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Abstract An investigation of the friction and sliding wear of gray cast iron against chromium
plated cast irons was carried out on a newly constructed reciprocating friction and wear tester.
The tests were the first to be done on the test rig under dry conditions and at the speed of 170
cm/min, and variable loads of 20-260 N for a duration of 15 min. to 3 hours. The gray cast iron
surfaces worn by a process of plastic deformation at the subsurface, crack nucleation, and crack
growth leading to formation of plate like debris and therefore the delamination theory applies.
No evidence of adhesion was observed. This could be due to formation of oxides on the wear
surface which prevent adhesion. Channel type chromium plating 'picked' up cast iron from the
counterbody surfaces bymechanically trapping cast iron debris on and within the cracks. The
removal of the plated chromium left a pitted surface on the cast iron.
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INTRODUCTION

The de laminat ion the ory of wear has been
presented as being dependent on the presence
of a soft surface layer which is relatively free of
dislocations [1]. The proposed theory by Suh is
based on plastic deformation at the subsurface,
le ading to void and crack format ions. The
su bse qu e n t jo in in g o f cr a ck s by sh e a r
de format ion and its propagat ion to surface
create flake like sheet debris. Further work by

Suh and his associates [2,3,4], examined the
fu ndame n t a l me ch an ism of slid in g we ar
postulated by the delamination theory of wear.
They concluded that since the forces exerted at
the surface control the crack nucleation and the
p ropaga t ion ra t e s, it is cle a r t h a t a s t h e
magnitude of t he su rface t r act ion and t he
contact area of each asperity increase, the wear
rate increases and the t ransit ion occurs from
mild to severe wear. The transition occurs from
the initial stage of wear involving the removal of
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surface asperities to a steady state. At this stage
of wear, a lthough the surface looks smooth ,
subsurface damage is being accumulated. When
the damage reaches a critical level, wear sheets
are generated in large quantit ies and the wear
p rocess r eache s a ste ady st a t e , E yre and
Williams [5] have also shown that deformation
of the unde r lying metal is a cr it ical factor in
initiating severe (metallic) wear.
When wear pa r t icle s a re ge ne ra t e d , a

subsurface crack breaks through the surface.
Since the propagating end of the crack is always
situated behind the moving asperity, the crack
reaches the surface after the asperity moves
over the crack. Consequently, the wear particles
always lift up from the surface so t hat the
underside faces the direction opposite to the
slider motion.
R igney [6] advance d t he st udy of nea r

su r fa ce r e gio n s. T h e micr ome ch an isms
associated with the formation of debris in the
form of plates were identified by following the
development of cellular microstructure in the
subsurface of crystalline materials under heavy
localized deformation. He used the term cellular
t o de scr ibe a de fo rma t ion micro st ruct ure
containing regions which are relatively free of
dislocations, separated by high tangled regions
of dislocations which serve as cell boundaries.
The wide cell boundaries are arranged so that a
relatively large volume fraction in this region
can behave as effective short-circuiting paths for
diffusion, thus allowing migration of specific
so lu te s at temperature s conside rably below
those required for measurable bulk diffusion.
Moreover, the solubility of various species in
the cell boundaries should be much higher that
in the bulk material. Such changes in solubility
could easily lead to changes in composition near
the surface during wear.
Surface wear can be caused by either thermal

stresses or fatigue failure in the sliding faces.
These can be caused by a momentary overload
due to dry running, as a result of failure of the
coolant or by a large load or speed variation.
Scuffing, or 'galling' are typified indication of
these events or such a mechanism, the cause of
which basically being the high temperature
produced at poin ts of in t imate contact as a
result of high load and sliding speed [7, 8, 9, 10].
The success of gray iron in resist ing wear is

a t t r ibu t e d to t h e lubr ica t ing qua lit ie s o f
graphite . Yet , malleable iron contain ing the
same amount of graphite as gray iron cannot be
substituted successfully for gray iron in many
engine parts. Hegh [11] indicated that the shape
o r fo rm o f gra ph it e f la ke s in gr ay iro n
cont r ibute to the ma te r ia l wear re sistance .
Coa r se , t h ick graph it e fla ke s o f r andom
orientation, meeting the designation of type A
graphite, are preferred form of the graphite.
The lack of galling tendency combined with

t he o il- r e t a in ing ab ili t y a nd t h e a ct ua l
lubr icat ing act ion of graph it e may a lso be
responsible for excellent wear resistance of gray
cast iron. These properties are the reasons for
the large use of a cast iron by the automot ive
industry.

