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Influence of enveloping stressed volume and trochoidal
interference on durability of gear teeth

Contents

1. Local stressed volume (LSV) and Enveloping stressed volume (ESV) of
material at transmitting power

2. Gear tooth flank failure as function of ESV and trochoidal interference

3. Rag wear and tooth failure as the result of positive feed back system of
surface failure development
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In case of IAE gear & lubricant tester

The long addendum engages with rather
short dedendum.

That means, small amount of tooth flank
material on dedendum carries same power
that large amount of tooth flank material
on addendum carries.

As the result, damage of dedendum is far
severer than that of addendum, though the
contact stress on contacting dedendum
and addendum is same.

Very primitive thought !



Matin Driving
g tooth No damage on addendum,

tooth flanks severer damage on dedendum.

Driven tooth

Pitch line

The contact stress on dedendum and addendum is
same, but damage of dedendum is far severer than that
of addendum .

Traction gear of automotive power transmission
Almost newly shaved flank
Trochoidal interference

Worn Replica observation

Trochoidal interference

Save the region of trochoidal interference, dedendum is considerably worn (normal wear),
but addendum is almost fresh.



The tooth flank is not yet damaged, but wear state of addendum and of
dedendum looks considerablly different.

Planet gear of land construction machinery

Volume of material that is stressed during

ESV is the volume of envelope drawn by LSV during the transmitting power by rolling and sliding
rolling & sliding movement of contacting bodies that contact-surfaces

transmits power in unit time length.

The ESV of contacting material on both contacting bodies,

e.g. tooth flanks, differs as function of ds1 and ds2.
Local stressed volume: LSV

Enveloping stressed

volume: ESV Contacting/bbdy 1 After the Hertzian stress theory

of contacting elastic bodies, the
status of induced stress on
surface and in subsurface is
symmetric for both contacting
bodies.

The LSV of contacting material
is of same magnitude for both
contacting bodies.

In case of gear tooth engagement, the contact length
of surface material of tooth flank changes during
G / progress of meshing as dsi and ds .

At common testing method for material strength, e.g. tensile strength test, bending strength test etc., there is no
sense to distinguish LSV and ESV. Because they are usually of the same volume.

But when we consider the surface durability of gear tooth flank, we have to treat surface material under rolling &
sliding contact. In this case, the LSV and ESV is quite different, when the contacting point is far from the pitch point.



Very primitive

thought ! Same loading Actually the surface temperature of dedendum, especially near
Same heat input base circle becomes considerably higher than the temperature
of mating addendum surface.

High temp.
High spec.stressed

Amount of

material that

carry

transmitting

ower

P Small amount Large amount
of material to of material to
carry power carry power

When the amount of material is different to carry
same power and load, we know empirically, that the
material of smaller stressed volume has to suffer
larger damage.

This is perhaps our common experience during using
tools in human history.

Does this general feeling of experience valid to treat
material durability under rolling & sliding contact? ,
though it is perhaps not correctly corresponding.

When we adapt Coulomb’s law of wear for
the case of rolling & sliding contact- bodies,
we have a relation that the difference of
ESV is corresponding to the difference in
wear amount. Perhaps though this results
does not explain the real world of failure
involving material fatigue.

When we adapt the theory of fatigue of
material for this case, there appears no
influence of the difference in ESV on the
durability of contacting surfaces.

Historically, the different state of pitting on addendum tooth flank and on dedendum
tooth flank and the difference of their damage development have been often so
explained, that the state of oil trapped inside crack of pitting is different on addendum
and on dedendum as function of rolling and sliding direction.

The difference of actual surface damage on addendum and on dedendum is though too

large to explain it by such oil trapping hypotheses.

Trochoidal
interference

Sun pinion of planetary gears for big shovel drive

_7_

Trochoidal interference
(Cut-in region)



High temperature damage

Hot scuffing initiastes at lower dedendum,
because the ESV there is small and the
surface temperature becomes very high.

The situation of oil film rupture at trocoidal
interference is dragged upward to the pitch
line and whole dedendum becomes scuffed.

Skematic state of contact stress including the period of trochoidal interference

Reé’/'o

_I'Oro nOf
ln[el'fe O/da /

Tooth tip "Cnce

edge

contact

Hertzian stress of contacting tooth flanks

Region of validity of calculation
_ method for load carrying capability
N .
of gears for surface durability P
} /

\
AR fc B
1 I

~

/

/ \ Most of gear failure initiates on
this part of tooth flank .

