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1 INTRODUCTION

[t is well known that the hardness of steel has a proportional relation to the strength
and durability. Hardness measurement is therefore commonly carried out to investigate
e.g. whether the heat-treatment is well done or not. The hardness inspection, e.g. that
with pyramid stylus such as Vickers’ hardness measurement, is a very local fracture test
of the material. The hardness measurement has become so common and become an
established technology in machine industry and no mechanical engineer today will
know what and how much information are hidden in the 3D form of indentation and of
plastic deformation around the indentation.

Because of the progress of globalization of world economy, steel makers pay strong
effort to survive in the severe economic situation of competition and the production of
gear steel aims cheap material that passes the conditions of e.g. ISO Standard with MILL
specification certificate. Good old engineers in steel industry who will make good steel
with rather small consideration in reducing production cost cannot survive today. As
the result, there are a lot of poor quality steels in the market that pass though the
standardized specification. Machine builders who purchase such steel material surely
have some possible causes of gear failure in their product. The protection method that
machine builders can incorporate is, not to buy steel of such poor quality. The available
checking methods of steel that bring us good information is texture inspection of etched
steel surface, but good metal researcher with much experience must be the inspector
and the result is the impression of the inspector that is sometimes far from the
quantitative and objective index. In order to bring versatile steel quality inspection with
objective data, we have developed fast full-automatic Vickers’ hardness (refer to Hv)
measuring apparatus that can carry out much points measurement in a short time, e.g.
1200 Points Hv measurement in 86 minutes/ll. We have checked how this method can
be useful for machine builders. Here is some of that information.

2 NATURE OF Hv INDENTATION
2-1 Crystal orientation and form of indentation

Multiple Hv indentations are made over the surface of some big crystals in the core of
a case carburized and hardened small specimen. Fig.l shows the trace of the
indentations and two typical 3D forms of plastic deformation around the indentation in
two different crystals. The deformation in each crystal is identical, but it is different
from that of other crystal. In the upper figures the deformation is bulged up at four
corner-apexes of the indentation, but in the lower figures the deformation is bulged up
at 4 sides of the indentation. The orientation of each crystal is checked by the EBSD. It
becomes clear that the bulging up of the plastically deformed material around the
indentation is observed in the [110] plane of the crystal. When the position of the TP is
rotated by 45 deg., the two corner apex positions are bulged up and the different 2
corner apex positions crossing the diagonal are sinking down (exactly saying, not piling-
up). These facts means the plastic deformation around small Hv indentation in a single



crystal occurs in the plane easy to slip, e.g. in [110] plane. When the size of indentation
becomes large to cover multiple crystals, the side line of the indentation shows some
zig-zag line as seen in the leftmost figure of Fig.2.

; : [110]
Fig.1 Plastic deformation around Hv-indentation in different crystal in a same material
(measured with OptScope of Accretech Co.)

Fig.2 shows a larger Hv indentation. The left most picture is an indentation seen from
the vertical position. The 4 sides of the indentation is not straight line and on the
outskirt of the indentation, many wrinkles are seen. The middle picture shows its 3D
view. The wrinkles look the state that the material slips in the boundary of crystal
grains. Perhaps there must be much information about the strength of grain boundary
of this material. The rightmost figure shows the state of horizontal cut of the
indentation by the flat plane of the surface before indentation was made. It is
recognized that the surrounding of the indentation bulges up like Fuji mountain of Japan,
a conide volcano, and inner wall of the indentation bulges inner ward like a spool for
winding threads. This comes surely from the spring-back of indented material and from
the residual compressive stress.




