hovering over instruments.  The number of heat sources is large and to do first class work you need to spend enormous amounts of money on the room or be very clever.  To avoid these you must be clever, and to be cleaver you need to know quite a lot about temperature – little of which is written down.  The best available source is 

TECHNICAL REPORT ISO/TR 16015   Geometrical product specifications (GPS) — Systematic errors and contributions to measurement uncertainty of length measurement due to thermal influences.

It is a bit formal in the beginning but the Annexes are very good and practical.  



Dimensional Metrology Group 

Brown and Sharpe No. 50
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Using a thermal expansion coefficient of 12 
PPM/°C  and the fact that the maximum range of 
the Brown and Sharpe #50 micrometer is two 
inches, the error in measurement caused by a 
shift of 6 °C is 3.07 μm.  The same test with a 
micrometer with a thermal insulating plate 
reduced the effect considerably. 

These graphs show three trials each for two separate 
micrometers, the first is a 0-1 inch and the second a 1-2 
inch. Neither had a plastic insulating plate on the frame. 

Blue WT Micrometer
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Presenter
Presentation Notes
Temperature affects dimension even for simple low accuracy measurements.  These are simple micrometers.  The plastic handle where you hold it actually performs a great service, lowering the expansion of the instrument.
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Operator Heat Control 

Here are the two most obvious ways of controlling body heat.  
On the left is my boss years ago, Ralph Veale.  The use of heat 
shield clothing was used up until a few years ago.  The picture 
on the right is from Terry Quinn’s marvelous book “From Artefacts 
to Atoms” 

Presenter
Presentation Notes
Keeping heat away has always been the basic goal of thermal control – isolation.  It turns out that the opposite, coupling the gage to the room strongly also works as well and perhaps a bit better.  We will see this in a few slides.
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Spatial Temperature Variations 
( )mastergage TTLL −⋅⋅= δαδ )(

Here we have the aluminum 
soaking tray next to the 
comparator.  While only 
separated by a few inches 
the temperature differs from 
the comparator by 0.3 ⁰C. 
 
For blocks over 25 mm 
extra soaking time is 
required or the check 
standard test will fail. 

On the actual platen the temperature variation is generally much smaller, 
generally holding under 0.030 ⁰C across the entire platen, and less among 
the blocks as measured (note blocks under the contact are touching). 

Presenter
Presentation Notes
Most of my labs are nominally 0.1 °C controlled environments.  This only means that the temperature is stable, not that there are no variations.  Any time you put up a physical barrier, like a measuring machine or table things change.  If you put in computers with heat exhaust then all sorts of bad things happen.  Your body emits heat in the form of infrared radiation of about 100 W, mostly from bare skin.  The operator also probably breathes.  None of this is good, although some is inevitable.
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In our conventional labs, where 
the temperature is controlled to 
about 0.5 ⁰C we see temperature 
differences of about that size.  
Large machines have a large 
thermal mass, effectively filtering 
the temperature changes.. 

Presenter
Presentation Notes
You should monitor your labs 24 hours a day.  This monitor does not have to be very accurate or precise – it is to tell you every morning that your equipment did not take a thermal ride during the evening.  Large machines hold heat, and change shape as they warm or cool because the core and skin temperatures are different.  An outage to 30 °C for only a few hours can take days to soak out of a granite surface plate or coordinate measuring machines.  We use check standards for this purpose, which is even better than a thermal trace.  We will also talk about check standards a bit later.
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Example 1: 100 mm plug gage calibrated using a 100 mm master 
plug on a long range UMM. Lab has one thermometer to monitor 
room which has an uncertainty of 1 ⁰C. 
 

Presenter
Presentation Notes
This is an example from a paper I wrote for NCSLI Measure.  It is a series of examples of the same measurement with different number of thermometers and materials to show how the measurement uncertainty can be significantly lowered with good thermal control practices.  
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Heat Transfer Equation 

)( sTThAQ −−=

Here T is the temperature of the object, Ts is the temperature of the 
environment, A is the area of contact and h is a constant that 
depends on the details of the heat transfer mechanism. Even when 
there are two or more types of heat transfer involved, the heat 
transfer follows the equation closely with some effective “h”. 