Because of trochoidal interference, contact of
tooth tip edge begins at point C. The edge
contact moves from point C to point B, at
which inv.to.inv. tooth flank contact begins.

At tooth tip edge and at dedendum inside
torochoidal interference zone, far higher
contact stress and thermal state occurs than
the value predicted for inv.to.inv. contact.

The trigger of tooth flank failure exists
predominantly in such zone.



Highly loaded spur gears for land construction vehicle drive

Tooth with lead form correction of crowning suffures usually strong damage from trochoidal

interefence at the middle of tooth width.

Note the depth of trochoidal interference corresponding to the form of lead form modification of crowning

High precision helical gears industrial use

Wording: “Rag-wear”

For convenience for discussion, | define here the concept
of following gear tooth flank damage as “Rag-wear”:

Under very high surface temperature, the thickness of
lub.oil film becomes very thin and granular falling-off of
surface material occurs, adhesive wear occurs, pitting
occurs, crush of wear debris occurs, plastic deformation
of that tooth flank occurs simultaneously. Such complex
situation of gear tooth flank wear develops itself with run
of operating time as positive feedback system of failure
development. During the damage development, tooth
flank wear and plastic deformation often covers pitted
area and eliminates pitting.

The expression “Rag wear” indicates such state of gear
tooth flank wear with one word.

_9_



Burned oil sludge beneath the lower tooth contact limit indicates, that the temperature there has increased very high.

/

Underneath the limit of tooth contact, piling-up of plastically flown tooth flank material due to the tooth tip edge
movement by trochoidal interference is recognized. (This observation thanks to the sophisticated lighting at photograph.)

Because of high temperature of tooth flank material, especially inside the trochoidal interference zone, its hardness and
strength becomes low, that makes the plastic flow of the material easy.

Tooth
11

In the region of small ESV,
especially in trochoidal
interference zone,
material temperature on
the surface becomes so
high, that is enough to
melt the surface very
locally.

Tooth 18

_10_



[@D])Driven wheel tooth 1x 10" + (1600N-m) 5.2 x 10”4 cycles

Initiation of crack at side edge of helical tooth on acute

angle side
Tooth13

Inside trochoidal interference zone, severe rag wear
occurs.

The material strength decreases there and crack
initiate easily.

That surface crack acts as notch and it develops into
deep macro crack.
A kind of side wall rapture, chipping, also ocurs.

Tooth16

Some clear view of tooth surface melting in trochoidal intereference zone, observed under

sophisticated lighting at photograph.

You can easily assume, that the reduction of material strength there must be very big, though
such influence is not taken in consideration at gear designing.

Tooth 29

Tooth 43
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Tooth 14

One typical mode of tooth flank failure that depends on run of operational time
The following picture deals with driven wheel.
Items in pink thick bracket concerns meshing gear pair.

Tooth side end QS I_oati Tooth side Improper distribution Trochoidal interference
P | distribution edge contact of flash temperature
of acute angle e il Sk Decrease of

tooth stiffness

\

Production of
wear debris

Very local
heavy loading

/ Side wall rapture

Large contact
pressure

High surface

temperature
tocal bending & / of tooth i Material softening, Thin oil film
shearing deformation Material &~ g "
gf h \ / fatigue, Release of residual thickness ‘
of toot - pitting stress, Reduction / intrusion of
CI’?Ck initiation on of durable potential ntrusion of wear
side chamfered

debris between
mating tooth
flanks

surface

Plastic

deformation Abraswe &
adhesive wear
propagation

* Large amount of lead form

correction of crowning has also the %

same effect. Surface
Tooth

deterioration
breakaga
D Direct cause of damage

I:I State in progress/ Influence factor

Final mode of fai At some lower places in this picture, the ESV is thought to be the main influencing factor why
|:| inalmode offaflure the item next to the pink thick bracket concerns mainly with the driven wheel.
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Progress of tooth flank failure by IAE gear endurance test

The rag-wear develops in the direction of larger contact stress and violates the cut-
in region inside trochoidal interference zone. As the result, the depth of cut-in
region becomes narrower.

Tooth flank out side of rag-wear on the middle of tooth flank near pitch line is
polished under high contact stress to become mirror like.

