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FOREWORD
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about the observed seal contact phenomena.
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INTRODUCTION AND BACKGROUNJD

The sealing surfaces of mechanical face seals are generally lapped flat

and parallel prior to operation. Despite this, non-uniform solid-to-solid

contact can occur at the interface. Consequently, frictional tractions and

frictional heating can vary around the seal ring circumference. Burton and

others [1-3] have shown that the non-uniform heating may, by the process

known as thermoelastic instability, lead to the concentration of contact

into a small number of hot, highly stressed contact patches. These patches

are much larger and fewer in number than the uniformly distributed asperity

contacts normally assumed to comprise the contact interface. It has been

shown that the large thermal stress near the hot contacts could be responsible

for the thermocracks, or heat checks, that frequently are seen on seal rings

after severe operation [4].

Proof of the existence of hot patches of solid-to-solid contact has been

obtained experimentally in the case of metallic rings rotating against a non-

metallic disk [3] and, more recently, in actual operating face seals [5]. The

latter study made use of a new contact probe which enables the monitoring of

contact patch sizes and locations in ring-on-ring or ring-on-disk configurations.

It has proven quite effective in determining the geometry and movement of
contact patches in dry operation of mechanical face seals [5]. When used in

conjunction with numerical thermal and stress analyses, the probe allowed

determination of distributions of frictional heat, contact pressure, and stress

in the contact patch regions [6].

The earlier studies provided much information about contact patches in

dry operation of face seals and the factors that affect them. For example,

in dry operation of seals consisting of a carbon graphite ring in contact with

a metallic ring, it was found [5] that solid/solid contact is concentrated in a

few (2 to 5) patches which remained stationary with respect to the metallic
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seal ring. The patch length was smaller, and surface temperatures higher,

at higher seal velocities and with metallic rings having lower thermal con-

ductivity or greater hardness [5,6]. These results agreed with earlier

theoretical analyses of the phenomenon 1].

It was the purpose of this work to extend the previous experimental

studies [5,61 in order to gain a better understanding of contact phenomena

in face seals. Of particular interest were the following:

1. Extension of the experimental study of seal contact conditions to

liquid lubricated seals. Previous attempts at using the contact probe with

sealed liquids had met with failure, owing to the leakage of electrical cur-

rent through the thin liquid film present between the seal faces [5].

2. A controlled study of the relationship between contact cunditions

and wear witnin the contact patches. It has been proven theoretically that

wear can affect the therrnoelastic instability that results in patch forma-

tion [7], but the inverse relationship, i.e., the effect of contact patch

conditions on wear had not been studied.

3. Determination of the relationship between contact patch locations

and the surface profile of the seal rings. Although it has been shown that

thermoelastic instability can occur with flat contacting surfaces [11, it was

hypothesized that the origin of the contact nonuniformities was the initial

waviness of the seal faces. This work set out to prove that hypothesis.

METHODS AND MATERIALS

Apparatus and Test Procedures

The seals used in this program were slightly modified versions of a

mechanical face seal designed for turbine engine applications. The seal has

a carbon graphite primary ring, which in these tests served as the stationary
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seal ring. The rotating ring was metallic.

The seal rings were mounted in specially designed holders. The holder

with the rotating ring was mounted on the spindle of a modified drill press.

The stationary specimen holder was mounted on a thrust bearing beneath the

spindle and was surrounded by a test chamber which could serve to collect

leakage from the seal. Rotation of the test chamber was limited by a torque-

sensing system for friction determination. Normal load was applied through

the spindle by a static weight hung on the loading arm. The spindle was

rotated at a preset speed ranging from 15.7 rad/s to 188.5 rad/s (surface

velocity of the rotating ring ranging from 0.41 to 4.95 m/s).

The stationary carbon seal ring had two very small (0.22 mm diameter)

holes drilled in it, perpendicular to the contact surface. One of the holes

was near the ring inside diameter and the other near the outside diameter.

Fine wires (0.18 mm diameter) were mounted in each hole to act as contact

probes [5]. The wires were bonded in the ring with an electrically insulating

adhesive and the surface of the ring was then lapped and polished. The wires

therefore formed part of the seal ring surface, but were electrically insulated

from the rest of the ring. The probe wires were made from constantan so that

they could also act as one leg of a dynamic thermocouple [5]. The other side of

the contact probe circuit, and thus the other leg of the thermocouple, was the

rotating metallic seal ring. Electrical connection was made to the rotating

seal ring through a carbon electrical brush at the ring outside diameter. A

schematic diagram of the test apparatus is shown in Figure 1.