2-2 Spring-back of indentation
Fig.3 shows a schematic view of the

force balance at generation of Hv
indentation and the resulted spring-

back after the stylus is removed. We /, / \ \

Plunging force of

made rather large Hv indentation of

100pum-order diameter that exists over When the stylus is removed, the

. . indentation wall spring backs
some crystal grains. Fig.4(Left) shows a

relation between Hv hardness and the

spring-back of the indentation. The test

pieces investigated are from some different kind of metals, i.e. JIS S45C carbon steel, its
water quenched one, its tempered one, bearing steel JIS SUJ2, industrial pure ferrum,
manganese steel and brass. It is very interesting that the hardness and ratio of spring-
back of the indentation depth has good proportional relation without receiving much
influence of the metal kinds. This fact indicates us that there must be definite relation
between volumetric spring-back and plunging energy to make Hv indentation. The test
result is as shown in the Fig.4(Right), where the volumetric spring-back of the
indentation is the sum of the depth recovering volume of the indentation and bulging

Fig.3 Image of spring-back of Hv indentation

volume of four side walls after removing the plunging stylus.
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Fig.4 Spring-back of Hv indentation and the relation between plunging energy and
volumetric spring-back amount

3  HIGH SPEED HARDNESS & RESIDUAL STRESS TESTER

The joint project team of RIAS and NIKON develops the multi-points, full automatic,
high speed Hv measuring apparatus with financial support of JGMA and METI*. After the
operator of this machine sets the measuring paths and the number of measuring points
by spending 3 to 5Sminutes in facing the photo of the objective TP surface on the PC
screen, the machine begins the measurement ordered: The machine first adjusts the
normal vector of the target surface to let it coincide with the optical axes automatically
and the machine memorizes all the position of measuring points and the focusing data
for taking pictures. Then it makes Hv indentations with using dead weight loading of
FutureTech Co. patent construction. When all the indentation are made, the machine
measures then the dimension of each indentation by pattern recognition. In order to
accomplish such measurement, the hardware with high spec. focusing lenses, special
light source, submicro-meter accuracy of X,Y,Z and 0 positioning by CNC is necessary.

In spite of such high-tech feature of the machine, it sometimes makes failed pattern
recognition of indentation, e.g. when some inclusion appears near the indentation or



when rust comes on the target surface or when the state of the target surface is rough.
This machine has special feature to recover such circumstance: the machine memorizes
all the observed photos of indentation with keeping the relation between the data of
each indentation and the definite photo. The 4 corner apex and the center positions of
the indentation are also memorized. When the measurement is finished, the Hv
distribution is displayed on the screen of the PC like Fig.5. In this picture, we find e.g. a
point at the middle low position looks not to be included in the group of the Hv
distribution. In the conventional measurement, such point is usually eliminated from
the measured data with no deep consideration, by saying “This point is abnormal”. With
our new machine, when we click such abnormal point, the measured photo appears on
the screen like the rightmost figure in Fig.5. From this picture it is clear that the
inclusion near right apex of the indentation makes the wrong apex positioning to bring
the fault data, i.e. a larger diagonal length of the indentation was generated. The
operator can shift the apex position manually to the right position. Then the measured
Hv hardness is corrected automatically as shown in the left picture of Fig.5. This feature
also works to insure the reliability of all the measured results of Hv, because man can
inspect the accuracy of the position of all indentation apexes any time afterward.
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4 Hv SCATTERING AS INDEX FOR STRENGTH OR DURABILITY
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It is generally accepted as shown in Fig.6, when steel material is adequately heat-
treated and acquires different hardness, the hardness of steel has almost proportional
relation with the strength and durability23l. When a quenched steel is annealed with
different temperature, we can obtain different hardness. In such a case, short time
fracture test such as tensile test can show, the harder steel is stronger than the softer
steel, but it is not true for the fatigue durability. Fig.7 show the results of tooth flank
durability of normalized SCM435 gears tested with IAE power circulating rig. The
surface durability is almost independent from the tooth flank hardness[23l. Man suggests
that the reason of this fact is, there exist some local soft parts of almost same hardness
inside both the harder and softer steels, but it has not yet been proven.
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Fig.7 Tooth flank durability of gears whose hardness is controlled by changing
annealing temperature.