At the boundary between the polished flank near pitch line and rag-worn region,
the tooth flank curvature has inflection point. Pitting or spalling failure often occurs
there due to the high contact stress. FOD also often occurs there.

The tooth flank material suffers considerable surface and subsurface fatigue damage.

Mirror like polished

Contact
pressure

Inflection point of tooth
flank curvature (vertical
line position in this

picture)
%

Region of rag-wear
Cut-in region

Position of

Progress of max.damage
subsurface crack

The durable-capability of tooth flank material changes with run of gear operation,
mainly due to the surface temperature effect induced.

Tooth flank damage is often the result of the behavior of positive feed-back system
of surface failure whose factor is ESV and trochoidal interference.

Ton

KBGT
Kubo’s Gear Technologies

_13_



Crush of wear debris by tooth engagement, and
tooth flank damage

A.KUBO, Prof.hc.Dr.Eng. aizokubo@hera.eonet.ne.jp
Research Institute for Applied Sciences;  Ooicho 49, Kyoto 606-8202 Japan
http://www.rias.or.jp/

1 INTRODUCTION

Lubricating oil of gear box becomes dark after some operating time has passed. It is
because, wear debris is suspended in the oil Most of wear debris comes from gear
meshing. Wear debris, from considerable particle size to very fine, intrudes between
engaging tooth flanks of gears with some probability and tooth flanks crush it. Crush of
wear debris with engaging tooth flanks gives considerable damage on the tooth flank.
Same kind of phenomena happens also by rolling element bearings: Researcher of
rolling element bearing and also machine engineer using ball or roller bearings knows
this phenomenon since about 30 years and much investigation has been carried out to
clarify the influence of such crush of wear debris on the reliability or on the life of rolling
element bearings. Gear designer or engineer though does not or cannot take this mal-
effect of crush of wear debris in consideration at the prediction of load carrying capacity
or of life of gears. With conventional gear design method, this strong influence is not
taken in consideration. This sets a limitation to the today’s technical level in gear design
for predicting the load carrying capability. In this report, many evidences of crush of
wear debris and the state of tooth flank damage are shown to clarify the strong influence
of crush of wear debris on gear failure.

2 OBVIOUS TRACE OF CRUSH OF FOREIGN OBJECTS

When we watch tooth flanks of heavily operated gears under sophisticated lighting,
we find generally so many traces of crush of foreign objects. Fig.1 shows such an
example: tooth flank of planet of final drive of land construction machine. Though
plastic indentation and surface irregularity of tooth flank is emphasized by lighting
technique at photograph, we find, there occurred so strong intrusion of foreign objects
and engaging tooth flanks crush them during machine operation. The most of foreign
objects are wear debris generated by the gear meshing. This is not a special case, but is
common status in normal operation of gears in actual heavy usage. Case hardened tooth
flank deforms plastically and is scratched.

Fig.1 Tooth flank crushing foreign objects (Final drive gears of bulldozer)

_14_



3  PECULIAR TOOTH FLANK FAILURE

Sometimes, judging from the results of standard calculation for tooth flank durability,
very peculiar but serious tooth flank failure occurs in practical operation of gears. Fig.2
shows one example of spalling found in gearbox operating without stopping under very
severe atmospheric temperature condition: Only one tooth of driving pinion has severe
failure and all other tooth flanks of the same gear are OK. On OK tooth flank, any signs of
surface failure cannot be found. It is not rational from the sense of calculating load
carrying capacity of high precision gears that only one tooth flank suffers such a severe
spalling or case-crashing failure.

oK
tooth
flanks

Spalled
tooth
flank

Fig.2 Severe spalling found only on a tooth flank, all other flanks of this pinion are OK

Fig.3 Spalling on tooth flank near side contact limit of a tooth with lead form
modification of crowning

In the case of fig.3, spalling occurred on tooth flank near its right side end. The gear is
case hardened and shot peened. The tooth lead form has considerable amount of
crowning modification. The contact stress induced at that place is surely low in
comparison with that at the middle of tooth flank. The tooth bearing pattern shifts a little
to the right side, but the side edge contact stays inside OK level.

