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INTRODUCTION

It is well known that the hardness is an important property ir con-
nection with wood working and using. But there are various methods
for measuring the hardness of wood which are being argued even now.
As the standard testing procedure, the two methods of Janxa and of
BringeLy are generally used.»®10 _

The test of Janka hardness involves the determination of the force
required by static loading to embed a steel hemisphere 11.284 mm in

H. MiYAJIMA, Assistant, Institute of Forest Utilization, Hokkaido University, Sapporo, Japan.
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diameter completely in the wood. About this method, F. Sexrva® has
stated : “It is quite natural that the fracture takes place on the surface
of indentation. Pictures in his work, evidently show the line of fracture
due to excessive penetration, in other words, these pictures show that
his hardness test was not carried out rationally.”

In the Brixerr method, a hard steel ball, usually 10 mm in diameter,
is pressed under a known load into the specimen, and the hardness num-
ber is taken as the stress per unit of spherical area. The testing pro-
cedure (1949) determined in “Japanese Engineering Standard” is based
on this method ; the load is 80 kg as standard—10 kg for a very soft
material and 50 or 100 kg for a very hard one. N. Parray’s” critical
observation upon this method is the following: “The application of the
various loads for measurement of impression makes the method uncer-
tain and does not give unifying comparative basis.” F. Seriva” has
stated too: “It is evident that hardness numbers obtained by means
of different applied loads are not comparable with each other.”

In this report, by using specimens of Nara-wood (Quercus crispula Br..)
in various moisture conditions, the deformation of wood due to static
ball indentation was observed ; relations of the Brinernr hardness num-
ber to the applied load, width of annual ring, specific gravity and mois-
ture content were also carefully studied.

The work reported here was done under the direction of Professor

Masayuki Ousawa, to whom the author owes thanks for his invaluable
advice and encouragement.

MATERIAL AND METHOD

The material used was Nara-wood grown in Ashibetsu distriet in
Hokkaido. The test blocks were made from
disks, 15¢m in thickness, which were taken
from four Nara-trees at 4m height above
the ground in each case. The numbers of
annual rings of the disks were 180 to 360.
The dimensions of the test block are 5 by
5 by 2.5 em as shown in figure 1.
Twenty-one tests were made on each
specimen, nine in one end, three on each of
its radial faces and three on each of its
tangential faces.
Fig. lies?nslog;iosl.lp Z‘Qfa'h;‘;d‘ive:z One-third of the individual specimens
tested in green condition, Wwere tested in green condition (above the
No. Ib being air-dried and  fiher saturation point), another one-third
No. 1¢ oven-dried. . . . .
were air-dried and the remainder oven-dried.

&—2.5cm
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The testing machine used in
the present study was “Mokuzai- o
Katasa-Shikenki” (machine for tes- ©
ting hardness of wood) made by
Tokyo Koki Seizojo. This machine,
as shown in figure 2, consists of an
anvil A for supporting the speci-
men S, and elevating screw E, a
handwheel H and handle M (mini-
ature) for raising the specimen to v
the desired height, a hard steel L ]
ball B 10 mm in diameter' a dial Fig. 2. Machine for testing hardness
gage (1/L00 mm) D for measuring of wood.
the indentation depth during the test, and a lever system for applying
a load by a weight W at the end of it. The range of loads is from 10
to 150 kg and by a special method the application of 5 kg load is possible
too. A load of fixed amount is applied to the specimen through the ball
B by weight W.

In this test, the depth of indentation was measured when variation
of the dial indicator under a dead load in one minute became unrecog-
nizable by the naked eye. If the rate of variation of the depth of
indentation resulting from a dead load decreases during successive equal
intervals of time, it may be assumed that further variation will even-
tually cease: under such condition, the depth keeps stability. The
method described above was used for the purpose of measuring the
depth under such condition. In this test, the time during which a load
was applied were approximately 5, 10 and 15 minutes in oven-dried, air-
dried and green wood blocks, respectively.

