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EXPTRIMENTAL STUDY OF THZ COATING FORMED ON NITRIDED-STEEL PISTON
RINGS DURING OPERATION IN NITRIDED-STEEL CYLINDERS
By &. R, Bobrowsky, J, Howard Kittel,

and Charles P. Boegliil

SUMMARY

Nitrided-stesl piston rings that were run in nitrided-steel cyl-

inder barrels showed meterial of high reflectivity on their running
faces., The structurs of this material could not be resolved at a
magnification of 1500 diameters, No usual strong acid or base was
able to attack the outermost skin of the coating and only a few of
the reagents tried would attack the subsurface portion of the coat-

ing. The Bierbaum microhardness of the coating is 2500, nearly that

of the nitrided case. No chemical, electrographic, or spectro-
graphic analysis could be made because of the inertness and the

small amount of material present., The coating formed to a thickness

of about 0.0001 inch in the svrface of the piston rings and was
raisad above the nominal surface of the rings by 0.00001 to 0.00002
inch, Working was apperent in the ring material directly beneath
the coating. The coating was also present in the surface of the
cylinder barrel dut to a lesser extent. t ig believed that (1)
the coating was formed by the local melting or softening of the
nitrided surface and subsequent sudden cosling; (2) this material
is bereficial to the operation of nitrided~steel piston rings;

and (3) the coating can be artificially produced on nitrided rings
prior to service operation,

INTRODUCTION

The presence of a material formed in the running faces of
nitrided-steel piston rings during operation has been observed
by the Army Air Forces, Materisl Command, and by the NACA. This
material showed high reflectivity when properly illuminated and
viewed, Examination at high megnification indicated that the
gtructure of the coating could not be resolved at a magnification
of 1500 diameters. The coating was found to be extremely hard,
and chemical tests indicated that it was also highly corrosion-
regigtant,



2 NACA ACR No, 4C31

yterial formed on gliding surfaces hag been noted by C, Fayette
Taylor, J. T, Burwell, Jr., J, Wulff, and H, W. Fox of the Massachu~
getts Ingtitute of Technology. The material found by these men oc-
curred as eruptions on the surfaces of steel disks that had beern run-
in againgt chilled cagt-iron disks,

Nitrided-steel piston rings are in the late experimental stage,
that is, they are not yet used on combat aircraft, and the question
of whether the coating is beneficial imnmediately becomes important,
The answer to this question involves a study of the physical and
chemical properties of the coating and a determination of its ori-
gin, At the request of the Army Air Forces, Materiel Command, an
investigation was therefore conducted at the Aircraft Engine Re-
search Laboratory of the NACA at Cleveland, Ohio, in the summer of
1943.

The primary objects of the investigation were: (1) the deter-
mination of the origin of the coating, that is, whether the material
was formed from the ring metal or the barrsl metal and (2) the
determination of the piysical and chemical characteristics of the
coating. A secondary object was to show whether the coating was

.detrimental cor beneficial to piston~ring and cylinder-barrel opera-

tion.,

Photomicrographs of piston-ring sections are presented to il-
lustrate the physical structure of the coating material, to show
the effects of various etching recagents on the material, and %o
indicate the probable origin and the process of formation of the
material.

APPARATUS

Although the coating in piston rings can be examined with
vertical illumination, the setup illustrated in figure 1 was used
for visual observation becauge of the greatsr ease of viewing, A
metallurgical microscope wag used for all plan~view photomicro-
graphs at magnifications of from 40 to 70 dlameters,

Interference patterns of the coating on the rings were made
by placing an optical flat next to the piston-ring face and photo-
graphirng the face through the flat, Sodiwm light was used to il-
luminate the specimen,

A Bierbaum mierocharacter (a scratch-hardness tester) using
the 9-gram load and a metallurgical microscope with a filar micro-
meter were used for microhardness determinations,
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A grating spectrograph was used for the gspectrographic analy-
gis. A sensitive dial gage, on which 3/64 inch wag egquivalent to
0,00C05 inch, wae used in an attempt to determine the height of
the coatings.