Heat Transfer Mechanism h in W/(m2-K) 
Mechanical Contact 100 - 4,000 
Free Convection of Gasses 5 – 30 
Forced Convection of Gasses 50 - 150 
Radiative Transfer 1 - 10 

Presenter
Presentation Notes
Heat is transferred in 4 different ways.  The fastest heat conduction is direct mechanical contact.  This means that sitting a gage on the machine or soaking plate is a very good way to move the gage temperature to what you want it to be.  The area of contact is the primary cause of variation.
Free convection and radiative transfer are generally about the same order of magnitude for typical gage lab temperature differences.
Forced convection is a method we can control, the only one we really can control sell and cheaply.  
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Thermal Equilibrium 

This is our holder for balls and wires.  The “V” grooves have cone do 
not provide as much thermal conduction as gage blocks on a plate, 
but these are generally small gages with little thermal mass.   
 
Currently we us fans to make things equilibrate faster and to keep the 
operator heat away. 

Presenter
Presentation Notes
Usually cylinders and balls are small enough that thermal issues can be easily handled.  Once a ring gage or disk becomes over 100 mm thermal soaking becomes a definite issue.  Our current panacea is forced convection.  Note the little fan at the left side of the picture above.  Fans are also used for long gage blocks.  The M48 labs have air speeds near that of the fans, so no auxiliary fans are needed.
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Soaking Time Experiments 

Each of the 500 mm gage blocks have three strips of tape as the 
thermometry target.  The fan can be seen in the background and the 
anemometer extends horizontally from the right side of the picture.   
 
The white board is insulated to keep the heat sources on the table 
from being seen by the infrared camera. 
 

Presenter
Presentation Notes
One summer my interns did studies of the rate of cooling of gage blocks.  For this we had an oven to heat up the blocks.  The oven was a cardboard box with a light bulb in it, which brought the gage blocks up to about 27 °C.
The temperature was monitored with a noncontact thermal sensor, which was basically a movie camera that could resolve temperature differences of about 0.02 °C.  The movies are quite dull, and basically consisted of brightly colored (hot) gages slowly growing dimmer (colder) for an hour or so.

We also had a sensor to measure the air speed at the gages.
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Results 

This logarithmic plot shows that the exponential decal model works 
very well, and the addition of the fan has a dramatic effect. 

Presenter
Presentation Notes
What we found was actually very exciting.  Sitting on a wooden table (little or no contact thermal transfer) the time it took the gage to cool to room temperature was very strongly affected by the air speed, up to about 1 m/s.  This is a semi-log graph of the results.

The block without the fan changed from about 24 °C to 20.4 °C in about 100 minutes, and to 20.04 in another 100 minutes.
The block with the fan blowing 1 m/s went from 24 °C to 20.4 °C in about 30 minutes, and to 20.04 in another 30 minutes.

Thus the “soaking” time was reduced by a factor of 3.  Even more importantly, when we looked at multiple blocks positioned together the temperature differences between the blocks fell from about 10 mK to negligible.  Thus the measurement of blocks with a fan can be done faster and more accurately than our previous isolation procedure.
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Measuring Long Gage Blocks 

The blocks were 
wrapped in Mylar, 
the comparator put 
in a insulated box 
with face shield, and 
the operator wore a 
cape, big gloves, 
and worked quickly. 

Presenter
Presentation Notes
This is the old long gage block system.  Each block was wrapped in aluminized mylar, set up on the comparator that was inside a thermal enclosure with breath shield.  The operator wore more mylar, used big gloves and tongs.  The blocks were separated on the platen to make it easier to manipulate them without a collision.  In about 90 seconds the would system would start to drift because there was still heat flowing into the system.




Dimensional Metrology Group 

Results 

The soaking times for 500 mm gage blocks, even in still air is 
much lower than general commercial practice. 
 