The Brinern hardness number (Hj) is thus

Hy; = ;IP;% kg/mm?
where P, D and h are the load in kilograms, the diameter of the ball
10 mm, and the depth of the impression stated in millimeters, respec-
tively. '

When the green or oven-dried wood blocks were tested, in order to
prevent evaporation of moisture in the wood or absorption of room
humidity during the test, the anvil, the specimen, the steel ball and
the dial gage were covered with a sheet of transparent polyvinyl film.
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EXPERIMENTAL RESULTS AND DIS.CUSSION

1) Relations of the Indentation Depth and the Brinerr Hardness
Number to the Applied Load. .

It is obvious that, when a steel ball is pressed into the flat surface
of the test block, the depth of indentation is increased by increasing
the applied load. An example of relation between the depth and load
when the ball is penetrated into the wood surface until its maximum -
section as in JAxnka’s method is shown in figure 8. This test was carried

out on the end surface of air-dried

T : Nara-wood by using the Universal

w . Testing Machine for Wood with a

e ball 10 mm in diameter. The rela-

o e @ i tion varies with the rate of ball

5 " indentation as shown by (4) or (B)
/ in figure 3.

: In the diagram, within the

range of O-M the relations be-

B Soon = tween them are shown as a

L straight line. In view of the pres-
Fig. 3. Relationship between depth of . .

indentation and load. Rate of ball ent experiments, it seems that the
indentation, (4): 0.5mm per min, point M was generally about 0.7

(B): 5 mm per min. mm in depth of indentation.
In order to find the relation of the depth of indentation to the
corresponding applied load within the range described above, a series
of experiments was carried out as follows. A steel ball was pressed
into the surface of the test block, and the depth of ball indentation was
noted at every 10 kg of applied load on the end surface, and at every
5kg on the side surfaces. ,
The moisture conditions of the materials were green, air-dry and
oven-dry. The depth and the hardness number corresponding to the
applied load are shown in table 1; the relations of the depth to the
applied load are shown in figure 4, and the relations of the hardness
number to the applied load are shown in figure 5. Each point in the
diagrams was obtained from the average of 27 impressions in the end
surface and from the average of 18 impressions in the side surfaces.
In table 1, % is the depth of indentation in 1/100 mm, 4 is the dif-
ference of the depth h between successive equal increases in the applied
load, and H; is the BriNeri hardness number in kilograms per square
millimeter. If 4h is constant, relation between load and depth % is given
in a straight line. Table 1 shows that the average 4h is very nearly
constant in each case, and figure 4 indicates the approximately linear



Table 1.

Relations of the indentation depth and the
hardnzss number to the applied load
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1) In green condition
Average width of annual Specific gravity in Moisture contents
rings mm oven-dry ‘ %
Avg. i Max. ‘ Min. Avg. ’ Max. 1 Min. \ Avg. ‘ Max. ’ Min.
0.9 ‘ 13 l 0.6 0.52 l 0.60 ‘ 0.44 ‘ 56 ‘ 7 l 52
(A) 'End surface (27impressions)
- 2
Load h 1/100 mm ‘ 4h 1/100 mm 11er kg/mm
kg Avg. } Max. ’ Min. } Avg. ‘ Max. 1 Min. Avg. I Max. ] Min.
10 184 24.0 9.0 184 ‘ 24.0 9.0 1.7 3.54 1.33
20 36.6 475 25.5 18.2 23.5 14.5 174 2.50 1.34
30 54.7 68.0 41.3 18.1 22,5 15.0 175 231 1.41
40 72.8 91.0 56.8 18.1 22.0 14.0 1.75 2.24 1.40
v 50 92.56 116.0 74.3 19.7 29.0 11.7 1.72 2.14 1.37
(B) Radial surface (18impressions)
; |
5% 231 293 16.5 23.1 29.3 16.5 0.69 096 | 054
I |
10 46.3 ‘ 56.0 35.5 23.2 2.7 19.0 0.69 0.90 : 0.57
|
15 69.1 | 835 53.5 228 2.5 18.0 0.69 089 | 057
| H
20 91.6 ‘ 108.0 710 22.5 25.5 15.5 0.69 090 | 059
(C) Tangential surface (18 impressions)

b 20.1 25.0 115 20.1 25.0 115 0.79 1.38 0.64
10 394 46.0° 205 19.3 22.5 17.0 0.81 1.08 0.69
15 59.4 68.0 52.0 20.0 24.0 16.0 0.80 0.92 0.70
20 79.1 815 73.5 19.7 25.5 15.2 0.81 0.87 0.73
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2) In air-dry condition

Average width of annual

Specific gravity in ‘

Moisture content

[
. rings mm o ~_ oven-dry I % )
Avg. ' Max [ Min. ‘ Avg. ‘ Max. l Min. I Avg. “ Max. l Min.
' T T T '"'"77| - - *.77’77 o - - - h -

0.9 ‘ 1.2 ! 0.7 ‘ 0.55 ‘ 0.62 ‘ 048 | 166 ! 167 ‘ 16.4

! | !