To allow the possibility of liquid lubricated seal tests, a means was

provided to supply pressurized fluid to the interior of the seal. For these

tests the fluid was tap water and its pressure could be controlled by a regu-

lator in the supply line (Figure 1). The flexible supply line tubing did not

inhibit friction measurement.
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During a test, the contact probe/thermocouple worked as follows L5]:

In the probe mode, a 5 volt D.C. signal was applied to the rotating ring

via the electrical brush. Both probe wires were monitored using an oscilI-

loscope. If the wire location on the stationary ring was in intimate con-

tact with the rotating ring, a 5 volt signal appeared on the scope; other-

wise zero volts appeared. The oscilloscope trace was triggered at the same

point on the rotating ring each revolution. Therefore, the probe output

could be used to locate contact patches, determine their size (from the

width of the 5 V pulses) and monitor their motion relative to the moving

ring. In the thermocouple mode the 5 V input signal was turned off and,

instead, the emf generated by the dynamic thermocouple junction was moni-

tored, enabling temperatures of the contact patches to be approximated.

Wear of the seal rings was determined by weight loss measurements. Each

of the seal rings was weighed on an accurate analytical balance before and

after each test run.

Analysis of the surface profiles of the seal rings both before and after

wear tests was performed using computerized profilometry equipment. The

system was built around a linear profilometer which was modified to enable

seal ring topography to be measured. A high accuracy, motor driven, air

bearing rotary table was used to rotate the ring-shaped specimens beneath

the profilometer's stationary stylus head. A fixture was built to accurately

center and level the seal ring on the rotary table.

A more complete characterization of the surface topography was desired

than that given by the analog output of the profilometer. A digital data

acquisition system was used to acquire and digitize the surface profile

data and to pass the data to a digital computer for data analysis. The

analysis software accomplished the removal of ring tilt from the topography
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across the ring interface. A fifth contact was beginning to appear between

the second and third patches, although it initially showed up on only one probe

(Fig. 4a). Later this contact spread radially across the interface and appeared

to be joining with the second contact patch. From the surface profiles

(figures 0b and 5b) it can be seen that that fifth contact occurred at a

shoulder on the ring profile just after the second waviness peak.

Closer examination of the surface profiles in Figures 0b and 5b shows

that wear had occurred at the four peaks of the ring surface, resulting in

both a decrease in peak height and a roughened surface within the contact

patches. The ring surface, which had been polished to a finish of approximatelIy

0.01 vim Ra before the test, ended up with a roughness two to ten times greater

within the contact patch areas after one hour of sliding. This increase in

roughness near the contact patches is apparent in Figure 6, which shows the

short wavelength surface topography for the ring of Figures 4 and 5. To obtain

those roughness curves the long wavelength waviness information was numerically

subtracted from the profile data in the data analysis program [8].

Results similar to those shown in Figures 4 and 5 were found for 440 C

stainless steel rings of several different hardnesses [10]. In all cases, the

waviness peaks, which coincided with contact patch locations, were found to

increase in height and become roughened due to wear. An additional example of

these results is shown in Figure 7, for the case of a 440 C stainless steel at

hardness RB 98. Note how the peaks of the contact profile were worn and became

rougher as a result of wear.

The change in surface profile was even more pronounced with beryllium

copper test rings, which showed considerably more wear than those made from

440 C stainless steel. This is shown graphically in Figure 8, in which the

before-test and post-test profiles of a beryllium copper ring are compared.
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440 C stainless steel ring (Rockwell hardness R C40). The photo was taken

after about 15 minutes of testing at 125.7 rad/s. Three distinct contact

patches are seen, with some evidence of a fourth forming (at about 400

from starting point). Soon after the photo was taken the seal was dis-

assembled and the surface profile of the metallic ring was measured. As

part of the data analysis, any tilt of the ring was subtracted by doing

a Fourier analysis of the data and subtracting the first harmonic. The

resulting profile is shown in Figure 3b, with the short wavelength surface

roughness subtracted.

Comparison between the surface profile and the contact probe photo

shows that the locations of these peaks correspond with those measured

contact patches. The highest of the peaks, located at about 140', appcars

to be at the end of the broadest contact patch, while the smallest peak is

at about the same location as the small patch just coming into contact in

Figure 3a.

