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INDUCTION HEATING

This month’s column features the
answer to a reader’s question about
what can be done fo eliminate
cracking around holes when
induction hardening the steel shafts

Question: We experience cracking problem around
the holes when hardening our steel shafts. What can
be done to eliminate it2

Answer: Inappropriate design parameters may re-
sult in developing cracks near the holes. As an ex-
ample, Fig.1 shows cracks that were initiated around
transverse (Fig.1a) and longitudinal (Fig.1b) holes.
The most frequent cause of cracking is severe over-
heating. Overheating can lead to unwanted metal-
lurgical microstructures, excessive grain growth, scale,
shape distortion, and decarburization, as well as
grain boundary liquation, which weakens grain struc-
ture and substantially increases britleness and sen-
sitivity to developing intergranular cracking upon
quenching (Fig. 2).

Size, location, and orientation of a hole can have
a marked effect on eddy current flow and severity of
overheating. It is beneficial to review factors respon-
sible for overheating of the holes while induction hard-
ening shafts(1.2],

Longitudinal (axial) holes
The presence of longitudinal holes within the part

Fig. 1 — Cracks
initiated in proximity
to transverse hole (a)
and longitudinal

hole (b).
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can cause a redistribution of eddy current flow, re-
sulting in overheating of certain regions of the shaft.
Figure3 (left) shows a transverse segment of a shaft
and the normal current flow within itl1l. This current
distribution is typical if the heated shaft is solid, or
if a hole is located significantly below the current pen-
etration depth (5); therefore, the induced eddy cur-
rent does not interact with the hole. However, if a lon-
gitudinal hole is located within the current penetration
depth, it partially blocks the normal eddy current path
(Fig.3, right), squeezes current flow into a channel
between the part surface and the hole, and that may
lead to a dramatically increased current density and
a severe local overheating of hole areas resulting
in permanent damage of the steel grain structure.

There are two factors that can cause the over-
heating:

® An increase of power density (heat source) due
to the redistribution of eddy current flow

® The lack of adjacent mass of metal there, meaning
that there will be reduced heat transfer from the hot
surface of the shaft toward the colder core due to the
thermal conductivity (cold sink effect)

Depending on shaft geometry, the impact of both

B e = factors may be dif-

ferent. If a longitudinal
hole is located within
one current penetra-

i Fig. 2 — Appearance of
: intergranular crack

L resulting from a grain
boundary liquation.
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Fig. 3 — Eddy current redistribution as result of the presence of a longitudinal holel!1.
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Fig. 4 — Overheated areas due to the presence
of longitudinal holesi!.
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tion depth in hot steel (5) from the shaft sur-
face, then the first factor typically prevails
and primarily is responsible for the over-
heating in that area (Fig. 4, hole A).
When the hole is located within 1 to 2
times the current penetration depth (3), as
with holes B and C in Fig. 4, then both fac-
tors have approximately the same impact
on the localized heat surplus. If the longitu-
dinal hole is located within 2 to 3 times &
and the heat cycle is relatively long (8-12
s), the second factor typically makes greater
contribution to the overheating. When the
hole is located sufficiently far away from
the shaft surface (Fig.4, hole D), the prob-

"\ Hole

Fig. 5 — Eddy current distribution and heat non-uniformity appearance due to the presence of a
transverse holel'l.

Fig. 6 — Undesirable chamfering having
excessive chattering.

ability of overheating is very slim.

Many times, an increase in frequency
and/or power density reduction can dra-
matically reduce an overheating of longi-
tudinal holes eliminating cracking.

Transverse holes

Transverse holes always cause a redis-
tribution of eddy current flow. Unlike the
case of longitudinal holes, eddy current
redistribution due fo transverse holes can
result in both under-heating and over-
heating of the hole edges (Fig.5). Due to
the current concentration, overheating can
occur at the hole edges parallel to the eddy
current flow. At the same time, there will
be a certain lack of heat at the hole edges

perpendicular to the eddy current flow. If
the hole diameter is less than one half of
current penetration depth, that current flow
distortion does not typically result in ap-
preciable temperature non-uniformity
around the hole. Lower frequencies and
power densities typically reduce over-
heating. An increase in hole diameter
makes over-heating more pronounced.

Angled holes

Angled holes located at shaft surface
require special attention because the eddy
current flow and heat pattern formation
combine the features of longitudinal and
transverse holes. The sharper the angle of
the hole results in a more pronounced over-
heating and a greater possibility of
cracking unless using a profiled inductor
design that addresses those featureslil.

Other factors

Overheating alone might not result in
crack development. There are other fac-
tors that can complement overheating, in-
creasing crack sensitivity. Steel chemical
composition is one of those factors. Steels
having higher carbon contents are more
prone to cracking. Besides carbon con-
tent, there also are other chemical elements
that affect crack sensitivity; the extent de-
pends on the amount and combination of
elements present. Alloying elements are
purposely added to provide specific prop-
erties such as strength or toughness. Other
elements just happen to be in steel in trace
amounts or as residual impurities of raw
materials. An unfavorable combination of
the latter elements could promote a ten-
dency to crackingll.