TESTS AND RESULTS

Photomicrographs of nitrided-steel pistcn rings are presented
for convenisnce of reference, Figure & illustrates the cross sec-
tion of a typical nitrided-stesl piston ring. The polished and
etched cross ssction shows the unnitrided core, the thick, dark-~
appearing nitrided case, and the thin gshell of "white" nitrides.
The entire ring is covered with white nitrices immediately after
nitriding, but the white layer is subseguently remcved by machin-
ing except at the cormers. Figures 3, 4, and 5 are highly magni-
fied detaills of the cove, the case, and the white edge, respec-~
tively., The isolated dark spots shown in figure 2 are inclusions
in the original unnitrided steel as may be seen from figure 6,
which is a photomicrograph of an unetched polisghed cross gection.
All specimens intended for crogs-sectional observation were
plated with nickel before polishing in order to back up the
surface profile and prevent rounding of the spscimen edges during
the polishing cperation,

(o
8
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Occurrence of Coating

Observations of nitrided rings after operation indicated
that the coating in a pilston-ring fece may occur in a mottled
condition (fig, 7) or a relatively continucus condition {P1g. 8),
Inspection of many piston rings indicates that the rings which
have operated the longest periods show a nore nsarly continuous
appearance of coating than the rings which have operated for
ghorter periods, The running surface of the barrel appears to
contein only small amounts of the coating, (see fig, 9.)

When a ring that cortained coating material was sectioned,
polished, and etched with the usual metallographic etching re-
agents for steel, such as 2 percent nital (nitric acid plus
ethyl alconol), the coating was difficult fo observe. (See
fig, 10,) When the same ssction was etched with potassium or
sodium hydroxide, the coabing material was attacked (Tis 11}
and was clearly visible, No crystal ghructure was rosolved
in the coating layer even at the megnification of 1500 diameters.
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Evidence that the formation of the coating material is neg-

igitle in the portions of a ring where white nitrides ave present
is given in figuve 12. The nitrided ring ghown in this figure was
run in & nitrided barrel and it can be seen that the white nitrides
have formed little coating material, Figure 13 shows the portion
of the ring immediately adjacent to the portion shown in figure 12
and it can be noted that, except for the white edge seen in figure
12, the coating layer 1s continuocus.

No evidence of pitting was found to indicate that the coat-
ing material consists of material detached from one sliding sur-
face and deposited on the other.

Thickness of Ccating

The thickness of the coating (determined in every case by,
gectioning) was 0,000l inch cr leas, TFigure 14 illustrates a
magnitude of thickness typlcal °f mos® coating layers viewed.
The chief exception to this thicknnss measurement is shown in
figure 12 where the thickness of the layer has reached 0.00025
inch., -

Height of Coating above Nominal Surface

The coating, as a rule, tended to fill hollows in the sur-
face profile of the piston ring, (See fig. 11.) The distortion
in a large field of view inherent in photomicrographs made at
high magnification made difficult the determination of the rela-
tive heights of coating and basis material of the piston ring.
The relative heights of the coating and the basis material were
determined by light-interforence methods. An optical flat placed
next to the rumning face of the piston ring and illuminated by a
godium lemp produced the interference rings shewn in figure 15
The distance between adjacent dark bands represents a difference
of 0.C0001 inch (1/2 wavo length of sodium light) in the distances
between the surface of the ring and that of the optical flat at
the bands. In order to find the height of the material above
the basis metal, it is only neceasary to count the interference
fringes between the top of the ccatlng gurface and an adjoining
rogion of basis metal and tec multiply by 0.00001. The coating
in these tests was from 0,00001 to 0.00002 inch above the nominal
surface of the particular specimen,

.
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The photomicrograph of coating material on a cylinder barrel
N (fig. 9) shows conclusively by light reflection that the coating

was raised above the nominal cylinder surface. For convenience,
the gecmetry of light reflection from the coating on & cylinder
barrel is shown in figure 16. If the coating were to form as a 3
build-up on the cylinder barrel, the bright sides of the build-up {
wonld face the source of illuminetion, If pits were formed, those
parts of the pits away from the direction of illumination would ’
become most brilliant, TFigure 7, which is a photomicrograph of a
nitrided-steel piston-ring face under oblique illumination, simi-
larly, shows by light reflection that the coating material is
slightly raised abcove the nominal surface of the piston-ring face.

Inconclusive results as to the relative heights of the coat-
ing on the cylinder barrel were obtained from tests with a sensi~
tive dial gage. A precision mechanical stage to position the
specimen would be necessary in order successfully to use a dial

gage.

