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Many of the mechanical or metallurgical failures originate from subsurface cracks or
changes in microstructure of the materials. It would be quite informative to material
scientists to view the changes below the surface while testing to get a direct evidence of the
mechanisms claimed to be governing a particular process like dislocation movement/grain
boundary sliding, crack opening displacement, wear, stress concentration etc. In this work,
we have used an X-ray microscope for in-situ observation of interfacial features during the
friction and wear testing of mild steel specimens sliding against Al 6061 disk. This
technique enables the observation of interfacial features of the hidden contact. Multiple
tests were conducted at different sliding speeds of 2, 4 and 5 m/s. The images obtained
during the tests indicated the presence of various sub surface processes such as adhesive
transfer, stress fields, island formation and roughening. Wear was also found to be
concentrated over a certain specific area during the initial part of the test but later the
contact developed into a conformal contact following a lumpy transfer of material.
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1. Introduction of X-rays striking the screen. The present work involves
Direct observation of sub surface features during a dy#n-situobservation of frictional seizure in a tribo-meter
namic test has been difficult and was restricted by thdocated in a microfocus X-ray microscope and the par-
extent and the quality of observation possible with theallel measurement of friction wear rate. The present
conventional tools such as Scanning Electron Micro-work is also aimed at gaining a better understanding of
scope (SEM) or a optical (CCD) camera [1-7]. Ear-the interfacial process during sliding.

lier theories on the mechanisms of friction and wear

of sliding systems tested using a pin on disk assem-

bly were mostly based on the post test analysis of th@. Experimental

disk and pin surfaces which lacked direct evidences foExperiments were performed using a custom built pin
the same. Conductirig-situtests in a SEM (Scanning on disk apparatu$\ 2 HP motor was used to drive the
Electron Microscope) or a CCD camera overcame thisluminum disk which was used as a counterface and
lacuna. This again was restricted to the observation othe pin surface henceforth referred to as specimen was
leading and trailing edges of the contact. Spikeal.  supported on a holder with a provision for the X-ray
viewed the sliding interface during sliding using a sap-head can be lowered to stay very close to the specimen
phire disk sliding against a steel specimen using a T\surface. Aluminum was selected as the disk material for
Camera and infrared emission radiometry [8, 9]. Thistwo reasons namely 1) it is increasingly used in weight
experiment enabled identification of the hidden processaving applications and 2) to minimise the loss or at-
of wear in a special case, but could not be extended teenuation of X-rays after passing through the contact.
other cases. In order to overcome this, it was essential tbhe specimen holder was fitted onto a beam structure
use atechnique, which could reveal the interfacial reacwith provisions for sensing the experimental parame-
tions/mechanics during sliding in an non-idealized slid-ters such as friction force, displacement, temperature
ing contact. Real time radiography or X-ray imaging, asclose to the contact and the oxygen potential surround-
itis popularly known, has the capability of observationing the testing atmosphere. A FeinFocus X-ray micro-
of interfaces in non-idealized sliding contacts [10-12].scope with a beam spot size of 42 diameter was
This overcomes the previously described limitations.used in all experiments. The schematic representation
The X-rays pass through the sample and the disk andfthe apparatus and the image processing systemis pro-
hits a fluorescent screen, which in turn re-emits visiblevided in Fig. 1. Steel pins of dimensigrb mmx 3 mm

light radiation whose intensity depends on the intensitythick specimens were polished using a 1000 grit SiC
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Figure 1 Schematic representation of the test apparatus and the image processing system.