Figures 4 and 5 show a comparison between the surface profiles, in-

cluding microroughness, and the contact patch locations measured both

before and after tests for 440 C stainless steel with Rockwell hardness

R C60. The ring was run dry against carbon graphite for one hour at

125.7 rad/s. Again, close agreement between the two sets of results sup-

ports the hypothesis that the contact patch locations coincide with the

peaks of the metallic ring's surface profile. For that stainless steel

ring there were initially four distinct contact patches within the 157 mm

ring circumference (Fig. 4a). All four of the patches were indicated by

both probe wires, the one near the 0.D. of the contact interface and the

other near the 1.0. This showed that those patches extended radially
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cooler contact patches at lower speeds than at higher velocity. The same

tendency was noted with 52100 bearing steel mating rings. These results are

similar to those found earlier in dry tests of those materials [5].

One result of the liquid lubricated tests that differed from those of

the dry tests was a slight tendency of the friction coefficient to be lower

at higher velocities, particularly with the 440 C mating rings. The average

friction coefficient was Qi15 at 62.8 rad/s, decreasing to 0.13 at 188.5

rad/s. This could be an indication of more effective hydrodynamic lubri-

cation at higher velocities. Another difference between the wet and dry

tests was the more unstable nature of the contact patches in the wet cases.

As noted above, there were more sudden changes in patch size in the liquid

lubricated tests than had been observed in dry cases.

Because of the similarity between these results for liquid lubricated

seals and those obtained earlier for dry operation [5], and owing to the

additional complexities involved in testing liquid lubricated seals, the

rest of the tests in this paper were run in a dry condition.

Relationship Between Surface Profile and
Contact Patch Location

When the first measurements of contact patch sizes and locations

were made [5], it was hypothesized, but not proven, that the contacts were

located at waviness peaks on the contact surface of the metallic ring.

Subsequent development of a profilometry data acquisition system in our

laboratory [8] has enabled comparison between ring surface profiles before

and after testing and the contact probe measurements during operation.

A typical contact probe output trace is shown in Figure 3a. The trace

is from a dry test of a carbon graphite stationary ring in contact with a



patches, comprising a total of about 25% of the ring circumference. The

temperature in the patches was 85-901C, according to the dynamic thermocouple

output. Later, after about 3 minutes of testing the patches had grown and

merged into three large patches, making up nearly 75% of the circumference

and having temperatures ranging from 55-600C (Fig. 2b). Still later, after

7 minutes of testing, there was a shrinkage of the patches that seemed to

be accompanied by (or related to) leakage of fluid from the seal. The patches

then gradually grew until after about 15 minutes there were again three large

contacts similar in size to those in Figure 2b.

At higher speeds there tended to be smaller contact patches, as was the

case with dry operation [5]. Tests of beryllium copper rings rotating at

125.7 and 188.5 rad/s showed that the patch sizes generally had settled to

a steady size after about 20 minutes of operation. The total patch length

was shortest for the 188.5 rad/s test (=35% of the ring circumference) and

was larger (about 50%) for the 125.7 rad/s tests. As was shown in Figure 2b,

the contact patches covered a total of about 75% of the ring circumference

in the 62.8 rad/s tests. The surface temperature within the patches was

found to be higher for shorter patch lengths in these liquid lubricated

tests (up to about 1500C for the 188.5 rad/s tests). These temperatures were

somewhat lower than those measured in dry tests under the same conditions [5],

although the friction coefficient was nearly the same as that measured in

the dry tests (f= 0.15). An analysis of the surface temperatures indicated

that the major reason for the lower temperatures was transfer of heat to the

sealed fluid at the inside of the rotating seal ring [10].

Tests with 440 C stainless steel mating rings showed the same trend as

that observed in the beryllium copper tests. There were fewer, larger, and
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After the test, the metallic ring was again ultrasonically cleaned

before weighing (to determine the amount of wear that had occurred) and

measuring the surface profile. The wear particles on the carbon graphite

ring were removed using compressed air and tissue paper before weighing

of that ring.

For the liquid lubricated seal tests, the same procedure described for

the dry tests was followed, except that pressurized water was introduced as

a sealed fluid at the interior of the seal and wear was not determined.