EXPERIMENTALPROCEDURE

Materials The cast ir on s u se d fo r t h e
investigation have a hardness of 252 HV and
"A" type graphite , on the ASTM scale . SEM
surface topography of cross-honed gray cast
iron is shown in Figure 1. The chromium plated
on cast irons has a channed type structure with
a th ickness of 0.2 mm and a hardness of 853
HV.

Wear Testing The rig consist s of a primary
drive unit and an intermediate reciprocating
drive unit for converting rotory motion from the
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Figure 1. SEM surface topography of cross-honed gray

cast iron (X100).

prime mover into reciprocating motion of the
test unit rail bed (Figure 2). For each test, agray
cast iron specimen is clipped to the bed. The
chromium plating is held by a specimen holder
t hrough wh ich load can be exe r te d on it s
holding fixture. The specimen holder consists of
two parts at its lower end where it has the same
curvature as the chromium plat ing and the
specimen can be clipped to an uppe r pat . A
transducer measures the dimensional changes in
t h e ch romium p la t ing and gray cast ir on
simultaneously to give the total wear. The gray
cast iron wear is measured by a t ransduce r
which responds to the dimensional change in
the he ight of a bar which is fixed to the test
unit . At the o the r end of th is bar , a whee l
rotates as the bed reciprocates and change in
the thickness of gray cast iron, affects the height
of the bar. Another transducer is also used for

Figure 2. Test unit rail bed.

measur ing the chromium plat ing fr ict ional
( tangantial) forces on the gray cast iron . All
three transducers are connected to a six-channel
recorder for a continuous recording of wear and
fr ict ion . The load on the chromium plat ing
specimen ho lde r can be va r ie d from 20N
upwards.
All the tests were carried out at laboratory

environment with temperature in the range of
16-30ÜC and relative humidity of 60-91%.
Test durat ion varied from 15 minute s to a

maximum of 3 hours. Wear was calculated from
the transducer reading, indicat ing chromium
plating and gray cast iron dimension changes
which were continuously recorded and checked
by weight loss of both gray cast iron segment
and chromium plating specimen.
The coefficient of friction was determined by

calcu lat ing tangant ial force exe r te d on the
surface from the force transducer reading and
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dividing it by actual force (weight).
D eb r is we r e co lle ct e d a nd t a ke n fo r

Sca n n in g E le ct r o n M icr o sco p e ( SE M)
examination.

Metal lographic Examinations of Wear
Products The following techniques were used
to examine wear;
(a) Taper section
(b) Optical Microscopy
(c) Microprobe Analysis (EPMA)
(d) Scanning Electron Microscopy (SEM)

Taper Section Technique This was used to
examine worn surface from the t e st s. Th is
e n able d fe a t u r e s su ch as crack s, p la st ic
deformation, separating debris and composition
changes near the surface of wear tracks to be
identified. In this evaluation, 11 degree tapered
sect ions were prepared, giving an effect ive
increase in surface layer thickness of five times.
This also enabled the examination of separating
debris pro ject ing above the wear t rack to be
studied.
The main stage of preparat ion involved the
construction of a new jig which was tapered 11
degrees at the top surface.
The wear track was protected with epoxy resin,
and then a wear specimen was placed in to the
taper section jig. As the transverse section being
machined was parallel to the original 11 degree
tapered top face of the jig, an 11 degree taper
se ct ion t r an sve r se t o t he wear t r ack was
ult imately obtained. The epoxy resin gave a
greater surface area to the wear specimen to be
placed in the mounting cylinder, reducing any
chance of tilt ing as well as protecting the wear
track from deformation during grinding. The
specimen was then placed into the cylinder, in
which the tapered end lies at the bottom. The
specimen mount was removed from the cylinder
and the tapered surface was polished carefully.