1/10 Time 
Air Speed 

m/s Wood Steel 

0.0 102 73 
0.5 50 41 
1.0 30 30 
2.0 28 25 
3.0 20 22 

Presenter
Presentation Notes
This is the new system.  No box, no mylar, still gloves and tongs, and blocks touching, and a fan behind the system to blow the air across the instrument and operator to the side to prevent temperature change.  The system is much more repeatable, faster, and has lower uncertainty.  We use lots of fans.
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Comparison of Steel to Light (wavelengths) 
 
ΔL/L = (12 ppm/°C + 1 ppm/°C) ΔT =    13 ppm/°C ΔT  
 
Comparison of Steel to Chrome Carbide 
 
ΔL/L = (12 ppm/°C - 8 ppm/°C) ΔT =      4 ppm/°C ΔT 
 
Comparison of Steel to Steel 
 
        ΔL/L =   0.5 ppm/°C ΔT 

NIST - Doiron 

Digression on Similarity 

Comparison measurements are easier, faster, and require much less 
environmental control.  We do very little interferometry on customer 
gages, and in general avoid intrinsic measurements of any kind. 

Presenter
Presentation Notes
This is a straight forward comparison of the uncertainty dependence on the CTE of the materials.  Measuring a steel gage block by interferometry (compare steel to light) shows that to hold 1 ppm uncertainty on the gage block we need to know the temperature much better than 1/13 °C, and to assure the uncertainty is negligible at the 1 ppm level we need thermal control to ¼ of 1 ppm number.  This implies thermal control to 0.02 °C.

Comparing steel gage blocks to chrome carbide gage blocks reduces the need for thermal measurements by a factor of 3 and requires 0.06 °C.

Comparing a steel gage block to another steel gage block the only factor is the uncertainty in the CTEs of the two blocks.  Generally we take this as a few percent, and thus we need only know the temperature to 0.1 °C.  Note that the current blocks on the market have a much wider variation in CTE than in the past where all blocks were made of only two types of steel, tungsten carbide, and primarily in the us Chrome Carbide.
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Mechanical Deformation 

Ted Doiron – Gage Block Seminar 

     Diamond Stylus Deformations 
 
    Force Steel Deformation CrC Deformation 
    N (oz)         nm (μin)       nm (μin) 
   
    0.25         70            54   
    1.0           177        137   
    4.0            445        345   
 
 
 
example:  We use a steel master to measure a chrome carbide block. 
 
Deformation for steel (0.25 N bottom, 1.0 N top) = 70 + 177 = 247 nm 
 
Deformation for CrC  (0.25 N bottom, 1.0 N top) = 540+ 137 = 191 nm 
 
Bias of 56 nm if not corrected. 

Generally, point contacts have large corrections, line contacts very 
small corrections, and plane contacts have negligible correction. 

Presenter
Presentation Notes
The deformation is quite large for point contact.  Here we have the case of a sphere on a plane, which you can imagine as a gage block comparator in contact with a gage block.  The elastic modulus of steel gage blocks is about 205 GPa and for chrome carbide 340 GPa.  Ironically, diamond is a very bad contact material because it has different elastic modulii in different directions.  The variation in natural diamond is 30% or more, so the deformation correction is very uncertain.  




Dimensional Metrology Group 

Contact and Fixturing 
1. Line and flat contact has very little 

deformation. 
 

2. Point contact can have very large 
deformation (1 μm  or larger) 
 

3. It is fairly easy to apply the too much 
force to a point contact which results in a 
dent.  The forces in wire calibration are 
fairly close to the elastic limit of steel. 

4.  If you are measuring something softer than tool steel you need to think about 
contact damage.  Think about it twice. 

 
5.  The Engineering Metrology Toolbox has a deformation calculator.  When 

contact deformations go much above 1 μm  you might want to try a lower 
force. 

Presenter
Presentation Notes
A serious sort of bias comes from elastic deformation in cases of point contact.  This included spheres in contact with planes, crossed cylinders, and spheres in contact with cylinders (ring gages).  For line contacts (cylinder and a flat) the deformation is usually negligible.  Point contacts, however, can have elastic deformations of a micrometer or more.  It is also possible to leave dents in the surfaces if the force is too great.  
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Contact Geometry 

Ted Doiron – Gage Block Seminar 

Note:  The variation in the elastic modulus of diamond is 30% depending 
on the direction of the lattice.  Since most contacts are not set to the same 
lattice direction a diamond contact has an intrinsic variation of up to 30%.  
This is large and you should avoid diamond contacts. 