As was the case in earlier tests with liquid lubricated seals [5], there was

a tendency for the contact probe signal to be shorted through the thin film

of sealed liquid between the seal faces. Nonetheless, careful test procedures,

along with a lower fluid pressure, a larger normal force between the seal

faces, and some electronic signal filtering enabled the contact probe and

dynamic thermocouple to give clear indications in most cases. Water pressures

as low as 3500 Pa were used in some tests.

RESULTS AND !ITSCUSSTON

Liquid Lubricated Tests

Many of the results of the liquid lubricated tests were similar to those

described earlier [5] for dry tests. A typical set of results is shown in

Figure 2 for the case of carbon graphite stationary ring and beryllium copper

rotating ring. In Figure 2a is shown a photo of the contact probe output at

the beginning of a test at 62.8 rad/s angular velocity. Despite lapping

of the rings prior to the test there is evidence of five distinct contact

-o .00
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Experimental Procedures

Each of the metallic rings used in the test program was carefully

lapped and polished prior to testing. Once polishing was completed, the

ring was ultrasonically cleaned before weighing on an analytical balance.

The carbon rings were also lightly lapped and cleaned before being weighed.

Prior to testing the surface profile of each metallic ring was obtained

using the profilometer system. The ring was accurately centered on the

air bearing rotary table and mechanically levelled to within ±4wm in most

cases. About 45,000 samples of profile data were then obtained around the

ring circumference at the center of the contact path.

Following completion of the profile data acquisition process, testing

of the specimen could be performed in a dry condition, that is, in room

temperature air with no sealed liquid, or in a liquid lubricated condition

with sealed water. The test duration for all dry tests was set at 1

hour. Before the start of the test, the rotating metallic ring was lowered

onto the carbon mating ring and contact was maintained by applying a con-

stant normal force of approximately 92 N. The contact probe/thermocouple

was set in the probe mode and a 5 volt D.C. signal was applied to the ro-

tating ring via the carbon electrical brush placed at its outer diameter.

The 5 volt pulses arising from intimate contact between the rotating ring

and the probe wire were monitored using an oscilloscope, and photographs

were taken of the oscilloscope output at several instants during the course

of the test. The contact probe/thermocouple was then switched to the thermo-

couple mode, in which the 5 volt input signal was turned off, and a small

voltage signal was generated at the contact spots where a metal-to-

metal junction had been established. This generated emnf was also monitored

through the oscilloscope. Photos were taken so that contact temperatures

could be approximated.
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data, calculated a number of surface roughness parameters, and plotted

the surface profile around the ring circumference, along with other rele-

vant topographical information. Further details of the data acquisition

and analysis system are given in Appendix A and ref. [8].

Materials

Each of the seals tested in this work consisted of a stationary

seal ring made from a commercial carbon graphite material (Pure Carbon

grade P658RC) and a rotating metallic ring. All rings were in a configura-

tion similar to that found in the baseline commercial face seal. The

sealing surface of each combination had an inside diameter of 5 cm and a

width of 2.5.mm.

Three metallic ring materials were used in the tests; 440 C stainless

steel (the baseline material), 52100 alloy steel, and beryllium copper.

The product of modulus of elasticity times coefficient of thermal expan-

sion differs slightly for these three materials (ranging from 2.Ox1O7Nm 2CC1

for 440 C stainless steel to 2.6xlO7Nm-2C-I for 52100 alloy steel). A much

more significant difference is found in thermal conductivity which is

24.2Wm-1 C 1 for 440 C stainless steel, 38Wm-C -1 for 52100 alloy steel and

IOOWm-IC -I for beryllium copper [9]. One of the major goals of this work was

to study the relationship between the contact patch length and wear resis-

tance, and for that purpose the metallic rings were heat treated to three

different hardnesses. One set of rings from each material was hardened to

the same Rockwell hardness Rc40. Other rings of 440 C stainless steel were

heat treated to achieve a qreater hardness, Rc 60, while others were left in

the annealed condition, where they possessed the hardness R8 98. Details of

the heat treatment procedures are given in ref [101. A summary of the ring

material properties is qiven in Table 1.

A
....
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In that case there were initially two contact patches, located at the waviness

peaks about 1800 apart on the ring surface (Fig. 8a). By the end of the one

hour test the contact regions had expanded and joined to cover the entire

157 mm ring circumference. This resulted in about a tenfold increase in

roughness over the entire ring surface, and in the virtual disappearance of

the initial surface features (Figure 8b). As is evident in Figure 8, con-

siderable wear of the beryllium copper ring surface took place during the

one hour test. As was the case with the stainless steel rings, wear occurred

only within the patches of contact, but in the beryllium copper case the

patches spread over a much larger area, the entire nominal contact area.