T h e sp e c ime n wa s t h e n p r e p a r e d fo r
conventional metallographic examination.

Optical Microscopy Optical microscopywas
used to investigate the nature and distribution
of phases in the gray cast iron specimens, as
we ll as to examine such feature s as cracks,
p la st ic de fo rmat ion , sepa rat ing debris and
composit ional changes near surface of wear
tracks at different magnifications.

Microprobe Anal ys i s (EPMA) Th e
technique was used for identifying and analysing
iron pick on the chromium plating surface and
chromium pick up in the region of the wear
track of gray cast iron.

Scanning Electron Microscopy (SEM) The
scanning electron microscope (SEM) was used
to examine the surface topography of wear tests
and three dimensional viewing of worn surfaces
as related to the metallography of the substrate.
The equipment was quite useful, because in this
case it was difficult on a single photograph to
differentiate between height differences on the
wea r t r ack su r face viewed by an op t ica l
microscope. This was particularly valuable in the
examination of worn surfaces on which there
was t ransfe r red mate r ia l, oxide laye rs and
cracks. The debris collected from the tests were
also examined by SEM.

RESULTS AND DISCUSSION
Examination of Worn Gray Cast Iron
Surfaces It is most convenient first to examine
the wear of surfaces by SEM examinat ion of
representative samples of wear tracks to reveal
some of the predominant wear mechanism.
In general, when a chromium plated gray

cast iron slides on a gray cast iron, cast iron
exhibites two regimes of wear. By analogywith
the metallic processes, these may be described
as 'mild' and 'severe ' [12]. However, these two
regimes were not dist inct and they merged
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Figure 3. Plastic flow and developed network of the cracks
on the gray cast iron surfaces-load 8 kg (X200).

gradually in to each othe r. At lower loads as
shown in F igure 2, the worn surfaces were
relatively smooth. When the surface was subject
to higher stresses, these was a gradual transition
t owa rd s se ve re we a r ( F igu re s 2 an d 3) .
Therefore , in this part icular case , Severe and
mild wears can be defined as "when the density
of the wear crate rs is h igh, it is called severe,
whereas when density is low it is called mild".
The transit ion occurs from the initial stage of
wear, involving the removal of surface asperities
to a steady production of craters (F igure 3a).
The cast ir on aspe r it ie s e it h e r fr act u r e d
immediately or de formed upon in it ia t ion of
wear expe riments (F igure 4) At this stage of
wea r , a lthough the su r face looks smoo th ,
subsurface damage is being accumulated. Eyre
et al [13] have suggested that heat built up at
substrate . The surface is unable to support the
oxide and plastic deformation and severe wear

Figure 4. P last ic flow on the gray cast iron sur faces
increases with load. (a) Worn at 10 kg load (X1000) and
(b) Worn at 18 kg load (X1000).
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Figure 5. SEM micrograph shows that the asperities on the
wear tracks are completely smeared over. The surface and
waviness of the surface is diminished-load 20 kg (X100).

occurs. They have shown that the deformation
of the underlying metal is a critical factor in the
su r fa ce cau se s t h e rma l so f t e n ing o f t h e
init iating severe wear. On the other hand the
stress distribution around a localized asperity
contact depends on the shear stress imposed by
the applied forces and this, in turn, influences
the dynamics of fatigue wear. All these theories
and suggest ions plus the obse rvat ions in the
present investigation are substantiately the same
as the delamination theory of wear for metal
proposed by Suh [1]. During delamination wear,
the immediate surface is under the influences of
applied st resses and under these condit ions
considerable plastic flow is possible . F igure 5
shows that plastic flow increases with load. This
cou ld be ju st ifie d by conside r ing tha t th e
pressure exe rted at the surface cont ro ls the
crack nucleation and propagat ion rate . I t is

Figure 6. Surface of worn gray cast iron-load 20 kg. (a)
Plastic flow and formation of particle islands (X1000) and
(b) Formation of a particle island (X10K).

clear that increasing surface traction causes the
con t act a re a o f each aspe r ity to incre ase
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Figure 7. Surface flow has occurred to cover underlying
structure on the gray cast iron surface-16 kg (X2000).