(A) End surface (27 impressions)
Load | - 1/1007@3177 4k 1/100 mm | 7 Hs kg/fini B
ke } Avg I Max. { Mm Avg. ‘ Max. i Min. ‘ ‘ Max Min.
10 10.6 15.0 73 10.6 15.0 73 3.00 4.36 2.12
20 21.9 29.7 '15.0 11.3 158 i 80 1 291 4.25 2.14
30 34.0 46.0 24.2 12.1 16.0 | 88 | 2.81 3.95 2.08
40 45.1 58.5 33.0 11.1 13.0 77 ! 2.82 3.86 2.18
50 56.8 74.5 42,5 117 16.0 8.0 2.80 3.75 214

(B) Radial surface (18impressions)

5 16.0 21.0 11.5 16.0 21.0 115 1.00 1.38 0.76
10 32.6 39.5 23.0 16.6 21.3 10.5 0.98 1.38 0.81
15 49.0 58.5 34.0 16.4 21.5 . 11.0 0.98 1.41 0.82
20 63.5 76.0 43.0 14.5 19.5 9.0 1.00 1.48 0.84

(C) Tangential surface (18 impressions)

5 10.9 16.8 4.5 10.9 16.8 4.5 1.46 3.54 0.95
10 238.5 33.3 13.5 12.6 17.9 7.0 1.36 2.36 0.96
15 36.2 48.0 24.0 12.7 177 8.0 1.32 1.99 0.99
20 49.7 73.3 33.0 13.5 23.5 9.0 1.28 1.93 0.87
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3) In oven-dry condition
Average width of annual ‘ Specific gravity in Moisture content
_ ringgsmm oven-dry ‘4 %
Avg. ’ Max. ‘ Min. ‘ Avg. 1 Max. ’ Min. ‘ Avg. ‘ Max Min.
—_— S ‘,, e \ [ — - PO | S . . X PR S —— e
0.8 i 0.9 ’t 0.7 [ 0.53 1‘ 0.58 ‘ 0.50 ' 05 ‘ 0.6 0.5
(A) End surface (27 impressions)
Load o h{ _ ;'/lgmm e Ah 11100 mm HB ig/,mn,lgi
kg Avg. - ‘ Max. 1 Min. Avg. ’ Max. } Min. Avg. ’ Max. I Min.
! . i
10 51 : 80 3.3 ‘ 5.1 8.0 3.3 6.25 9.65 3.98
20 10.3 12.8 7.3 ’ 5.2 6.7 4.0 6.19 8.23 498
30 156 | 185 123 | 5.3 6.8 34 6.12 7.76 5.17
40 20.6 24.7 167 5.0 7.0 38 6.18 7.63 5.16
50 1 25.6 ' 31.3 20.8 5.0 N4 3.5 6.22 7.66 5.09
(B} Radial surface (18impressions)
| | . T ! -
5 ] 97 | 148 65 | 97 | 148 65 164 | 245 | 108
10 20.1 26.0 15.8 ‘ 10.4 138 7.0 1.58 2.02 1.22
15 29.6 36.6 284 | 95 12.2 6.7 | 161 2.04 131
20 38.7 46.5 30.7 9.1 11.7 56 | 1.65 2.08 1.37
(C) Tangential surface (18 impressions)
- |
5 78 12.5 3.1 7.8 | 125 3.1 2.04 5.13 1.27
10 15.5 23.5 8.0 N l 12.2 4.0 2.06 3.98 1.36
15 22.4 30.5 14.5 6.9 10.0 5.0 213 3.30 1.57
20 29.1 39.1 22.0 6.7 8.6 38 2.19 2.90 1.63
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relations between load and depth.