abrasive paper to provide a surface roughness value éfee of any defects and had an almost smooth surface.
Ra 0.03—-0.0%xm and was fixed to specimen holder de- The light intensity variations on the projected image
signed to facilitate X-ray observation. The counterfacecan be possibly taken as a representation of the rela-
disks were made of Al 6061 machined and fine turnedive surface roughness. This is because of the fact that
to the roughness value of 0.04—-0.06 Ra value with  the X-rays get attenuated/absorbed differentially by the
a skewness and kurtosis of 1.7 and 3.4 respectively. Thdiscontinuities in the specimen surface. Itis awell know
wear and seizure experiments were carried out at differfact that the specimen surface consists of peaks and val-
ent sliding speeds of 2, 4 and 5 m/s. The events duringgy’s no matter how best it is polished. The presence of
the wear and seizure was closely followed on by X-raypeaks in the specimen surface first contacts the surface
imaging on a fluoroscopic screen which was passedf the disk. These peaks either deform or plow into the
through a 1st order recursive filter. The filtered imagedisk surface depending on the hardness difference in-
were recorded continuously in a video tape which waserent between the specimen and disk material. This
replayed and images were freezed at the definite inteteads to a conformal contact between the disk surface
vals of time and image processing was carried out t@nd the pin surface. As the X-ray penetrates through the
remove noise signals from the image. contact thus established it gets differentially absorbed
depending on the density variations. That is to say the
X-ray intensity received after penetrating through the
3. Results peak of specimen and those received after penetrating
Figs 2—-4 show the successive X-ray fluoroscopic im-through the valley of the specimen are different. A cor-
ages of the steel specimen sliding on aluminum 606%esponding mapping of peaks and valley are produced
disk. Fig. 2a, the control X-ray fluoroscopic image if a histogram of intensity profile is taken. Spreading
of the MS pin/Al disk interface. It can be observed of the contact is inferred wherever the line profile is
from the control image that the surfaces were relativelyflatter in the control image. A representative histogram
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Figure 2 (a) Control X-ray Fluoroscopic image of the MS/Al interface Figure 3 (a) X-ray Fluoroscopic image of the MS/Al interface tested at
tested at 2 m/s sliding speed; (b) histogram along the centre line of contrd® m/s sliding speed after 30 seconds; (b) histogram of image along the
X-ray fluoroscopic image of MS pin/disk tested at 2 m/s. centre line, ater 30 seconds of sliding at 2m/s.

line profile is shown in Fig. 2b taken along the hori- to the parent metal. Fig. 4b shows the representative
zontal centre line of the image. The control image alschistogram profile along the horizontal centre line of
shows spreading of contact due to the localised higlthe image and superposed line profile taken through
loads on the asperity contacts. The jagged appearantiee region where bonding and mechanical locking was
of the image is essentially due to the spreading of thelaimed. The mechanical locking is evident from the
contact. large fluctuations in the intensity levels from 0—255 (in-
Fig. 3ataken relatively at an early stage of sliding af-dicative of black-to-bright white spot). Bonding is in-
ter 30 seconds indicate further asperity truncation anderred from regions showing full attenuation of X-rays.
transfer of Al from the disk surface to the steel with Full attenuation is possible only when the density of
a friction coefficient of 1.19. A possible cause of this material interposed in the contact is higher than the
early friction rise may be the high solubility of Alin Fe density of disk material which absorbs the X-rays thus
of about 22% [10-12]. Fig. 3b, which shows the repre-producing a black region (zero gray level).
sentative histogram profile along the horizontal centre
line with superposed line profile along the pointers of4. Discussion
adhered intensity revealed that the profile pattern was dbince X-rays get differentially absorbed in the speci-
similar nature to the control image except for the differ-men due to the changes in the specimen during the test,
ences in magnitude. The transfer of Al and adhesion téhe transmitted X-ray intensity suffers similar varia-
steel surface was evident from the reduction gray levelsional effects, which is reflected back on the visible
in the image over isolated region separated by a darkdight image developed on the screen. The images de-
line. The difference in gray level is due to transfer andveloped on the fluorescent screen was captured using
accumulation of material accounting for higher atten-a high speed digital camera with a shutter speed of
uation/absorption of X-rays resulting in regions with 500 frames/seconds attached to the microscope and the
lower gray level. associated noise in the image was filtered using a syn-
Fig. 4a show the interface of sliding during seizure.optic recursive filter to get a noise filtered image on the
This shows a considerable increase in the size of plateascreen. This was further processed to highlight certain
thus formed and extensive plowing may be the cause amportant changes during sliding governing the mecha-
seizure with little effect by bonding of transfer layers nism of the wear process. The X-ray intensity was fixed
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at 76 kV and the current density was/A for focusing
the X-ray beam approximately at the interfacial layer.of seizure at a particular position. The images were
The images were collected at specified intervals of timeéhen mask processed using median function to elimi-
and 1 minute was the typical period between observanate spikes in gray levels due to random noise and the
tions to monitor the changes in real-time. The mainresultant image was analyzed for changes along each
purpose being observing the images with the progressow of the matrix the image in digitized form is a matrix

180 u

——

155 205

Gentreline Histogram at seizure
—— Grey level
Intensity
= 250
=
R T
g 150 Alth hll
c 1
= 100 H
% 50 - { \"I! v v 1
2 0 ‘ : K
>
E 5 55 105
G

(b)

Figure 4 (a) X-ray Fluoroscopic image of the MS/Al interface tested at
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of wear and also to identify the driving mechanism

of 512 x 512 pixel matrix with the pixel intensity (gray
values) as the elements. Thus the above process leaves
us with a image matrix and any changes occurring in
the matrix gray levels, after the filtering and image pro-
cessing sequence, can be attributed to the changes in
X-ray path length at those points with reasonable con-
fidence level. Unlike the normal NDT methods where
one single process is being viewed without any influ-
ence by other mechanisms here an effort has been made
to view the wear mechanisms which is a combination
of multiple mechanisms with a particular mechanism
being dominant at a point of time [13-16].