Fig.8 shows the hardness of JIS SCM435 steel after two different normalizing processes.
Both the test pieces were made from a same steel specimen. The hardness of 2hr-
processed test piece is Hv(10) 337-375 and that of 3hr-processed is Hv(10) 297-310,
where the kind of cooling media at the quenching and the annealing temperature was
different. The hardness distribution measured with our new machine with 500gf
loading shows wide scattering. There is though no difference in lowest hardness in the
matrix of these two test pieces. At the fatigue i )

- C el e W Hardness conventionally measured:
process, the probability of very local initiation : 337~375Hv(10)
of micro-crack to trigger the fatigue fracture is ) ¢
not different between these two materials of
different annealed hardness.

870°C x 3hr heating — water quenching
— 585°C » 3hr tempering

w
=
[=]

Hardness conventionally measured:
297~310Hv(10)

L W W WL W
o = R B OO @
o9 o o o o o
0
VIVI\TIQ 11AIVIITo9 LIVIV.V)]

Vickers' hardness Hv(0.5)

ra
©
=1

L]
@
o

. 870°C x 2hr heating — DS quenching
. Distance  (mm) m — 540°C x 2hr tempering
Fig.8 a. 3hrs-tempered SCM435

" A 2 A A
) | i { 1)
v L 4 0 0 v L

Distance (mm)

Fig.8 b. 2hrs-tempered SCM435

—



- - N
racture surface of broken toth

Mt

J’ " Real initiating point
of the triggering
crack

Initiating point of

the macro-crack

Initiating point of the
macro-crack, efiright fig. \

Triggering cause of s \ o Fracture
fhile Big stress due to loading —
Beach mark or striation 2
Initiation of micro-crack \ 5 .’
!

\
,%,} Propagation of the micro-crack to larger stress | ‘o""‘ s\)«ac'e /
7 o X A0
hf@oe ° elsion % | Initiating point of o oﬁ«‘:s‘e@-\o s
% 2 ‘(X'Q .01‘(,/_ - > macro-crack aga\\(_’ @ /
23 Py (5 4‘,@ | propagation ?‘0“:\ \e(\5‘\e & o : /
‘90»0 006. S . Staggering of micro-crack e‘\le P
‘f’so;)’e// ."90; around inclusion and \ 0° . /
(7 ”7005/'&-% glowing = ((\o(\\\l e
‘9(//7 07,09 ’b % o~ ~ Go‘“ e
ey oo, g s
> 4 B T e
044

Fig.9 Triggering micro-crack to the fatigue fracture and macro-crack that makes
visually appealing fracture surface of tooth breakage

Considering the most cases of fatigue tooth
breakage, a typical history is summarized as
shown in Fig.9. In this example the triggering
micro-crack initiates at a notch made by small
grinding grain of hand grinder used to remove
sharp side edge of tooth. The initiating position
of the micro-crack is a little higher than the
maximum bending stressed position at the
tooth fillet, and the micro-crack proceeds
downward in the direction to the higher tensile
stressed tooth fillet position. Inside tooth
material, there exist some imperfection, in this
case some inclusions and mangan sulphide as Fig.10 Inclusion at the side edge in
shown in Fig 10. When the micro-crack reaches the maximum bending stressed
such position, it stagflates there and grows to section of the tooth
be macro-crack. Then the macro-crack
propagates in the tooth width
direction in the plane of the
maximum tooth bending stress,
making the trace of beach mark, Inclusion
to the break off the tooth.

When a machine engineer
observes a tooth breakage, he
looks this brilliant and apparent

fracture surface and recognizes b 3 The direction change of

the situation. The fracture : :
micro-crack propagation
surface he has observed is though s

the historical record of the Fig.11 Micro-crack propagation near inclusion
material from the sentence of

forthcoming death to the stop of the heart in human analogy. There are not many
engineers with much experience, who see the real trigger of this failure, i.e. triggering




micro crack in the upper position from the maximum bending stress, to find the
countermeasure to protect this gears from early tooth breakage.