Chemical Characteristics

The outermost skin of the coating appeared to be extremely
corrosion-resistant because none of the customary strong acids
. (such as hydrecchlorie, sulfuric, nitric, and aqua regia) nor the
strong bases (such as hot concentrated potassium or sodium hydrox-
ide) would attack it. The coating material Jjust below the surface,
| however, cculd be attacked, but only by hct concentrated potassivm
| or sodivm hydroxide., Typical results of etching are shown in fig-
ure 10, where nital was used as the etching reagent, and in figure
11, where hot concentrated potassiim hydroxids was used. No re-
action occcuried using nital, but the hot concentrated potassium
hydroxide definitely attacked the coating material., Table 1 lists
the etching reagents employed, their purpsses (reference 1), cnd |
tiieilr effects on the crating. It must be concluded that the coat=-
ing is extiemely corrosion-resistant,

It was impracticable to isolate the crating material by dis-
solving away the basig material because gases that were evolved
beneath the coating material fragmented the material from the sur-
face in the form of extromely small flakes.

Physical Characterigtics

The values of Biervaum microhardness obtained were 2500 for
the coating and 3200 for the nitrided case. These values correspond
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approximately to the value of 2950 given for nitrided steel in
reference £. Conversion tables given in reference 2 list a
Bierbaum microhardness of 2950 as being equal to Brinell 750 or
lockwell C-67. The following table compares the microhardness
of the coating material and the nitrided-steel case.

Material [Bierbaum micro- | Rockwell |[Vickers pyramid
tested hardnegs hardnegs |hardness
Coating ! 82500 i S on P R SR b ]
material

Nitrided- | P2950, 83200 Po.gt, ¢950-1000
steol = B %

case !

8Test results.
°From reference 2.
Crrom vefersnce 3.

The depth of test scratch ranged from 0,000073 to 0.000095
nch, The test dismond, therefore, may well have penetrated through
the coating layer intc the basis metal for a short distance. In any
event, it is probable that the coating material is bhard, though not
so hard as the nitrided case.

= jde

Metallurgical Change

The metallurgical changes observed where coatbing material had
formed in the running faces of nitrided~steel piston rings were two-
fold; a coating layer was created, and the metal gralns Jjust be-
neath were deformed. A typical cross section of a portion of the
running face of a nitrided ring on which no coating has been formed
is shown in figure 4, In this ring the grains are undeformed., Fig=-
ure 14 shows the deformed (worked) grain structure of a portion of
& ring face in which a coating has formed, The individuval grains
apparently retain their identity up to the point of conversion to
coating material, even when the elongated grains no longer resemble
any part of the original structure. Figures 12 and 13 show ancther
portion of o piston-ring face, but here the grains lose thelr
identity and merge to form a nearly homogeneous layer directly
beneatl the coating material.

Added visual comprehension of the deformation of the metal
grains showa in figure 17 may be obtained from figure 18, which
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is a photomicrograph of the seme cnecimen exceph that obligue il-
lumination was emplcoyed. The long slanting grain in the centsr

of figure 17 directly teneath the deformed grains mey bs sean at
the left of the cenler in figure 1id.

Additional Tests

Spectrogrephic analysis of the coating mateiial was attempted
by firet etriking a spark to the coating layer and seccnd to the
bagis metal of a ring, The spectrum was identical in both cases,
but this result was no% unexpected hecouse the thickress of tho
layer was so mu2ll that 1t permitted the gpark to penetrate to the
bagig metel,

Electrographic teats on the outermcst skin of the coating
wium, both of which are preeent in
»ing and barrel material, falled So reveal the presence ol elthsr
element, although the elements were found in the nitrided case,
Tt is belicved thet thse swrface of the coating matorial wes too
pasgive to sllow usuval electrochemical roactions to occur,

materisl for nickel and chy

)

DISCUSSION OF RESULTS

_ Tt has been shovn by experiment (wreference 4) that the gur-
face temperature of a metal. slider nay reach the softening or
meiting point of the slider. Such high temperatures are not com-
sricoted to the buik of the slider because the heat cepacity and
igsipation of the buik mass is great relative to the heat generated
at the slider Tace. Apparently a piston ring in operation may be
heated to high locsl temperatvres that causs the mehal on the face
to soften or melt, flow over the face, and regolidify, Becauee
che heat capasity of basis zmaterial is great compared with that
of the moftecned or moiton surface layer, it is prodable that the
topmogt layer hardens almost instantancously. Complete recrystal-
lization would not occny and tho material would remain amorphous
or small in grain size becausge the cooling time 1s short. Such
layors mey poascns chemical ard vhysical properties different

o B

D W -

i

I

from those of ordinary crystaliine materisl (reference 5).