4.1. Interpretation methods

The basic principle on which the X-ray operates is ab-
sorbency of the individual atoms in the material. In
passing through the specimen, the X-ray radiation is
differentially absorbed due to the changes in thickness
of the specimen or presence of any contaminants in
the X-ray path. The present work is done with the as-
sumption that the materials used are free from any in-
ternal defects and interface is free from contaminants
at the start of the test. Thus any changes occurring in
the image is only by wear and associated mechanisms.
In order to make sure that the assumptions are cor-
rect a control X-ray fluoroscopic image is obtained for
each of tests followed by continuous recording of the
images during the tests. Any changes occurring dur-
ing sliding is reflected back on the fluoroscopic image,
which is captured using a CCD camera. The images

2 m/s sliding speed at seizure; (b) histogram of image along the centréa@ptured is fed through a computer which digitizes the

line, at seizure tested at 2m/s.
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Figure 5 Histogram profile and the schematic representation of transfer film/adhered layer.
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Figure 6 Histogram profile and the schematic representation of surface roughening effect.
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Figure 7 Histogram profile and the schematic representation of strain fields.
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Figure 8 Histogram profile and the schematic representation of filament formation.
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Figure 9 Histogram profile and the schematic representation of pressed/extruded wear sheets.
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is reconstructed back as an analog image in the T\ hisis identified in the X-ray image as a gradual lower-
screen. The main advantage of this digitization is thaing of gray levels to a mean value followed by a gradual
it can identify changes in the image matrix elementsincrease in gray levels to the average gray values of the
which otherwise may not be visible to the human eyeimage in the area of transfer. This is due to the fact
The matrix is composed of gray levels of picture el-that the X-ray intensity is optimized to focus at the in-
ements. The term gray level is used here to quantifyerface and any changes occurring at the interface is
the intensity of visible light in the image, i.e., a gray clearly reflected as changes in gray levels. Moreover
level of 0 means that there is no visible light and a graythe disk surface rotates at a high speed and the effects
level of 255 represents bright white light. The interme-of disk thickness variations are subtracted by applying
diate values between 0-255 represent the combinatiom median function to the image obtained. This leaves
of white and black colour at different ratios to representus with the significant changes in the images at the
the details of the image. The obtained images are furinterface of the specimen alone. The transfer effect is
ther processed to make the significant changes obviowdepicted in the above histogram, which was taken from
which otherwise is invisible on the TV monitor. the same images in which transfer was claimed.

The changes in the image matrix are due to the in-
herent processes associated with the wearing-in of ma- .
terials. The literature’s on tribology have so far listed 4:3: Roughening

the possible existence of transfer, mechanical lockingSimilarly & roughening can be identified by a sharp

inter-metallic formation, roughening and bonding dur- varationin gray levels at neighboring points in aimage

ing sliding in process from the post test analysis of worn@S Foughening always results in production of peaks and
specimens [17, 18]. valley on the surface of the specimen. This means that

the contact would be established between a peak on the

pin surface and disk and valley will not have a contact
4.2. Transfer/adhered layer with the disk surface at that instance of imaging. Thus
Transfer is a process in which a small layer of materiakir gap would be produced between the valley and disk
is removed from one of the sliding surface and gets atsurface which does not restrict the X-ray path, whereas
tached to the other surface of the tribo pair. Essentiallyon the other hand the X-ray passing though the peak to
the transferred layer does not have a constant thickneslisk and on to fluoroscopic screen suffers from a greater
and varies over the length of the transferred materialloss of X-ray intensity.
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Figure 10 Histogram profile and the schematic representation of multi-layer deposit.

So there would be a significant difference in the graylevels. For the pressed sheets which is a resultant effect
levels of neighboring points and will be reproduced as af transfer film being compacted to form a sheet of
dark and white spot combination in neighboring pointsuniform thickness, the histogram profile is shallow has
in the image. When clustering of such combination oc-a sharp gradient of increase/decrease in gray levels. The
cur it is termed as surface roughening. histogram below depicts the typical histogram profile

of pressed/extruded sheets.

4.4. Stress/strain fields

The stress fields either results in clustering of atoms atd4.7. Multi-layer deposit

particular sight or changes the inter-atomic distance demultiple layer deposition on one of the surfaces takes
pending upon the magnitude of stress whether itis complace while wearing-in due to adherence of pressed
pressive or tensile. Depending on the changes in intefwear debris on to one of the surfaces. This multi layer
atomic spacing the absorbency of X-ray will vary. Thesedeposit can be identified from observing the histogram
variations are normally reflected back on the X-rayprofile, which resembles a step. This depicted in the
image as patches having different gray levels (darkerhistogram give below (Fig. 10) and this was used for

compared to the other parts of the image with no boundidentifying multi layers in the fluoroscopic images.
ary line separating from the rest of the areas [13].