There was some evidence in tests of 52100 alloy steel rings that the wearing of

the contact patches can produce an increase in both surface roughness and waviness

[10]. In one test the range of heights of the surface profile increased from

approximately ±0.2 urn to about ±2 urn (measured from profile centerline).

Although substantial roughening occurred at the waviness peaks, most of the

increase in height appeared to result from an increase in wave height [10].

That increase could be caused by some warping introduced by non-uniform wear

of the heat treated ring surface.

Effect of Material Properties on

Co-ntact Patch Size and Wear

To further examine the influence of ring material properties on the

relationship between contact patch geometry and wear, a series of tests was

run with five different metallic rings. All rings were tested for one hour in

dry sliding against a carbon graphite ring at 125.7 rad/s.

A summary of the test results is given in Table 2. The contact width

and wear (weight loss) values given are the mean values of measurement taken

from between five and nine tests of each material. Standard deviations of the

wear values are given in brackets in the table.
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An overview of the results reveals a general tendency of the contact

width to increase towards the end of the test. An increase in contact patch

width was also seen with increases in thermal conductivity. This is in

agreement with data reported earlier [5]. Most distinctive is the contact

patch width for beryllium copper at completion of the test. After one hour

of continuous rubbing, the contact width stretched over the whole circum-

ference of the ring in all of the tests with that material. As was mentioned

earlier, beryllium copper has the highest thermal conductivity of the three

materials tested, while 440 C stainless steel has the lowest.

It can also be seen from Table 2 that, for the 440 C stainless steel

material, the total contact width decreased as the hardness increased from

Rockwell B98 to Rockwell C60. This supports the earlier prediction [5]

concerning the formation of smaller, hotter contact patches at higher hardness

levels. This is not surprising since it is well known that the contact area

required to support a given load is inversely proportional to the hardness

of the material. This also means, however, that the differences in contact

patch size which were observed for the three materials with the same hardness

but different thermal conductivity were not due to a different real area of

contact. Instead they are indicative of a concentration, or spreading out,

of the real area of contact into different-sized patches.

Table 2 also presents some interesting wear data. Comparing the wear for

the three materials of the same hardness (Rockwell C40), one sees that in-

creases in wear accompanied increases in contact patch size. The beryllium copper

ring had the largest total contact width and experienced considerably more wear

than the other, less conductive, materials. Even though all three materials had

the same hardness, the wear data clearly indicate that the wear resistance of the

beryllium copper ring was much lower than either of the other two materials.

A '
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Microhardness measurements in the worn region of each ring showed that each

material experienced work hardening in the contact zone, so softening due to

frictional heating did not affect wear in these tests.

The wear data also indicate that, in addition to having by far the

highest wear, the beryllium copper ring also caused the most wear of the

carbon counterface. Thus, from a wear point of view, beryllium copper, the

most highly conductive material, would be a poor choice for a face seal

application requiring good durability. This result is important since

earlier work [4] had concluded that materials which have relatively high

thermal conductivity would be less likely to encounter thermocracking and

might, therefore, be good candidates for face seals. The large contact patch

sizes noted with beryllium copper would indeed lead to reduced near surface

stresses with that material, thus making thermocracks less likely. However,

those large contact lengths result from the combined effects of beryllium

copper's high thermal conductivity and its low resistance to wear, and low

wear resistance is undesirable for seal face materials. The mechanisms re-

sponsible for beryllium copper's high wear rate could not be ascertained in this

series of tests.

Tests of 440 C stainless steel rings at three different hardnesses

showed similar patterns of wear, which was concentrated at the contact patch

locations. There was a definite tendency toward decreased carbon ring wear

in tests against harder stainless steel rings. There was also a slight, and

unexpected, increase in metallic ring wear with increases in hardness, but

the variability in the wear data, as evidenced by the standard deviation,

makes that result somewhat inconclusive. Further tests are being run to

confirm that relationship between metallic ring hardness and wear. If later

results show a similar increase in metallic ring wear with hardness, it could

be because of the more severe temperatures and thermal stresses near the

________i_ N A =L-.



25

smaller contact patches associated with the higher hardness materials. None-

theless, each of the 440 C stainless steel rings, regardless of hardness,

showed much less wear than that which occurred with either of the other

metallic materials used in this study. This is indicative of better wear resisi'1' e

for the stainless steel material in this application.