and thus the wear rate increases.
An SEM topographic study of the gray cast

iron wear track surface shows the destructive
effects of delamination on the metal. Surface
flow has occurr ed to cove r t he unde r lying
st r u ct u r e an d a n e two r k o f cr a ck s h a s
developed. Figure 6 shows how delamination of
the surface can produce a large quant ity of
p late -like metallic par t icles. These part icle s
p lough the su rface as long as they rema in
t r appe d be twe en t h e gray ca st ir o n a nd
chromium plating.
Figure 7 clearly indicates that at higher loads

the process is mostly mechanical, with plastic
de format ion caused by fr ict ion and fat igue
taking place. In this case the stress exceeding
the strength of the gray cast iron and transveres
cracks have developed within these surface and
this leads to scuffing. The te rm used he re as

Figure 8. SEM micrograph shows that the asperities on the
wear tracks are completely smeared over. The surface and
waviness of the surface is diminished-load 20 kg (X100).

scu ffing is not t he same as the de fin it ion
adopt e d by the In st itu t ion o f Mechanica l
Engineers (1957). According to their defintion
scuffing is "gross damage characterized by the
format ion of local we lds between the sliding
surface". But these obse rvat ions showed no
clear evidence of adhesion.
The catastrophic wear rate that is one of the

ch a r a ct e r ist ic s o f se ve r e we a r in t h is
investigation is due to delamination.

Examination of Worn Chromium Plating
Surface SEM examination of worn surface of
chromium plating specimens shows that cracks
tend to form at the chromium plating interface.
The number of cracks increased as the load
increased and was more predominant in the
immedia te vicin it y of t he channe l cracks.
Figures 8 and 9 show that the density of cracks
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Figure 9. SEM micrograph shows that the asperities on the
wear tracks are completely smeared over. The surface

increases as the applied load increases and
these cracks are formed predominantly at right
angles to the rubbing direction. This mechanism
of failure is shown to be slightly distance and
load dependent, and therefore, appears to be a
fatigue mechanism.

Figure 10. Part icles of gray cast iron embedded on the
chromium plat ing surface-load 8 kg (X1000). (a) Viewed
in the SEM, (b) Micro probe analysis for iron and (c)
Micro probe analysis for chromium.
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Sliding of channe l type chromium plat ing
surface against a gray cast iron specimen had
the effect of breaking up the chromium matrix
between the channel cracks into smaller areas.
Some of these particles then broke away leaving
a pitted surface (Figure 9).
F igure 10a shows that the gray cast iron

wears by removal of plate-like debris and some
of these become embedded in the faces of the
chromium p la t ing. EMPA micrographs in
Figures 10b and 10c show that there is metal
transfer on the surface, these particles are iron
which must have been removed from the gray
cast iron . F igure 11a shows an abrasive wear
p roce ss p roduced on t he su r faces by the
particles embedded in the rubbing surface of
the chromium plating surface acting as abrader.
During the te st at 200 N load, debris were

Figure 11. I ron embedded on the chromium pla t ing
su r fa ce s ca u se s gr ay ca st ir o n wea r by abr a sive
process-load 18 kg (X100).

Figure 12. Iron transferred to chromium plating surface
filling up the channe l cracks-load 20 kg (X2000). ( a)
Viewed in the SEM and (b) EMPA for iron.
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collected by a vacuum pump. Figure 12 shows
t h a t le ss pa r t icle s we re t r an sfe r r e d a nd
embedded in the chromium plated surface .
The re fo re , th e abrasive wear process was

Figure 13. SEM examina tion of gray cast iron wear
particles: (a) Elongated crack on a single plate like particle
representing the cracks grown by the linking of holes as the
metal undergoes further loading-load 20 kg (X2000) and
(b) Holes on a single large wear particle, representing the
cracks partly grown at different time-load 12 kg (X2000).

diminished. The micrographs also show that the
transferred iron has accumulated in the channel
cracks on the chromium plating face. This is a
good evidence that the transferred iron was
trapped in the cracks in the chromium plating
face . In other words, the a gray cast iron was
worn by de laminat ion proce ss rat he r th an
adhesion.
Gollogan e t at [14] have studied the wear

and frict ion behavior of Al bronze, P bronze
and gray cast iron against ha rd chromium
plat ing. They concluded that gray cast iron
wear s sa t isfact o r ily aga in st channe l t ype
chromium plat ing and also exhibit s a much
lower coefficient of friction which is consistent
with the lower wear rate s for th is mate r ia l.
Their conclusion are in agreement with the
findings in the present investigation.