If the depth of indentation increases in proportion to increasing the
applied load, the BrinerLn hardness number indicates the constant value
according to the equation Hy=P/zDh.

This fact is shown graphically in figure 5. From these results it
will be seen that the Brinrr1 hardness number is constant to any applied
load within the range employed in these tests. Therefore, it is quite
possible to compare the Brinerr. hardness number based on a certain
load with the other based on a different one within a certain limit of
applied load. But in the case of applying a lighter load, the hardness
number is importantly affected by the experimental error. Further-
more, in the case of applying a heavier ioad, the creep under the dead
load becomes conspicuous, and in consequence under such condition, it
is difficult to measure the depth of indentation; this is shown in figure
6. In the BrinenL hardness test, therefore, the load should be selected
as large as possible within the creep does not begin to appear distinetly.
In this case, the depth of indentation is approximately 0.35- 0.50 mm
without regard to wood species, surface tested or moisture condition of
test block.

About this problem, M. Sawapa® has advocated a new method, in
which he proposes to measure the load (kg) required to indent a ball
10 mm in diameter into surface of wood block until 0.8318 mm of depth
is reached. In this case, the equation is

P P

He =Dk = 10

kg/mm?®

On the other hand, the method, in which the diameter of the im-
pression after the load is removed is measured by a micrometer micro-
scope in order to determine a hardness, is used too. But this method
has a fault as follows. When a steel ball is indented into the surface
of material, the periphery of the impres-
sion does not always lie on the original
surface. Sometimes the edge of the pe- N e O svvee
riphery extrudes or intrudes as indicated *;‘r‘m:l' In::;n:n. nind
in figure 7. Especially on the longitudi-
nal surface of wood, the edge of the ball .
impression which is left after loading, shows a remarkable intrusion and
shows some what elliptic projection whose minor axis is in the direction
parallel to the grain. In this case, the boundary of the impression is
not distinct, consequently it is almost impossible to measure the diame-
ter of an impression exactly.

In such a case as the above, computation of the hardness number

Fig. 7. Conditions of impressions.
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should be based upon the depth of impression under a dead load instead
of upon the diameter of the impression.
2) Relation between the Average Width of Annual Rings and the
Hardness on the End Surface.

The width of growth rings, especially of ring-porous hardwoods,
has frequently been suggested as a measure of the physical and mecha-
nical properties of wood, on the supposition that it is correlated with
density. For example, wide-ringed stock of a ring-porous wood is fre-
quently characterized by high strength and stiffness in comparison with
narrow-ringed stock?”,

This consideration may have connection with the hardness of Nara-
wood too. In order to ascertain the relation between the ring width
and hardness, the average width of annual rings was measured from
each impression on the end surface. Number of impressions in each
moisture condition is 180. The applied loads are 30 kg for green wood,
30 or b0kg for air-dried wood, and 50 or 100 kg for oven-dried wood.

i

Oven-dry

N
~G
|

Brinell hardness number (Kg/mm?)

51— -
Air-dry
2
oD A
4 2
2
/31’5 — 3
7] a \
g n K2 [ &l 2 2
A 7 1 "
& .
3 4 g
A % Green
7
2 a 20 1 X
|>< g5 by L 3
X7 %x 27 Fxl o« -’/‘\% x
r |7 | T
| .
0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 3.4

Average width of anualrings (mm)

Fig. 8. Relationship between width of annual
ring and end hardness.
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The relations between the average width of annual rings and the
end hardness are indicated by parabolic curves as shown in figure 8§,
and expressed in the form of a series of equations as follows:

In green condition
H;=1.06+0.874r—0.237°

in air-dry condition
H;=1.10+2.62r—0.6237°

and, in oven-dry condition
H,=248+6.32r—1.377"

where, Hy is the BrinerL1, hardness number of the end surface and r is
the average width of annual rings in millimeters. In air-dry condition,
the average moisture content of test blocks is 16.2 per cent of oven-dry
weight. :

In the case of each moisture condition, there is a maximum value
in the hardness number: when growth has been extremely fast, above

1]

Brinell hardness number (Kg/mm?)
\
y o S

s Pei
O‘
q
5 /
J IS
4 8 —
Airidry L &
o A/
3 ap Xﬁ
ap—r o
s / x
M X
2 : Green x
X X [—
. x _—_')(x_—- )(
IO IS v < x
|
0.4 0.5 0.6 0.7 . 0.8

Specific gravity in oven-dry

Fig. 9. Relationship between specific gravity
and end hardness.
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2.0-22mm in ring width as shown in the figure, the curves show a
decrease in the hardness number concommitant with increase the width
of growth ring. The wide-ringed test blocks which showed such results
were obtained from near the pith.