1cally high epots on tho nitrided~

It appears that microsc
2 g material, eveatually resulting in

o)
steel piston ring form a coebing
a continuously costed runnirg faco, The same condition apparencly
manifestr iteslf on the cylinfor-barrsl suwrface, This condltion
may perhaps be accelorated by the high unit wall pressures of the

P
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present design of nitrided-steel piston ring, The coating material

should be beneficial in service o-pevation becangs it is corrosion- 3
resigtant, only slightly softer than the nitrided case, end minute-

1y raiged above the basie metal of the ring., Becaure the coatlng

is raiged above the basis metal, contact and wear wilil tend to oc-

cur cn the coating rather than ocn the basis metal. Also, steel

will nct be running on 3teel with attendant high rate of wsar.

y
|
|
r
|
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The difference in relative heights of the coating material ‘
and the basis moterial isg probably a regult cf the fact that the

nitrided cass 1s less corrosion-resistant than the coating material
and is corrcded until its surface is lowered. In fact, when ring
specimens were electrocgraphically attacked by ireagents for deter-
mination of the presence of nickel ané chromium, only the nitrided |
cage wes attacked, No evidence has been found that machined |
nitrided steels are particularly corrosion-resistant; published
results of tests appear to have been obtalined from ummachined
nitrided-steel spscimens with the white nitrides intact,

Insgmuch as the ccating material has not been identified by
the methods indicated in this raver, other means of analysis such

a8 X-ray c¢iffraction and electron diffraction will be attempted. 4
SUMMARY OF RESULTS -

The results of the invegtigation of coating material found
on the faces of nitrided-steel piston rings after coperation can
be surmarized as follows:

1., Coating materiel was formed in the rurnning faces of
nitrided-steel piston rings curing service operation.

2. The coating material was extremely corrosion-resistant.

3., The coating material ehowed a Bierhaum micrchardness of
£500, alightly less than that of a nitrided-steel case., This
hardness is a preliminary value.

4. The coating material was raised very slightly, 0.C0001
inch to 0,000025 inch, above the nominal surface of the piston
ring,

5. The thickness of the coating layer on tine test specimens
examined was approximately 0.0001 inch,

Naticnal Advisory Committee for Aercnautics,

Aircraft Engine Research Labcratory, #
\
Cleveland, Ohio. -
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TABLE 1. - EFFECTS OF ETCHING REAGENTS ON COATING ]
\
\
a
Reagent Purpose Effect 1
Chromic acid® Attacks cementite rapidly Noneb .
Oxalic acid® Reveals precipitated Noneb
| carbides
Sodium cyanide? Darkens carbides NoneP
Glacial ecetic acid plus iShows structure of nickel None?
nitric acid i and its alloys
Potaggium hydroxide, hot, {General corrosion Cross section
concentrated g etched®
Sodium hyéroxide, hot, con- General corrosion Etched®
centrated {
Amuonivm hydroxide, con- General corrosion lone®
centrated

Aceltyl chloride plus aluminum
chloride
Acetyl chloride

Potasgium thiocyanate plus
“hydrcchloric acid
Sodium hydroxide plus
hydrcgen peroxide
Sulfuric acid®

Sodium picrated

with scme resonant
compounds

Check on ahove,

j not react

Test for passive film of

{ d1ron oxide

fDurkens tungsten carbide

i
iGene
i
iColors cementite

shonld

ral Corrosion

Cross section
slightly 4ched?

Tone?

}

Surface colored?

one®

NoneP

3

Slight color not

i a.lablﬁ
Nitric acid, hot and cold, {General corrcsion None
dilute and ccnosntrated l
Sulfuric acid, hct and cold :General corrosion Nons?
dilvte and concentrated i
. . - - 1
Hydrochloric acid, hot and |General corrosion {Wene®
coid, dilute and concentratedj : %
Potassivm ferricyanide plus iNitrides unaffected, Blackened®
potessium hydroxide, hot, carbides D1 dcxnned
concentrated
Ammonium persulfate iDarkens ferrite Wone®
Aqua rezia General corrosion Tioned
q 3
Oxidized nitric acid iGenerai coxrroeion Tone®
! = i
Stead 's reagsent Raeveals steadite fone®
i 3
!
§tannous chioride Cnemical reduction None®
8Flectrolytic etch,
cagent applied on crose gection and outer gkin of coating. A
eagont aprlied on cross section of coating,
Roagent applied on outer gkin oi' ccating.
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Figure 1. - Geometry of illuminating ond viewing
coating on o piston ring.