Examination of Wear Debris The metallic
wear part icle s are in the form of th in sheet s
rather than spherical particles, especially those
par t icles which are formed by the linking of
cracks through shear deformation (Fig 13a).
The surface of a single wear particle (F igure
13b) shows voids pr imarily by plastic flow of
ma t r ix and wit h t ime and load , t h e voids
coalesce by growth or shearing of the metal.
Voids line up parallel to the sliding direction.

Eventually the voids become elongated as the
metal undergoes further deformation and join
toge the r forming a large crack (F igure 13b)
paralle l to the wear surface. This observation
indicate s a large number of cracks must be
created before a loose particle can be formed.
The re fore , in th e absence of a large shear
de format ion along a given dir ect ion , we ar
particles may not form until addit ional cracks
are nucleated. When these cracks finally shear
to certain weak posit ions of the surface, long
and thin wear sheets "delaminate".
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Transverse Taper Microsections Wear track
microsections in the transvers direction showed
good corre lat ion with both debris and SEM
surface track observations.
All worn surfaces showed plastic deformation

and t he p roduct ion o f a we ar pa r t icle by
fracture along a graphite flake.
The sliding act ion of a chromium plating

imposes a cyclic state of loading on the gray cast
iron near the surface. Under this cyclic loading
the matrix can undergo plastic deformation and
fatigue along shear bands in the direction of
sliding creating a heavily deformed layer (Figure
14a). A characteristic feature of the transition
from mild to severe wear is in the appearance of
this layer. It would appear that bulk plastic flow
of the surface layers has taken place, facilitated
by the great ly increased de formation of bulk
mat e r ia l. I t is fair ly e asy t o se e from the
microsect ion in Figure 14a why the me tallic
debris which break away from the surface is
plate like. The section through the wear surface
shows the cracks associated with the graphite .
This is a further illustration which shows that
the plastic deformation of both the matrix and
the graphite to produce the oriented structure.
Saka e t al [15] sugge st s as de fo rmat ion

accumulates cracks will be nucleated when two
condit ions are simultaneously satisfied: (a) the
tensile stress at the interface should be equal to
the strength of particle-matrix interface and (b)
the elastic energy released upon decohesion of
the interface should be enough to overcome the
surface energy of the void.
Figure 14a also shows that the cracks nearest

to the surface are propagated in the transverse
direction owing to the fatigue loading, because
the direction and the magnitude of the normal
stress are proportional to the radius respectively
[20] . The micro graph cle a r ly shows t ha t

Figure 14. Transverse taper section of worn gray cast irons
viewe d in t h e op t ica l m ic r o sco p e . ( a ) P la s t ic
de formation-load 8 kg (X500) and (b) E tched by 2%
Nital. No evidence of "white layer"-load 16 kg (X200).

significant crack growth is due to the linking up
of separate cracks.
Metallographic observations of the surface

(Figure 4), of the subsurface (Figure 14), and of
wear part icle s (F igure 13) clear ly show that
we a r o ccu r s by p r oce sse s o f su bsu r fa ce
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Figure 15. Gray cast iron wear as a funct ion of load
(Logarithmic scale).

de fo rma t ion , cr ack nucle a t ion and crack
propagation.
Th e se re su lt s a r e consist e n t wit h t h e

reasoning of the delamination theory of wear
that a laye r of soft me tal can cont inuously
"delaminate" without much work hardening if
the layer is so thin that the dislocations are not
st ab le . I t shou ld be emphasise d t ha t t h e
delamination theory of wear in its present state
is applicable only for th is case ( low spe ed
sliding) where the temperature r ise at t he
contacting surface was so low that diffusion and
transformation were not involved in the wear
process. F igure 14b shows no sign of "white
laye r" format ion on the gray cast iron afte r
etching with 2% nital. This eliminates surface
phase t r an sfo rmat ion as a cont r ibu t ion to

Figure 16.Worn chromium plating surface covered with
patches of smooth iron oxide-load 22 kg (X500).

scuffing wear under low speed conditions.