We also assume we know the 
geometry of the contact.  This 
is the surface of one diamond 
contact on our gage block 
comparator.  It is remarkably 
flat with a diameter of over 
100 µm, reducing the 
deformation by 30 nm.  This is 
larger than our uncertainty! 

Presenter
Presentation Notes
In the mid 1980s when I joined NBS I was put “in charge” of the calibrations including gage blocks.  I had never heard of gage blocks, low temperature physicists have no need for them, I guess.  One day Grace Chaconas our lead tech for gage blocks came up to show me some data.  The set had passed all of the statistical tests but as a last step we always checked a new calibration with the last one if there was one.  All of the blocks seem to have changed by about 1 uin (25 nm).  She thought this was strange, and so did I.  Since it was a chrome carbide set I thought it might be a deformation problem and went down to check the comparator force.  The top contact, which was supposed to be about 1 N was 6 N.  Now the question was why the difference was so small!  I opened the back of the comparator where the counter weight was and found that it had run out of adjustment, and now there were a lot of gage blocks stacked on top of it.  The pivots had been worn or something and the machine was a physical nightmare.  Still, why did it do so well?

I took the contact off and took it to the surface group that had an interferometer for small areas and looked.  The picture shows the result of that measurement.  The diamond was wonderfully flat over an oval of about 100 µm by 200 µm.  Thus, we did not have a point contact and the deformation was much smaller.

The next question is why didn’t our statistical process control caught such a problem.  Well, the master blocks and check standards were all steel, and mostly from the same manufacturer.  Thus the check standard parameter was immune to any changes in the force of the contact.  Around the same time we measured a 50 mm metric block and the customer returned it saying our answer was not particularly close.  Measurement by another means showed that they were right.  The answer for this is that both 50 mm master/control were from the same manufacturer and probably the same batch.  One had grown 70 nm and the other 50 nm, so the check standard value did not change alarmingly.

What we did is replace one of the master sets with chrome carbide.  Now we use the steel masters for steel customer blocks and the chrome carbide masters for our chrome carbide customer blocks.  These two materials cover well over 90% of our customer base.  If you send in TC we raise the uncertainty a bit to cover the material mismatch.

While our customer calibrations are no longer sensitive to the elastic deformation our check standard (difference between steel and CrC masters) is.  What we have found is that deformations with a new diamond contact start out around 50 nm and within a year or so drop to between 10 nm and 20 nm.  The final resting place depends on the diamond, probably because of the crystal axis of the diamond.  We do about 4,000 gage block calibrations a year and each block is measured with the master and check standard 6 times.  So for 4,000 gage blocks we have made 72,000 contacts with gage blocks.  For your lab where you probably measure the master and customer block and call it a day this represents 36,000 calibrations or about 350 sets.  So, after you lab has measured a few hundred gage block sets your diamonds are probably flat and no deformation correction is needed.  If you make the correction you will probably fail the PT because you knew almost enough or too much, depending on how you analyze it.
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Ball Fixtures 

Balls need one degree of freedom so the 
micrometer can push them till contact.  
Generally this is a tiny V-block. 

Presenter
Presentation Notes
Some spheres come attached to some sort of post.  This makes it difficult to fixture in a way that does not affect the force from the micrometer to the sphere.  Some are symmetric enough to balance in the fixture, light the lower right picture.  CMM reference spheres are not, and sometimes cause problems.
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Fixtures 

Here we see two balls held up by the same table, and the two 
spheres contact different places on the anvils.  This adds the 
flatness and parallelism of the contacts to the error budget. 
 

Presenter
Presentation Notes
Holding up small, or even large spheres and cylinders is a problem.  Both have to be held between the contacts of a micrometer, but they must also be able to move to make contact with the fixed anvil.  For cylinders we have half-rounds which hold up the cylinder and exert little force because of the small contact area (two point contacts).  Once the cylinder gets 20 mm or more in diameter there is enough friction to affect how well the cylinder seats between the two flat micrometer anvils.  This then calls for gentle tapping until a minimum is found.  Some micrometer have the cylinders on a table that can be rotated in the yaw and pitch directions.  Even then we tap.