CONCLUSIONS

In conclusion, the results of this year's research can be summarized

as follows:

1. Contact patches resulting from thermoelastic instability have

been observed to follow a similar trend to those

obtained in the previous study [5]. Namely, under both

dry and liquid lubricated conditions, the patches tended

to remain stationary on the rotating metallic ring,

although they were more transitory in nature in the

liquid lubricated case. Contact patch sizes tended to be

larger and at a lower temperature for beryllium copper

ring than those found with 440C stainless steel or 52100

alloy steel rings. Based on the results of the tests, it

appears that those ring materials with higher thermal

conductivity and lower wear resistance were more conducive

to the formation of larger and cooler contact patches (or

less prone to thermoelastic instabilities). These

phenomena stemmed from a combination of heat conduction

and wear, which led to the enlargement of the contact

patches. It was observed that decreasing the rotational

velocity also resulted in larger contact patches and

lower contact temperatures.

2. Surface geometry analysis using the profilometry system

has shown that the contact patch locations coincide with
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peaks of the surface profile waves. Wear was also found

to have occurred at the peaks of the profile. as reflected

by the worn surfaces of the peaks and an increase in sur-

face roughness in those regions.

3. Results of the wear tests for three metallic rings at

Rockwell C40 show that contact patch size and weight loss

of the rings increase with higher thermal conductivity.

Beryllium copper, having the highest value of thermal con-

ductivity, had the largest contact width due to the higher

rate of heat conduction away from the contact spots and the

lower wear resistance of the material. It also experienced

the most weight loss, though its hardness was equivalent to

the other metallic rings.

For 440C stainless steel rings at Rockwell R. 98, R C40

and R C60, the wear test data showed that total contact

width at both the beginning and end of the test decreased

as hardness increased from R 898 to R C60. Wear of the metal-

lic ring was only very slightly affected by the change in

hardness.

4. Based upon the results from this study as well as earlier

ones [5], material parameters such as thermal conductivity

and wear resistance merit careful consideration when ana-

lyzing contact conditions in mechanical face seals. In-

creasing the thermal conductivity of a material would

increase the contact area, thus ensuring maximum uniform

contact of the faces and less chance of thermocracking.

However, the increase in contact area may be accompanied by

undesirable high wear rates, and hence, a decrease in the
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operating life of a face seal. On the other hand, comparing

the wear data for 440 C stainless steel at RB98, RC40 and

RC60 indicates that wear was not affected considerably by

increasing the hardness of the material.
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APPENDIX

Description of Surface Profilometry System

Study of the location of contact patches on surfaces and wear within

the patches necessitated the characterization of the seal ring surfaces

before and after test runs. This task was handled by profilometry techniques.

The system was built around a linear profilometer (Bendix Proficorder) which

was designed to perform surface topographical studies of straignt traces over

flat surfaces. In order to accomplish profile analysis around a

circular trace on a flat seal ring a high accuracy air bearing rotary table

(Alpha-Round) was purchased. The motor driven rotary table was used to rotate

the ring beneath the stationary stylus of the profilometer.

The profilometer was designed to produce a chart record of the surface

profile and a measure of the surface's average roughness (Ra) value. More

information about the surface profile was desired than the profilometer could

provide. This was accomplished by designing a computer-based system for the

acquisition and analysis of the surface profile data. Complete details of that

system are given in ref. [8] and a brief description will be presented here.

The system consists of a microcomputer consisting of a personal computer

(IBM PC-XT) with peripheral equipment, and mainframe computers (DEC VAX 11-785

and Honeywell DPS 8). The personal computer is equipped with an analog/digital

input/output board (Data Translation DT 2805) that is programmable and has a

12 bit analog/digital converter that can sample analog surface profile data

(from the profilometer) at rates of up to 13.7 kHz. A direct memory access

(OMA) controller enables the board to write the digitized data directly into

random access memory on the PC.

The data are sent, via a high speed link, to one mainframe computer (VAX

11-785) for data analysis and another (Honeywell) for graphical output of the

results.

28
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When a profile is to be taken of a surface, the specimen is mounted under

the stylus, the tracer is set to run with the center line of the profile in

the middle of the record, and the range of surface heights is set on the

amplifier. The profilometer produces an analog output directly proportional

to the stylus motion.