4.8. Layer peel off
4.5. Filament formation Layer peel off is a process wherein the adhered layer/a
During sliding the wear particles often are rolled to form thin layer of base material is removed from the surface
a cylinder. The formation of cylindrical shape on the of the specimen at contact. Unlike transfer where, a
sliding surfaces are termed as filaments formation. Thisheet of material from the counterface adheres to the
can be identified in the X-ray image as a drop in grayspecimen surface, a layer of material, which originally
levels having a inverted curve shape. This finds its exwas adhering to the specimen, is removed from the
planation in the fact the distance traversed by the X-raygpecimen surface. Hence, there is an increase in the
along the diametrical chord of the filament is highergray levels as the material is removed from the surface
where it suffers higher loss of X-ray and it changesof specimen, which is stationary. The histogram profile
gradually to normal average gray level over the thick-appears similar to transfer layer but is inverted. That
ness of the filament. Thus if a line profiles across the filis to say that there is a gradual increase in gray levels
amentis taken it produces an inverted curve shape in thiellowed by a fixed gray level and a gradual decrease
histogram which is interpreted as filament formation. in gray levels to average value. This is depicted in the

histogram profile given below (Fig. 11).

4.6. Pressed sheets

In case of the pressed sheets the histogram profile 4.9. Islands

similar to the transfer film except for a slight variation Islands are regions where alump of material is removed
in the profile. In case of transfer film, the histogram during sliding process leaving behind a depression on
profile reflects a gradual decrease and increase in grape surface of the specimen. This is more severe form of
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Figure 11 Histogram profile and the schematic representation of layer peel off.
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Figure 12 Histogram profile and the schematic representation of island formation.

— Highly deformed HDL can be calculated by applying rule of mixtures depend-
layer ing on the percentages of materials. The areas that are
ese T~ bonded can be identified as patches similar to the one

7 N\ observed in transfer in the X-ray images. But the areas
N\ have a lower gray level as compared to transfer, since

¥ 7 in transfer the material having lower density is trans-

S ferred and is identified as lighter area bounded by a

line of lower gray level as opposed to dark patches in

the case of bonding. Histogram below depicts the his-

togram of a bonding/seizure, which does not allow any

Figure 13 A typical histogram profile of a highly deformed layer. transmission of X-rays through the contact.

- N
(=)
o o

—ry
(=]
o

Gray level
(Intensity)

()]
o

o

105 110 115 120
Distance (pixels)

—— Seizure Seizure 4.12. Melting
Melting wear occurs when the flash temperature at the
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the gray levels are at maximum over a distance, i.e., at
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A pilot study of dry sliding contact between aluminum
Figure 14 A typical histogram profile of a seized contact showing no and steel where an X-ray microscope enabled in-situ
transmission of X-rays in the bonded region. observations of the sliding contact provided evidence
for the following conclusions.
material removal and often results in mechanical lock-
ing of sliding surfaces resulting in seizure of the sliding 1. By applying the principle of radiography and im-
component. Since this is a severe form of layer peel ofge processing various subsurface phenomena can be
the histogram profile is similar to layer peel off exceptidentified during sliding.
for a steep gradient in gray level differences. This prin- 2. Wear was chaotic and yet had cyclic behaviour as
ciple was used to identify island formation in sliding identified from the profile of the histograms at different
contacts. A typical histogram profile of an island for- stages of sliding.
mation is given below. 3. Sliding speed was found to have considerable ef-
fect on the mechanism of seizure of mild steel in dry
contact.

Dry sliding often leads to accumulation of stress fields 4 The reduction in gray levels of the image to zero
and rapid fluctuations in gray level over isolated areas

over a time period leading to formation of a highly &' e 4 :

deformed layer. This layer is similar to the stress fielddndicate the imminence of seizure in dry contacts.
explained earlier in this chapter except that alarger area

is affected instead of a localized atomic disorder due t
stress. Histogram profile given below shows a typica
nature of a highly deformed layer image.

4.10. Highly deformed layer
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4.11. Bonding and seizure
If bonding occurs between the surfaces it results in for-
mation of an alloy or an inter-metallic depending on theRRéferences
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rials. This alloy/inter-metallic always has densities dif- > s, cunsEL H. A. SPIKESandM. ADERIN, STLE Tribo-
ferent from those of the materials in combination and  logy Transaction86(2) (1993) 276.
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