Both examples show, if the failed tooth has no special condition that other teeth does
not have, such failure cases indicate that today’s tooth flank durability calculation
method is not reliable. The tooth that suffers unique failure must therefore have some
special condition that other teeth do not have. Possible special condition unique at that
tooth is 1. Existence of abnormal pitch in tooth spacing, 2. Material defect, 3. Crush of
intruding foreign objects. = The condition 1. is thought to be not possible from the
machining accuracy of the gear. The condition 2. is also hardly realistic, because if the
material of that production lot has defects, much number of other units must have the
same kind of trouble. The prospective cause looks to be the item 3.

4  CRUSH OF WEAR DEBRIS

Close investigation of the flaking part of fig.3, a rubbed and dragged trace of foreign
object was found from trochoidal interference zone to the apex point of this flaking. We
can also find some scratching and plastic indentation on this dedendum flank, cf. fig.4.

_15_



Fig.4 Drag of foreign object Fig.5 Drag and crush of foreign object to make spall

Fig.5 shows another example: Trace of dragging of foreign object is observed from
outside of tooth contact region on tooth fillet. The intruding foreign object was crushed
at the apex position of flaking to destroy tooth flank. These both examples show,
intrusion of foreign objects and crushing them is the suspect of this failure.

When we run disc machine with case hardened and very smoothly ground TP made
from excellent high strength gear material under good and clean lubricating condition,
the endurance limit reaches ca. 3.5 - 4.0 GPa. In such endurance test, we can find white
phase, butterfly, fish eye etc. in the subsurface of the tested roller. That indicates the
stress state has reached real limit of endurance from the consideration of metallurgical
observation. On the other hand the highest Hertzian contact stress employed in practical
gear design is ca. 2 GPa. There is more than 3 times difference in transmitting torque,
when the ultimate limit of the endurance of the material is decided by the induced
contact stress value after standard calculation method for surface durability. When a
brave gear designer set the limiting contact stress value over 3 GPa at gear design using
conventional calculating method for load carrying capacity of gears, he will surely have
trouble of gear failure soon in practical gear operation. The question is, what is the cause
of this big difference between labo-testing result using simple TP and the results of
practical operation of gears. There could be many suspects for this big difference and
one of them is intrusion of foreign objects between engaging tooth flanks.

FOD of dedendurm flank at beginning of meshing

Load

ifi 1 g po Tt cut-in
tegion o7 rack aidal
intersranca

Ve
fidge of €. race

T.ghnass, snnding "'\.,

N 7

Cuit eglon

i o P
|'1t'€'|fEle|-|¢c L g

Fig.6 Crush of foreign object and damage of tooth flank

Heavily loaded gears usually suffers some amount of trochoidal interference due to
big elastic tooth deformation by transmitting load, tooth lead form modification of
crowning and uneven and partially strong contact near tooth side end, existence of pitch
error and uneven tooth form deviation at each tooth etc. Trochoidal interference
generates cut-in region inside interference zone. Intruding foreign objects, wear debris,
collide with (1) the inflection point of tooth flank curvature between sliding region and
cut-in region inside trochoidal interference, and (2) against the top of ridge of surface
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roughness e.g. of grinding mark, cf. fig.6. At that crush of foreign objects with tooth
flanks, subsurface crack often initiates there and it proceeds upward inside the tooth,
usually between core and case of carburized and hardened gear tooth. Fig.7 shows an
observed pitting initiation due to these two reasons to indicate the prosperity of the
model of fig.6. Of course, surface fatigue at some tops of surface roughness asperity
could be the cause of micro-pitting.

Fig.7 Different kind of pitting initiated due to crush of wear debris

When we see the tooth flank of traction gear of personal car drive after endurance test,
we often judge easily, it looks OK. But when the lighting is well adjusted to emphasize
the state of surface irregularity, we can usually see so much scratching, trace of crush of
fine wear debris over whole tooth flank. Fig.8 shows a typical failure observed at the
beginning part of tooth engaging of strong helical driving pinion. Inside the cut-in region

Fig.8 State of pitting and spalling initiated due to crush of wear debris
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Fig.9 tooth tip chipping due to crush of wear debris

of trochoidal interference zone, micropitting due to material fatigue is observed. The
initiation of big spalling is though due to the crush of intruding foreign object at the
inflection point of tooth flank, at the joining point of cut-in and slipping region inside
torochoidal interference zone.