Fig.11 shows an example of micro-crack propagation: This material receives repeating
bending stress and a micro-crack runs from right to left, but near the path, there exists
an inclusion. Near this inclusion the stress state is deformed and the propagation of this
micro-crack changes its path toward the inclusion. This fact shows, when steel material
has inclusions or hard points inside, the stress state is considerably twisted to affect the

propagation path of cracks.

These phenomena teach us
about the index for reliable steel
quality: Under heavy loading,
higher stress is induced near
inclusions, near the hard point
inside the steel texture, and soft
point near there is exposed to
that high stress. Micro-crack
can rather easily be induced
there. That means, when the
scattering of hardness is large,
the reliability against fatigue
strength becomes low. We
incorporate therefore the band
width of Hv scattering as the
index of steel quality, cf. Fig.12.
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Fig.12 Scattering band width of Hv as a criterion of
steel quality

Hv CHARACTERISTICS OF STEELS EXPERIENCED TROUBLE IN USAGE

Vickers' hardness Hv(0.05)

Fig.13 Result of Hv measurement in 4 diagonal directions of stainless steel bar
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There occurred a problem: when a bar of precipitate-hardening stainless steel 15-5PH
is machined in longitudinal direction, it deforms and bent. The hardness of the cross-
section of this bar was measured as shown in Fig.13. it becomes clear that the hardness
distribution in the cross section is not uniform. The hardness in the region of 1 o’clock is
high and that in 7 o’clock is low. As shown later in Fig.28 and it is also supposed from
Fig.3, the hardness has strong correlation with residual stress in the material. The
measured result of Fig.13 indicates therefore, the cause of shaft bending after the
machining is the uneven

distribution of residual stress. P Abnormal hard points in the core of ~~ ~

750 3 the shaft

Vickers' hardness Hv(0.05)

Shaft T

. 0 5 10 15 20 25 30 35
Fig.14 ’

B k f haft Distance [mm]
reakage of gearsha Fig.15 Hv scattering of the cross-section of the gear shaft

After 18 months of usage, a gear shaft of
SCM440 was broken as shown in Fig.14. The
shaft was induction hardened. The gear box
maker had expended good one month and
considerable amount of money to find the
cause of this trouble. The inspection company
answered that the cause is material problem,
i.e. it includes much hard impurity and
lamellar mangan sulphide in the texture. We
try to evaluate this material with our new
machine, the result is shown in Fig.15. The
induction hardening in general does not
harden the core of the shaft and the measured
hardness distribution inside this oval area
should not exist. The measured hard points inside core area of the shaft mean that
they are already hard enough before quenching or they include some metallurgical
elements to raise quenching ability strongly.

i
i
i

[—— 11 C 200um Mo 200um

Fig.17 Segregation of carbo, chrome and molybdenum in the texture of this steel
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Fig.16 shows the
etched figure of the
axial section of this
steel bar. The texture
is of strong lamellar
construction and far
from homogeneous
state. The element
distribution of this
surface is checked

with EPMA. There is s !
strong segregation of ~ Fig.18  Sulpher and mangan distribution indicating the

carbon, chrome and existence of mangan sulfide

[— L] ‘B lin 200um

molybdenum in form

of stripes as seen in Fig.17. Fig.18 shows the distribution of sulfur and mangan. Their
pattern is identical, that means, there exists mangan sulphide. In the stripe of this steel
texture, hard material and soft material exist at almost same position. This is the reason
why we obtain the scattering of Hv distribution like Fig.15. The strong uneven
distribution of constructive elements means, the steel kind at each very local place, e.g.
out or in of the texture stripes in the material, is different, though the average elemental
constitution passes the condition of SCM440 specification. Such “Standard OK steel” is
now in the market with MILL spec. certificate.

Why such hard points
. remain ?