The analog signal is connected to an Analog to Digital Converter, ADC,

that transforms the signal from analog to digital form. To gain sufficient

resolution, a 12 bit converter is utilized. This means that the range will

be divided into 4096 quantization levels, or a relative error less than 0.025%.

The Data Translation board contains besides the ADC a Direct Memory Access (DMA)

Controller and a parallel port for comm~unication with a computer. Circuitry

to set range, offset, and gain for the input signal to the ADC is also provided.

Once the signal has been digitized by the analog to digital converter the

12 bit word is forwarded to the PC. The DMA controller has to be programmued

to perform the task of reading the data from the ADC and sending it to the

parallel output port of the Data Translation board. The PC will initially

store the data in random access memory (RAM). Once all the desired conversions

are done the PC will store the data in non-volatile memory, a Winchester disc

in this case. The maximum number of datapoints that can be gathered is determined

by how much random access memory there is available for storage of datapoints.

The sampling rate has to be specified for each case, depending on the

character of the surface, the relative speed between the stylus and the surface

and the information that is desired from the analysis. For tests where short

wavelength information (roughness) is of interest a high sampling rate and a

low relative speed are desired. If only the waviness is of interest a lower

sampling rate at a higher relative speed will do. A sampling rate up to 13700 Hz

can be performed by the ADC but the user can only set it to a maximum of 1000 H7

since there is no interest in higher sampling rates. The sampling rate was

measured to be accurate to within t .01%.
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To initialize the PC for the task of data acquisition the user runs

the program for data gathering and data storage which is named Profilec.

Profilec is written in Microsoft Basic and uses the PC-DOS operating system.

A flowchart for the Profilec program is included in Figure Al. The user is

asked to answer questions to get the information that is necessary for later

analysis of the data. The user sets the sampling rate, number of samples to

be taken, and tells the system when to start the data acquisition process.

When all the data have been stored on the Winchester disc the initial part

of surface analysis has been completed. If the user wants to store the data

file on a diskette he needs only copy the file from the Winchester disc to a

diskette.

The data file is then transferred to a Digital Equipment Corporation Vax

11-785 mainframe computer for analysis of the data. The reason for doing the

analysis on mainframe computer instead of doing it on the PC is the large

amount of numerical processing that is required for the analysis of the surface

data. To reduce the analysis time a larger mainframe computer is employed.

To transfer files between the PC and a mainframe computer the Kiewit computer

network is utilized. (Kiewit is Dartmouth's computer center).

A Fortran77 program called Procalc has been written to perform the data

analysis. A flowchart of the Procalc program is presented in Figure A2.

The program calculates a large number of surface roughness parameters, including

average (Ra), RMS, and total (Rt) roughness, skew, kurtosis, and radius of

curvature of asperities. The user runs the program and supplies the name of

the data file and the name of the output file. The output file contains all

the information that is to be passed to the graphics program. The user has the

option to have the autocorrelation function and the power spectral density

function calculated. There are also options for setting the limits of the

trace to be used for the analysis, setting the cutoff between waviness and
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roughness, and if a harmonic analysis or best fit straight line should be

utilized to remove the tilt of the sampled profile (a harmonic analysis is

used with circular traces, while a straight line fit is employed for straight

traces).

In order to take advantage of available computer graphics facilities,

the output data from the Procalc program is sent to another mainframe computer

(Honeywell DPS 8) for plotting, Again the high speed Kiewit network is used.

The data can be plotted in either of two forms. One done on a flat bed plotter

(Tektronix 4663) enables a complete record of all surface profile information

to be presented on a single sheet. An example of this form of output is

presented in Figure A3. That sheet contains seven separate plots of surface

topographical information: complete surface profile (corrected for tilt), the

long wavelength portion of the profile (waviness), the short wavelength profile

information (roughness), a histogram of height distributions, an Abbot (bearing

area) curve, and plots of autocorrelation and spectral density functions. Also,

included is a listing of the sixteen surface parameters calculated for the

profile. Occasionally the user is not interested in all the information

presented in the complete record, so another graphical program allows plotting

of individual plots on any graphics monitor. Those plots, examples of which are

shown in Figures A4 and A5, are chosen by the user from a menu. T'f, surface

profile plots in the body of this report were produced by this program.



FIGURE A3 Sample plot of complete surface profile information for straight trace
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