Spheres are handled is a similar manner.  For spheres we have a number of “V” groove fixtures, shown in the left picture.  The groove is aligned to the micrometer motion and the ball can then roll back and forth between the anvils with little friction.  The system also keeps the ball from escaping.  For very tiny balls we have a different system, and even here we ask the customer to send us a number of spheres and we will send back the ones we don’t lose.  This is a common problem with 1/64” balls (0.4 mm), which is a standard size in the US. 
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Uncertainty from Scale 
Most labs use two gages to set the scale calibration. 
Assumes that the scale is linear (should be checked). 
Slope variation is input to uncertainty budget. 
 

As an example, suppose we use 
a 25 mm and 100 mm gage 
blocks (1” and 4”) 
We will assume that you use the 
calibrated value, not the 
nominal. 
 
We assume the uncertainties 
are 75 nm 150 nm. 
 

Presenter
Presentation Notes
Every measurement has a scale somewhere.  The scale reads out in some unit, generally length units.  How good is it.  Most scales are calibrated with two or more calibrated artifacts or gauges.  The response is assumed to be linear, and the slope is set so that the scale gives the correct answer for the two artifacts.  We tend to use lots of artifacts, 22 gauge blocks for instance, to set the scale.  At the highest accuracy you need to check lineararity.

Note, if you use two artifacts the slope uncertainty will be pretty close to the uncertainty divided by the range.  It obviously pays to have really good calibrations of these artifacts!  This is not a place to save money.

Of course, if you calibrate the scale daily and use more than one set of master artifacts, after a few months you have data on which to base the estimate of the scale uncertainty.  If the master artifacts are calibrated regularly, then this will generate variation as well.  Remember the definition of uncertainty, it is the variability of the measurand that could be reasonally expected if all of the sources of variation were adequately sampled.  At the end of a year you look at the slopes calibrated during the year, with different operators, different environmental conditions, different master artifacts, and low and behold the standard deviation is very close to the definition of uncertainty.  We use the standard deviation of the slopes for the last few years and our slope (or scale) uncertainty.  It is somewhat below 1%.
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Encoder Error 

The graph on the left shows a typical response, it if from a Heidenhain Brochure, and 
it is about 1% of the pitch.  On the right is the error measured on a measuring 
machine in my lab. Our machine has 4 µm pitch so the error should be about 40nm, 
and it is.   
 
This is insidious because the error will repeat and multiple measurements 
will not average out the error. 

Presenter
Presentation Notes
Dithering can rescue accuracy in many ways.  Above we have one of our ULMMs that has an optical based linear encoder.  The pitch of the scale is 4 µm.  Years ago we discovered a small error that is caused by faulty interpolation between scale marks, and is thus repeated each time the machine moves 1 scale mark (in this case 4 µm).  The size of the error is 1% or more and is very reproducible.  The machine we discovered the error on had a 20 µm pitch and thus the error was larger, and frankly difficult to find at the time.

This test shows the error by putting an angle block between spherical contacts and pushing the angle block like a wedge into a log.  This allows us to move the angle block millimeters but the separation of the micrometer contacts only nanometers.  
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Cosine Error In Scale Measurement 

An angle of 5’ will produce an error of 1 ppm.  This is generally not a 
problem with modern instruments.. 

Presenter
Presentation Notes
http://store.gaging.com/blog/whats-wrong-with-my-test-indicator-a-cosine-error-discussion.html
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Cosine Error 

For small cylinders supported by two parallel half-rounds, the micrometer 
force will align the gage surface to the micrometer contact.  As the cylinders 
get bigger, static friction becomes greater and alignment errors are common. 
 
Cylinders fixtured so the axis goes up require a cylinder support so the 
surface can rotate into contact with the micrometer. 
 

Presenter
Presentation Notes
For horizontal cylinders we set the gage of two precision lapped and polished half-cylinders.  Once you get over 10 mm you can still have a problem.  Some instruments have a rotating stage to minimize the measured diameter.  Vertical cylinders can be put on a precision cylinder or wire which helps alignment.  Most cylinders are not measured this way, but it is a common method to measure thread wires.
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Abbe Error 

If the scale is directly on the measurement line the effects of 
pitch errors in the instrument are greatly reduced or 
eliminated.  Note that a micrometer has its scale (lead 
screw) aligned with the center of the contacts. 