Improper sharp cliff-form
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Fig.19 Bad induction hardened gear

Fig.19 shows an example of failure of induction hardened gear. The acceptance of
induction hardened gear is usually checked only by hardness. When the hardness is
below the specified value, the gear is not accepted, but harder value is usually judged OK.
Such custom lets the heat treatment operator make gears often over-hardened. Fig.19
shows the result of such habit. Whole the tooth is hardened and there is a very sharp
hardness change at the border of case and core. In the region near the core, the case

_12_



material shows very wide Hv scattering. This suggests that the quality of this steel
material is not good enough to this heat treatment condition.
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Fig.20 Hv distribution from the tooth bottom of failed induction hardened gear

Fig.20 shows the Hv distribution from the bottom of tooth space to the center of this
failed induction hardened gear. The hardened depth is very large and this indicates that
this gear is over induction hardened. More interesting thing is that wide scattering band
width of the Hv distribution in the case near the boundary to the core. Such wide
scattering band is probably the result of struggling TimeTemperatureTransformation-
curve and dancing eutectic temperature at each local point of the material as function of
uneven distribution of constituting alloy elements. Such state is abnormal and the
quality of this steel material is of problem.
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Fig.21 Hv scattering of welded part of large machine construction
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Fig.21 shows Hv scattering of welded part of big machine construction. The center of
the figure is the melted and congealed welding metal (refer to beads) and the right part
is massive carbon steel basement and the left part is welded light fin structure. Just
inside the heat affected zone (HAZ) of base structure, local hard points appear. In the
neighbor, there exist soft points of the base material texture. Perhaps, because of large
heat mass of the base and of material character, some hard particles appear in this HAZ
as seen in Fig.22. When strong bending stress is applied there, the local stress state
around those hard particles increases and micro-crack initiates in soft part near by.

Fig.22 shows the fracture surface
resulted. Micro-crack appears at the stress
concentrated notch on the inside wall of
blow hole in welding beads and propagates
downward to meet hard particles in the
HAZ of the basement. The micro-crack
stagflates there and glows to become
macro-crack. It then propagates further
downward, making beach-marks, to lead
fatigue breakage of the basement. This
story is same as that I explained at Fig.9.

The Hv distribution of similar welded  Fjg22 Propagation of micro-crack and
part on the same failed block near that it glows to be macro-crack to
fracture is investigated and compared with make fatigue breakage
the fracture surface of Fig.22. The result is
shown in Fig.23. The triggering crack initiates at the local hard part on the inside wall of
blow hole and propagates between hard particles in the HAZ of the basement. A macro-
crack glown there from soft very local part on the HAZ begins to propagate fatally to
make fatigue breakage of the basement.
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Fig.23 Correspondence of Hv distribution with the fracture surface
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6  QUALITY COMPARISON OF STEELS PURCHASED FROM SOME STEEL MAKERS
The JGMA* purchased gear steels from different steel makers, some of them have
Hoch-oven for iron production and some have only converters and produces steel only
from recycled scrap. We have checked those steels to know, how the Hv scattering
differs as function of steel makers. Fig.24 shows one example: The target steel is
18CrNiMo67, two of them are from Japanese steel makers and one from a foreign steel
maker. All the steel pass the DIN specification and delivered us with MILL certificate to
guarantee the quality. As you see in the picture, there is though very clear difference in
Hv scattering. Of course the probable durability of these three steel must be different,
but no gear engineer designs his gears considering this difference in material allowable
at the calculation of load carrying capacity of his gear. The quality of steel from the
maker JA is the best, but we can purchase the steel from maker KK with almost half price
of that of JA. These are the result of raw material and of course the Hv scattering after
e.g. case hardening process must be measured. We have confirmed that the raw
material of wide Hv scattering shows wide Hv scattering near surface and core of the
material after case hardening process. According to the evaluation of Hv scattering
before and after the heat treatment, the final judgement of steel quality should be made.