In fig.9 the pitting like failure at the tooth tip on upper right part of the photograph is
perhaps not the failure due to material fatigue. Downward from that failure you can
observe the trace of rubbing and dragging of foreign object on tooth flank. Surely a
foreign object of considerable size intruded between the engaging tooth flanks and it
rubbed the tooth flank under high pressure. At the moment that the foreign object
passed over the tooth tip edge, the edge was ruptured and has made chipping.

Fig.10 Partial tooth breakage as a result of failure triggered by the crush of
intruding foreign object at the inflection point of tooth flank curvature
at beginning point of cut-in region inside trochoidal interference

Figure 10 shows one fatal result induced by spalling that is triggered by the crush of
wear debris against the inflection point of tooth flank curvature at the joining point of
slipping region and cut-in region inside trochoidal interference zone: The subsurface
crack proceeds upward between case and core boundary and reaches finally to the back
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flank of the tooth. Then the cracked part is fallen-off. Besides the big triangular spalling,
many pitting are observed at the inflection line between slipping and cut-in region
inside trochoidal interference. Note the obscure shape of those pitting: it is quite
different from the figure of fatigue pitting observed by the e.g. roller-to-roller endurance
test of gear material under clean lubricating condition. You can see also the same status
of obscure figure of pitting in fig.7. Judging from that obscure figure of those pitting,
they must be initiated by collision and crush of foreign objects at that part.

5 OUTLOOK OF TOOTH FLANK AFTER CRUSHING WEAR DEBRIS

Fig.11 shows an example of spalling initiated by the crush of intruding wear debris.
Down ward from the apex of spalled part on tooth flank, you can observe the trace of
rubbing and dragging of intruding foreign object. Crush of those foreign objects
(perhaps wear debris) initiates the cracks to make this spalling. The trace of dragging of
intruding foreign objects can be recognized from lower outside of tooth contact limit.
Then, some kind of contact evidence must exist on tooth tip of mating gear teeth.

Fig.12 shows it: Over the chamfer-surface at tooth tip and on addendum flank near
tooth tip edge, you can observe some slight plastic deformation, i.e. indentation of oval
form, that was printed by the strong contact with crush of intruding foreign object. This
gear is carburized and quenched. The tooth tip is very hard about hardness HRC 63. In
spite of this hardness, such oval trace of plastic deformation remains and is observed. It
means the intruding foreign object is so strongly pressed to be crushed. The contact
mark on chamfer at tooth tip means that the intrusion of foreign objects occurred from
outside of contactable tooth flank decided by involute gear meshing theory.

Fig.11 Crush of intruding wear debris to initiate spalling-off of tooth flank

Fig.12 Plastic deformation on tooth tip chamfer due to crush of intruding foreign object
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6 INFLUENCE OF SIZE AND HARDNESS OF WEAR DEBRIS

The behaviour of wear debris scattered in gear lubricating oil looks different as
function of its size and weight and Reynolds number. The constituting factor “length” in
Reynolds number is tooth size or the module, when we deal with the phenomenon of
intrusion of foreign objects between tooth flanks. When the diameter of debris is less
than ca. 50 um, such “fine debris” moves almost same as the flow of lubricant. When the
diameter of debris is about some 100’s um, such “small debris” receives considerable
influence of gravity, but suspended in lubricant. When the diameter of debris is about
some 400’s um or larger, such “large debris” sinks and piles on the bottom of oil sump
within shorter time.

Fig.13 Scratching by soft wear debris

Fig.14 Scratching by hard, brittle and fine wear debris
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The hardness and ductility of wear debris has considerable influence on the damaging
state of surfaces acting as crushing-wall against wear debris. That means, the outlook of
tooth flank is considerably different as function of chemical characteristics of lubricant.

As function of kind of lubricant and EP-additive, when wear debris is hard and brittle,
wear debris becomes smaller and smaller by crushing. Abrasive wear of projected part
of surface roughness asperities proceeds like frosting or micro-pitting on tooth flank.
Ridge of grinding mark and crater mountain made by crush of foreign object is
abrasively worn. When the hardness of wear debris is soft and ductile, wear debris does
not become smaller by crushing: fine and small wear debris plastically put themselves
together to become large. In such case, large indentation and crater is made by crush of
foreign object.