Presenter
Presentation Notes
Precision instruments will always have the scale directly on the measurement line.  Any deviation from this rule causes serious problems.  Older instruments had this problem, particularly long waybed micrometers that had a long range scale in the body of the machine that could be seen with a microscope attached to the tailstock.  Some of these were upgraded in the 1980s with a scale down in or in back of the measurement line, but few modern machines have this problem.



Dimensional Metrology Group 

Abbe Offset 
If the scale is positioned parallel to the machine 
motion and centered on the contacts the effects 
of pitch and yaw errors in the machine motion 
are considerably reduced. 

Presenter
Presentation Notes
All of these pictures show ways of coping with Abbe errors.  The top left has an exposed scale directly in line with the center of the contacts.  Top left has a lead screw mounted coaxially with the line of contact.  Bottom right shows a scale inside the machine, and finally, the bottom left picture shows how we added a laser micrometer in line with the contacts to increase the precision of one of our ULMs.
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NIST Wire Micrometer 
Master wires are calibrated on this 
micrometer.  It is quite simple.  A laser 
interferometer provides scale, the left 
contact in on an air bearing, and the 
force is dead weight.  One contact is 
flat tungsten carbide and the other 
contact is a carbide cylinder. 

Presenter
Presentation Notes
The alignment of a cylinder and a flat to the 25 nm level or better is difficult, and as I have said before if a system is easy to align it is often out of alignment.
This instrument has only one aligment procedure beyond taking it apart and reassembling it.  The left contact, held in sort of a 3-jaw chuck has the end face make an angle of about 20” to the perpendicular of the end face.  By rotating this cylinder you can change the angle of contact by up to 40”.  If this is not enough you have to take the micrometer apart and put shims somewhere.  The contacts are usually 5 mm, and changing the angle 40” corresponds to about 1 μm of adjustment in the parallelism of the cylinder and flat contacts.  If aligned and used carefully, measured at different forces and extrapolated to zero force our uncertainty is estimated to be 0.025 μm  or better for most wires.
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Artifact Geometry 
Measurand – Detailed description of what you are to measure.  In this 
there is a dangerous trap in using words like cylinder or sphere too 
loosely. 
 
The average diameter, particular diameter, minimum material diameter, 
and maximum material diameter are all different because the ball is not 
actually a perfect sphere.  No gage is completely spherical, cylindrical, or 
flat so the different definitions are critical. 
 

unc-12 

Presenter
Presentation Notes
You need to be careful to define your measurand as clearly as possible.  An “average diameter” for a sphere is useful in density measurements, but not for a master diameter standard if it is out of round.  A marked diameter helps, and we do offer to laser etch a reference circle.

Most ring gages have a specific direction marked as the “diameter”.  These are good as master gages, but not necessarily for checking actual parts or cylinder gages.

ASME B89.1.5 Internal Diameter Gages (Ring Gages)

4.2 Location and Marking
The location of the gaging points shall be marked on one end of the ring by a diameter line. The gaging points shall be areas diametrically opposite each other at midpoint of the length of the bore. The size of the areas shall be ±0.05 in. (1.27 mm) or one-quarter of the length of the bore from the midlength point, whichever is smaller, and ±0.05 in. (1.27 mm) or one-quarter of the length of the bore circumferentially from the marked lines, whichever is smaller.
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ISO 17025-2005 
5.9 Assuring the quality of test and calibration results 
 
5.9.1 The laboratory shall have quality control procedures for monitoring the validity of 
tests and calibrations undertaken. The resulting data shall be recorded in such a way that 
trends are detectable and, where practicable, statistical techniques shall be applied to the 
reviewing of the results. This monitoring shall be planned and reviewed and may include, 
but not be limited to, the following: 
 
5.9.2 Quality control data shall be analysed and, where they are found to be 
outside pre-defined criteria, planned action shall be taken to correct the 
problem and to prevent incorrect results from being reported. 

I point out that the frequency of taking control data will set the number 
of previous calibrations that must be examined in your corrective 
action when the system is found out of control. 
 