500 T T T T T T T 500 . . . . . . . 500
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Fig.24 Difference in Hv scattering of 18CrNiMo67 from different steel makers

Fig.25 compares the Hv scattering of JIS SNCM420 steel from two Japanese makers,
both with Hoch-oven. The bandwidth of the Hv scattering and the fashion of the
hardness distribution differs strongly as function of steel maker. The existence of high
hardness spots means that the machinability of this steel is poor and the existence of
low hardness spots means the strength of this steel is somewhat of problem.
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Fig.25 Difference in Hv scattering of JIS SNCM420 from different steel makers
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7

Considering the spring-back of Hv
indentation mentioned in the section
2.2, the relation between the form
change of indentation and residual
stress value was investigated, where
the residual stress was measured with
X-ray diffraction using the Pulstech p-
360n apparatus. The specimens are
prepared from one SCM420 steel bar
and different kinds of annealing
process, shot peening etc. were given
to obtain different hardness. The
loading for Hv measurement is so
decided that the depth of the
indentation becomes about 10um,
because the X-ray diffraction occurs
about 7um depth from the steel
surface.

Fig.26 shows the relation between
depth recovering ratio (DRR, that is
AD/D in Fig4) of indentation and
residual stress. The residual stress has
a good linear relation with DRR. The
DRR is though not easy to obtain,
because the reference of zero-depth is
lost after indentation was made. To
escape from this difficulty, we take the
ratio of diagonal angle of the
indentation to that of stylus, i.e.
diagonal angle ratio (DAR). The result
is shown in Fig.27. The linear relation
between residual stress and DAR
remains. There is a possibility to
estimate the residual stress from the
Hv measurement as function of DRR or
DAR. A definite relation between Hv
value and residual stress possibly exists.
There are some reports about the
correspondence between Hv and
residual stressles 451,

Fig.28 shows a good linear relation
between Hv and residual stress, when
only the measured data of this series of
test specimens are plotted. But when
some test data from other test pieces
are added in the same figure, good
linear relation is fading away:
Rectangular region A, B, C and D are the
places for a case hardened SCM420, the
hardness of which was changed by
different grinding processes, making

Depth recovering ratio

RELATION BETWEEN Hv AND RESIDUAL STRESS IN STEEL MATERIAL
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Fig.26 Depth recovering ratio of indentation

and residual stress
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some grinding burn on the surface. These region A, B, C and D are not included in the

former group of Hv-Ox relation, they are a little lower than that. The measured position
with stainless steel 15-5PH, cf. Fig.13, exists in the extension of A, B, C, D group. The
hardness of a special steel HARDOX from SSAB exists also in this group in new material
state, but after it was fatigue broken, the place of measured data in the figure shifts the
position towards somewhat lower right. In the macroscopic view of tracing the relation
though, there is an obscure proportional relation between hardness and residual stress
value as some investigation in the past suggestsl45l.

8  CONCLUSIONS

The industrial usability of our newly developed automatic, high-speed, multi-points
Vickers’ hardness tester was investigated and we find the examination of Hv scattering
has a good prospective future as a tool for machine builders not to buy poor quality steel
and to find the cause of gear trouble due to steel quality problem. Some interesting
knowledge becomes clear during this work as follows:

1. The 3D form of surroundings of small Hv indentation changes due to the location of
easy to slip plane [110] inside ferrite crystals. The form around larger indentation
changes according to the strength of crystal grain boundary.

2. The reliability of steel material concerning its strength and durability has strong
relation with the width of Hv scattering band.

3. The quality of steel material can well be estimated by the Hv scattering band width,
when the size of Hv indentation is comparable to the crystal grain size and the
number of points for the hardness measurement is much enough. The work
concerning this report confirms the prosperity of this supposition.

4. The amount of spring-back and Hv value has strong relation with the amount of
residual stress in the target material.

5. The gear steels purchased from usual steel shops have big variety in quality level,
though they pass the condition of the national or ISO Standards and delivered with
MILL specification certificate. ~Machine builders are requested not to buy poor
quality steel by their own responsibility.
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Fig. 1 A comparison of the calculated reversible stress (Rrec) and strain (Arec) limits with

experimental data for SUS laminated BSCCO tapes.
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