Fig.13 shows the state of scratching after endurance testl!] by FZG rig using ground
gears from 16MnCr5 steel and gear oil of VG320 with EP-additive of S: rich 0.53%, P:
rich 0.04%. The state of collision of fine wear debris with ridge of grinding mark shows
that the fine wear debris looks to destroy the top of the ridges. It looks like micro-pitting
occurring at the projection part of surface roughness. Near the grooves of scratching,
some black ball, perhaps melted steel, are found.

Fig.14 shows the state of scratching by wear debris, here the EP-additive of lubricant is
S: rich 0.53%, P: poor 0.02%. Intruding wear debris crushes themselves into finer size.
Collision of fine wear debris with ridge of grinding mark also occurs and tooth flank
wears abrasively. It looks like very fine micro-pitting occurring at the projecting part of
surface roughness. Some black balls, perhaps melted steel, are also here found.

Fig.15 Craters, scratching and melted steels due to crush of intruding wear debris

Fig.15 and fig.16 show very different outlook of damaged tooth flanks lubricated by
ATF with EP-additive of S: rich 0.12%, Ca: poor 0.005%, P: const. 0.03%, and that
lubricated by ATF with EP-additive of S: poor 0.06%, Ca: rich 0.01%, P: const. 0.03%. At
this endurance test, we have put the same wear debris taken from contaminated gear
lubricating oil of heavily tested gear box. The amount and nature of wear debris added
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in the lubricant of these both tests was therefore the same. On tooth flank many
scratching are recognized. At some position, such scratching destroys ridge of grinding
mark by collision of fine foreign objects. The resulted outlook of the damaged tooth
flank is so different between the cases of fig.15 and of fig.16: in the case of fig.15, crush
of large foreign objects induces plastic deformation of tooth flank in forms of crater and
horse shoe. It induces also cracks inside tooth flank. We can see black oxidized steel at
the side of deep scratching grooves and on the crater mountain. In the case of fig.16, the
size of intruding foreign object seems to be very large, though the size of wear debris put
in the lubricant is same as the case of fig.15. The abrasive wear of crater mountain and
projecting part of tooth flank, i.e. wear of asperity of surface roughness, is very fine. On
the bottom of craters, very local melting of tooth flank or melting of crushed wear debris
is observed.

Fig.16 Worn craters and evidence of melted steels on the basin of craters

7  PROCESS OF DAMAGE CONCERNING CRUSH OF WEAR DEBRIS

Summing up much observation of tooth flanks of heavily used gears, we have the
following impression: the progress of tooth flank wear as function of operating time is
expressed by the positive feedback system as shown in fig.17. The most of gear life is
under the state of failure-in-progress and different kinds of failure modes change their
own grade by mixing their failure modes.

Meshing and crushing of foreign objects in engaging tooth flanks is serious trigger of
forthcoming fatal failure. The gear design and operation under the recognition not to
produce wear debris is very important to realize long life and reliable gear unit.
Lubricant especially its containing EP additive, e.g. phosphorus, sulpher, calcium etc. has
considerable influence on generation and characteristics of wear debris.

8 CONCLUSIONS

1. Foreign objects, most of them are wear debris, intrude between engaging tooth flanks
more as we expected.

2. Foreign objects of small size make an appearance of scratching. The work of scratch-
ing generates considerable heat to melt some amount of intruding wear debris and
of tooth flank material.
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Fig.17 Positive feedback system for development of gear tooth flank failure

Crush of foreign objects of considerable sizes makes crater or plastic indentation of
horse-shoe shape on tooth flank. On the bottom of crater, melted tooth flank material
or melted crushed wear debris is observed. Sometimes impact-crack is formed
around outside of crater in sliding direction.

. Crater mountain wears abrasively. EP additive in the lubricant, e.g. phosphorus,
sulpher and calsium, has considerable influence on the fashion of that wear.

It is perhaps because, that the hardness and ductility of generated wear debris
receives strong influences of these elements

. The inflection point of curvature at dedendum tooth flank is exposed to crush of
intruding wear debris. That part of tooth flank is therefore very fragile. The crush of
wear debris therefore often becomes the serious cause of tooth flank failure like
flaking, spalling or case crushing.

. Ridges of surface roughness of tooth flank due to machining or grinding also fragile
to crush of intruding fine wear debris, that induces failure like micro-pitting.