Presenter
Presentation Notes
You have to collect data on your calibrations, ISO 17025 requires it.  Why not take enough data to find your uncertainty!
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Check Standard 
• A tool to continuously monitor the measuring 

process 
• If the check standard is in control then the 

process is assumed to be in control 
• Measures the long term variability of the process 
• Measurement algorithm continuously tested 
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GUM 

3.4 Practical considerations 
 
3.4.1 If all of the quantities on which the result of a measurement 
depends are varied, its uncertainty can be evaluated by statistical 
means. However, because this is rarely possible in practice due to 
limited time and resources, the uncertainty of a measurement result 
is usually evaluated using a mathematical model of the measurement 
and the law of propagation of uncertainty. 

Presenter
Presentation Notes
This is my favorite sentence in the GUM.  Basically, it says that if you use the right check standards the standard deviation of the check standard data will give you your uncertainty without any sort of models, statistics, or other vague and unsavory mathematical tools.

You can do this.  Most of our Key Comparison and SIM Comparison uncertainties come from our check standard data.  The only additions that might be needed is for sources of variation that do not cause changes in the check standard value.
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Check Standard Coverage for Gage Block Comparison Calibration 

Source Sampled in 
short term Sampled in long term customer block 

Reference Master Block Length 3-5 year cycle 
Master block geometry room/operator/instrument 

customer block geometry X - although most have 
history 

mechanical deformation - probe X 
mechanical deformation - force X 
mechanical deformation - elastic 
modulus 

usually well matched, TC 
isn't 

Instrument Geometry room/operator/instrument 
Instrument Calibration X 
Repeatability X 
Drift Corrections X room/operator/instrument 
temperature calibration each year 
tempeature readings X 
thermal variations room/operator/instrument 

CTE - master blocks only two 
sources 

CTE - customer blocks X 

Presenter
Presentation Notes
For example, these are the major sources of variation in gage block calibration by comparison to master blocks.  We have two sets of master blocks, one steel and the other chrome carbide.  Both are measured in every customer calibration.  The difference in length of the steel and chrome blocks is our check standard.  The steel master is the reference for steel blocks, the chrome block is the reference for chrome blocks, and tungsten is derived from the steel/chrome difference.

Short term variations we see are variations from the master block geometry because we set the blocks by hand.
Deformation effects from the probe material, block material, and variations in the contact force.  These effects are much larger for the check standard than the customer block.
Temperature effects will change the value of the check standard more than for the customer block.
The comparator scale is checked in each calibration. 
Our check standards for our current masters go back to the late 1980s, and thus contain multiple recalibration of the master blocks by interferometry.
The only variations we do not see directly are those of the customer blocks (geometry, elastic properties, uncertainty in CTE).
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y = 8E-08x + 6E-05 
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Reproducibility Data for M48 CMM 
Data spans 1994 to 2000 

Step Gage
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Rings and  Plugs 

Presenter
Presentation Notes
For step gauges, to get more data for the analysis I took 4 step gauges that had been measured 3 or 4 times over the decade (1990s), and for each length found the mean of the calibrations of each gauge, and the deviations from the mean.  These were pooled by length, and the standard deviation was found.  The little diamonds represent reproducibility data over about 10 years for steel.  It is nice to see that the check standards fall directly on the line from the step gauge data.

During this time period, all of the thermometers were recalibrated quarterly, including the air thermistors used to compensate the laser wavelength.  The barometer was calibrated yearly, the probe was calibrated against a 1 inch gauge block on each calibration, and the 1 inch block was calibrated yearly.  This graph pretty much IS the uncertainty for step gauge calibrations.
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Check Standards Show Performance Changes 

Reproducibility Step Gage Measurement
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This shows the history of our 1020 KOBA run on the same machine, 
the Moore M48. The top data is the old ±0.1 °C laboratory.  The 
bottom data is from the AML with its  ±0.01 °C laboratory.  The 
difference is dramatic, lowering our uncertainty by 50%.   

Presenter
Presentation Notes
It is always nice to show your boss that things are getting better.  This is a dramatic example, and given the cost of the new labs it was nice to show that we got something for the money.  
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End 

doiron@nist.gov 
 
Do not hesitate to send me an email.   

mailto:doiron@nist.gov
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