For example, sulfur and phosphorus
amounts should be minimized to reduce
steel britfleness and crack sensitivity. Sulfur
reacts with iron, producing hard, britfle iron
sulfides (FeS) that concentrate at grain
boundaries. FeS also has a relatively low
melting temperature, potentially leading to
grain boundary liquation and increased
sensitivity to intergranular cracking. FeS in
carbon steels is minimized by the addition
of manganese to form manganese sulfides
(MnS), which are distributed within grains
rather than at grain boundaries, creating
a less brittle microstructure. A high level
of phosphorous also can cause excessive
brittleness in both steels and cast irons.

Using lower than optimal quench tem-
peratures, higher than specified quench
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flow rates and pressures, and lower quen-
chant concentrations can initiate hole
cracking. These and other quench param-
eters should be verified if cracking sud-
denly appears.

Process/inductor design features

As discussed above, selection of appro-
priate process parameters often allow con-
siderably reducing hot spots around the
hole areq, eliminating cracking problems.
At the same time, there are a number of
other helpful practical solutions and know-
how available for heat treaters to substan-
tially reduce overheating.

In single-shot induction hardening ap-
plications, profiling of inductor copper
often allows dramatically reducing or elim-
inating hot spots in the vicinity of holes.
Several patented approaches related to
inductor profiling around oil holes were
created during the development of the
non-rotational crankshaft hardening tech-
nology!35l. Those approaches allow se-
lectively controlling heat sources along
the oil hole perimeter by providing prefer-
able channels to eddy current flow. It is

also beneficial to orient the part in such
a way that coil “fish-tail 6] would be po-
sitioned near the oil hole, allowing elec-
tromagnetic fringing to help reduce the
temperature of hot spots.

It is good practice to have holes gen-
erously chamfered and free of machine
marks, burrs, and chattering. Excessive
chattering (Fig.6) and large unfavorably
oriented inclusions and strainers might act
as stress risers, triggering cracking.

It is possible to obtain a relatively uni-
form temperature distribution along the
perimeter of the hole by putting metallic
or nonmetallic plugs into the hole. More
information about elimination of hole
cracking can be found in Ref.1.

Magnafluxing is an effective nondestruc-
tive testing tool that helps fo reveal whether
surface cracks are present or not. Ac-
cording to this technique, the part is wetted
using a solution that contains iron oxide
particles and placed in a magnetic field.
The magnetized part is inspected using an
ultraviolet light. Particles attracted to sur-
face discontinuities (such as cracks) be-
come visible under the light.

Conclusion

Experience shows that in many cases,
the proper choice of design parameters
(applied frequency, power density, coil
profiling, etc.) allows obtaining the re-
quired hardened pattern around holes free
of cracks, even in those cases that might
seem first unsuitable for heat treating by
induction(1]. HTP

References

1. V. Rudnev, D. Loveless, R. Cook, and M. Black,
Handbook of Induction Heating, Marcel Dekker,
2003.

2. V. Rudnev, Troubleshooting cracking in induc-
tion hardening, Heat Treating Progress, ASM
Intl., p 27-28, Aug., 2003

3.D. Lloveless, V. Rudnev, et. al., Induction heat
treatment of complex-shaped workpieces, U.S.
Patent No. 6,274,857, Aug. 14, 2001.

4. V. Rudnev, D. Lloveless, Induction heat treat-
ment of complex-shaped workpieces, U.S. Patent
No. 6,859,125, Feb. 22, 2005.

5. G. Doyon, et. dl., Taking the crack out of crank-
shaft hardening, Ind. Htg., p 41-44, Dec., 2008.
6. V. Rudnev, Mefallurgical insights for induction
heat treaters. Part 7: Barber-pole, snake-skin,
and fish+4ail phenomena, Heat Treating Progress,
ASM Intl., p15-18, May/June, 2009.

MYHEATTREAT
EXxrPo.com

THE QUICKEST
WAY TO

ASM HEeAT TREAT

2009

HEAT TREATING PROGRESS e JULY/AUGUST 2009

With MyHeatTreatExpo.com, your virtual heat treat
trade show, attendees, innovators and influencers from around
the world can visit the show floor — anytime, anywhere. You can
even visit booths before and after the exposition is over.

Take advantage of this opportunity to investigate and tap
into the global world of heat treating.

ExHIBITORS...

» Showcase your products and services

 Reach customers and prospects
worldwide

® Increase your exposure, before and
after the show

e Start getting leads today!

ATTENDEES. ..

» Browse the expo to find out all that's happening at the show

e Search the show by product, booth number, and
company name

® Plan your visit to the show

Virtual Exp'.d
Booth Only

$795.

VirtuaL Trape Swow Booths. Be part of an exclusive group.
Get noticed. Gain even more exposure with a Virtual Booth.
Limited inventory.

GET oN THE FLOOR TODAY AT MYHEATTREATEXPO.COM.

Contact kelly.thomas@asminternational.org or
440.338.1733 for details.

MyHeatTreatExpo.com -
the quickest way to Heat Treat 2009. Visit the show floor today!

ASN\ Heat Treating
\—/ Society

A MBiate Society of ASM Interrutioeal®