. When intruding foreign object is dragged by engaging tooth flanks and passes over
tooth tip edge, the edge can rupture and chipping of the edge can occur. Subsurface
crack also often initiates at that crush and chipping.

. Above mentioned tooth failure produces new wear debris to intrude between tooth
flanks. Tooth flank failure develops itself by such positively feed-back system of
failure progress.
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Working Features of Surface Layer of Tool Reinforced with Dispersed NbC Particles

Yoshifumi HIGASHIGAWA'", Masaki MORITA? and Masayoshi AKIYAMA®

Experiments have been carried out to clarify the roles of matrix and dispersed NbC particles on the reinforcement of tool
surface. It was at the end of the last century that outstanding performance in hot metal rolling was reported of the surface layer
of tool reinforced with coarse NbC particles by Plasma-Transferred-Arc (PTA) welding but little has been investigated on the
roles of matrix and optimum dispersion of NbC particles. In the present work specimens manufactured by PTA welding using
NbC particles with different sizes and different fractions were subjected to hot sliding test against medium carbon steel in order
to investigate the roles of matrix and the NbC particles held in the matrix. The result showed that the matrix is reinforced as
soon as a small amount of NbC is injected into the welded layer and keeps the constant strength regardless of the increase in the
fraction of NbC particles. With the increase in the fraction of NbC particles in the welded layer the performance of the surface
increases linearly. In the previous use of coarse NbC powder was recommended but present result showed that the effect does
not depend upon the size of NbC powder to be PTA-welded.

Key Words : NbC, PTA, reinforced tool, hot wear resistance, optimum size of NbC, reinforcement of matrix
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Fig. 1 View of PTA-welding machine and schematic illustration of PTA-welding
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Fig. 2 Flow chart of specimen manufacturing and
evaluation
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Table 1 Conditions of PTA-welding
Powder . . Weight fraction of
Base metal No-1 No-2 Size of NbC particle, pm NDBC, %

S50C NbC SUS309L Fine : 10~45 Medium:45~75 Coarse : 75~150 20, 40, 60
Plasma arc Plasma arc Pre-heating temperature before Carrier gas Post-cooline condition
current, A volatage, V PTA-weldeing, K g &

170 33 423 Ar Slow cooling

Fig. 3 Schematic illustration of specimen manufacturing by
PTA-welding and wire-cutting
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PR, ST SR P TIE T BRI O MR NbC RO
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WEEZ BN, MK NbC ¥y & AV 72 PTA IAH:
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HIEEEMELTEY, MEEARER B2 L
72 NbC R DRERE 2 BITH. TDd, 7 b~
A RIEIT L - TERL S 7= %M NbC By & i 120>
iF, 75~150 pum OHLKL, 45~75 pm O HFHKL, 10~

Table2 Results of PT on PTA-welded surfaces

NbC, wt% 20 40 60
Fine @) O O
Medium O O O
Coarse O O A

O: With no crack, A: With small hair crack

45 ym OHIRL &, i DRI EZFFO=OORET
MLz, £, BHEBO~ N vy 7 AL~ ) v
7 A D NbC RN EEFEME & < 9 1E 2 X515
572812, NbC ¥y & SUS309L ¥y DiREAHEE b
EELT-.

728, Fig. 3 T PTA / X/LITIE G MIHEE) %
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Fig. 4 Examples of inspected PTA-welded surfaces by PT
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Fig. 6 Relationship between NbC particles in powder and NbC particles in matrix
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Fig. 7 Examples of intensity and area fraction of NbC particles in matrix

Fig. 8 Relationship between weight fraction of NbC
in parent powder and area fraction of NbC
particles in PTA-welded layer
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Fig. 9 Example of influence of load on Vickers
hardness of matrix
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Fig. 10 Influence of area fraction of NbC particle in
matrix on Vickers hardness of matrix
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Fig. 11 Examples of SEM-EDX images and distribution of elements in PTA welded layer
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Fig. 12 View and illustrated image of hot wear resistance test

Table 3 Conditions of hot wear resistance test

Base metal
Temperature, K | Applied load, N | Sliding speed, m/s | Sliding distance, m | Lubrication
Size,mm material
$ 125X30 S45C 1073 980 0.22 600 No lubricant
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Fig. 13 Examples of wear track after hot wear
resistance test
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Fig. 16 Example of distributions of elements on wear track
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