WHITE NITRIDES RUNNING FACE
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Figure 2.—Transverse section of a typical nitrided-steel piston ring. The black spots in the core are inclusions. (Cf. fig. 6.) The white gv
nitrides are present at the corners of the ring where they have not been removed by machining. Etched in nital. <100. )
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Figure 3.—Core structure of a typical nitrided-steel piston ring. Etched in nital. ><1,500.
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The grain structure is undeformed up to the s

undeformed material is characteristic of those areas where coating materia

—Transverse section of the running face of a nitrided
Etched in nital.

developed coating material.

Figure 4

X1,500.



Fig. 5
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piston ring. The white nitrides are present at the edges of the ring where they have not been
% 1,500.

Figure 5.—Transverse section of the upper edge of the running face of a typical nitrided-steel
machined off. Etched in nital.
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COATING
MATERIAL

DIRECTION OF
INCIDENT
ILLUMINATION -

Figure 7.—Running face of a nitrided-steel piston ring after test, showing mottled occurrence of
highly reflective material. Oblique illumination. Because the bright side of each area faces
the light source, it is apparent that the coating material is elevated above the nominal
sutface. Same ring as figure 2. Unetched. }<45.
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TOP OF RING

COATING MATERIAL

Figure 8.—Running face of a nitrided-steel piston ring after test, showing continuous occurrence of highly
reflective material. Vertical illumination. This ring ran for 25 hours at 2,500 r. p. m. and a brake
mean effective pressure of 209 pounds per square inch. Etched with dilute nitric acid. <50.
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Figure 9.—Running face of a nitrided-steel cylinder barrel after test, showing occurrence of highly reflective material.
Because the bright sides of the reflective material face the source of illumination, it can be seen that the spots are
actually build-ups of coating material. Unetched. (45,
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; Figure 10.—Transverse section of the running face of a nitrided-stee| piston ring after test,
| showing coating material. The coating material has not been etched and is therefore difficult
: to distinguish from the nickel layer directly above. Etched in nital. (Cf. fig. 11.) Same ring
| as figure 7. »1,500.
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Figure 11.—Transverse section of the running face of a nitrided-steel piston ring after test,
showing coating material. Only the coating material has been darkened, thus rendering it
easily visible. Same area as figure 10. Etched in hot concentrated potassium hydroxide.
X1,500.
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Figure 12.—Transverse section of the running face of a nitrided-steel piston ring after test. The coating material has formed o heavy
layer over those parts of the face where no white nitride exists. This ring was used for two tests and then lapped. It was then run
in for 1 hour and operated for 25 hours at 2,500 r. p. m. and a brake mean effective pressure of 209 pounds per square inch.
Etched in nital. 1,500,
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Fig. 13
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Figure 13.—Transverse section of the running face of a nitrided-steel piston ring after test,

showing coating material. Same ring as figure 12. Etched in nital. X1,500.
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Figure 14.—Transverse section of the running face of a nitrided-steel piston ring after test that
has developed coating material. The grains directly below the coating material have been
severely deformed by working, but they retain their identity. (Cf. fig. 17.) Etched in nital.
X1,500.
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é
COATED
SURFACE
UNCOATED |
& SURFACE
IDENTIFICATION
SCRATCH
Figure 15.—Interference fringes on the running face of a nitrided-steel piston ring, showing
relative heights of coating material and nitrided case. The heights of the coating patches are
found by counting the bands between the top of the area and an adjacent area of the bare
case. Each band corresponds to a 0.00001-inch difference in height. Unetched. <40.
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Build-up (Note that brightest reflection
is on neor side of light source.)

Light source aond observer

Figure 16. - Geometry of light reflection.
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Figure 17.—Transverse section of the running face of a nitrided-steel piston ring after test that
has developed coating material. In this case the working has been so severe that the grain
structure has been destroyed for a small depth, and a layer of homogeneous material exists
directly below the coating material. There is still a sharp dividing line between the coating
material and the homogeneous layer because the homogeneous layer was attacked by the

etching reagent. (Cf. figs. 17 and 18.) Etched in nital. <1,500.
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Figure 18.—Transverse section of the running face of a nitrided-steel piston ring after test that has developed coating
material and @ homogeneous layer. This is the same area as figure 17, but the illumination is oblique. The long
slanting grain at the left of the figure appears in the center of figure 17. Etched in nital. X1,500.
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