Wear Rate Figure 15 shows all of the wear
rates are obtained for unlubricated wear tests??.
There is a local peak in wear rate at 20 N. At
the h ighe r loads u sed in th is inve st igat ion
metallic part icles were always detected in the
debris (Figure 13). Local peak means that any
change in the wear mechanism is not global and
it does not indica te any gene ra l t r end. In
co n t r a st t o st e e l, gr ay cast iron su r fa ce
examined in th is re search does not exhibit a
mild to severe transit ion. From 40 N onwards,
the wear rate is directly proportional to the load
on semi-logarithmic scale.
( logarithmic scale). Figure 16 shows oxide

forming on the surface. This is due to the rise in
contact temperature that would be expected to
occur during metallic wear. Oxide protects the
surface and prevents welding.
A t t h e loads use d in t h is inve st iga t ion

metallic wear particles were always obtained.
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Figure 17. Friction coefficient as a function of time.

This indicates that the mild/severe transit ion
load is le ss t h an 20 N. As oxides p re ven t
welding and were present at all loads there was
no evidence of adhesive wear . G ray cast iron
wear occurred by a "de laminat ion" process.
Under these condit ions gray cast iron did not
exhibit a mild/severe t ransit ion . I t has been
shown by Beagle y [17] th at with st ee l in a
normal environment a t ransition from mild to
severe occurs as subsurface deformation of the
whole contact becomes plastic. Therefore the
situation described by Suh [1] applies to these
asperity interactions.

Friction Coefficient The law of "dry" friction
by Cou lomb wa s u se d t o ca lcu la t e t h e
fundamental principle of frict ion coe fficient .
The tangential force resisting relative sliding of
the chromium plating on the gray cast iron was
obtained by transducer readings on a strip chart.
The relatively smooth and chemically clean

surfaces of the specimens were cove red by a
film of absorbed water molecules because the
re lat ive ly high humidity of the surrounding

environment (70-90% ) which lowe re d t he
coefficient of friction considerably at the start of
each test.
By plo t t ing values of fr ict ion coe fficien t

against time (Figure 17), it is seen that friction
coefficient is increasing during the running-in
period.
Figure 14 shows evidence of oxide forming

on the surface of the cast iron, therefore, they
we a r a s a co n se qu e n ce o f su b su r fa ce s
deformation of the bulk of metal. As the surface
of the gray cast iron flows sufficiently (Figures
3, 6 and 7), asperity contact occurred over large
areas. The frict ion coefficien t fluctuated less
(steady state).
Re fe rr ing to F igure 18, frict ion is h ighest

ove r the load range up to 140N and then it
drops from 0.69 and th is co incide s wit h a
change a t noise le ve l. The re fo re , a lowe r
coefficient of friction was obtained under high
pressure. Apart from the development of plastic
flow and vibrating islands of separating sheet
part icle which lower the friction force, there is
aggre gat ion o f loo se wear debris onto t he
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Figure 18. Friction coefficient as a function of load (Logarithmic scale).

surface on one or both of the gray cast iron and
chromium plat ing surfaces. It is also possible
that properties of these surface films determine
the magnitude of the friction coefficient.

CONCLUSIONS

1. An oxide film was developed on the gray cast
ir on su r face t h roughou t th e te st . Th is
prevented welding, therefore, adhesive wear
did not occur.

2 . U n de r t h e co n d it io n s u se d in t h i s
investigation gray cast iron surface did not
exhibit a mild/severe transition.

3. Wear occurred by a process of delamination,
th e de laminat ion wear t heo ry is st r ict ly
ap p lica ble on ly fo r low spe ed slid ing
conditions where the temperature rise is low,
so diffusion and phase transformation are
not involved. No phase transformation was
observed in these experiments.

4. Alt hough the channe l st ru ct ure may be
desirable from a lubrication point of view,
t h e u se o f t h e SEM showe d t ha t t h e
presence of channel cracks also caused areas
of weakness from which failure was initiated
to cause wear of the chromium plating.
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