3) Relation between the Specific Gravity and the Hardness.

The hardness of wood varies with specific gravity: the relations
between them for Nara-wood in green, air-dry and oven- -dry conditions
are shown in figure 9.

As this figure indicates, the relation of the end hardness to the
specific gravity based on oven-dry weight and volume is given in an
approximately straight line in each moisture condition, and expressed
in the following equation:

In green condition
Hp=24485,+0.13

in air-dry eondition’
H;=6.20S,—

and, in oven-dry condition
H,=21.08,—

where Hj is the Briveri hardness number of the end surface, and S,
is the specific gravity based on oven-dry weight and volume.
4) Comparison of the Hardness of Nara-wood in Green, Air-dry and
Oven-dry Conditions.

The results obtained from this test on the comparative hardness of
twelve specimens in each moisture condition are shown in table 2. The
loads applied to the end surface were 30 kg for green wood, 30 or 50 kg
for air-dried and 50 or 100 kg for oven-dried wood; those applied to
the side surfaces were 10 kg for green, 10 or 20 kg for air-dried and
20 or 30 kg for oven-dried wood.

At the time of testing, the moisture content of the air-dry specimens

Table 2. Results of hardness test for Nara-wood

] ‘ Brinell hardness number kg/mm?
Moisture End | Radial ] Tangentl al

r o S i ou

condition Avg }Max ] Mm ‘ Avg 'Max ‘ Min. | Avg ] Max Mm | ‘

. ; ’ ,___‘,ﬁgﬁ_._,-ﬁ_*w‘_‘_‘__
Green { 168 | 3382 117 | 066 | 1.65 | 046 | 0.79 | 220 | 044 | 12 } 0.62 | 63.1
Air-dry ’ 321 | 475 | 208 | 1.07 | 179 | 073 . 140 | 254 | 0.75 12 | 062 | 16.2

(8.51) (1.20) (154)] - (16.0)
Oven-dry | 773 |12.05 | 4.63 | 224 | 415 | 126 | 285 | 6.05 | 1.59 | 1.2 | 0.62 08

Notes: r is the average width of annual rings in millimeters, S, is the specific gravity
in oven-dry, and % is the moisture content at time of test in per cent.
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varied between 13.1 and 17.7 per cent, the average value being 16.2
per cent, therefore, the following equations to express the relationship
between the moisture content and hardness were worked out based on
the experimental data; for purposes of comparison the average results
of the air-dry tests were adjusted to the values they would have at 15
per cent moisture content. The equations are

H,, =714—-0242u
H,,-=270—-0100u
H,,=334—-0.120u

where H,., H,, and H,, are the end, radial and tangential hardness,
respectively, at u per cent moisture content. The hardness values ad-
justed to 15 per cent moisture content are given in parentheses in the
table.

From table 2, it is clear that there is large increase in the hardness
number of wood with a decrease in the moisture content.

The percentage ratios of the average hardness values of green and
oven-dried wood in relation to those of air-dried wood are shown in
table 3.

Table 3. Percentage vatios in the hardness of green,
air-dried and oven-dried Nara-wood

Moi diti Hardness ratio
oisture condition End Radial Tangential
Green 48 53 . 51
Air-dry* 100 100 E 100
Oven-dry 220 188 185

* Adjusted to 15 per cent moisture content.

As will be seen from the above table, the ratio in the hardness of
green, air-dry (15 per cent) and oven-dry Nara-wood is approx1mate]y
0.5:1:2 on each surface.

Comparisons of the hardness of side surfaces and that of the end
surface are given in table 4. '

Table 4. Percentage ratios in the hardness of end, radial
and tangential surfaces of Nara-wood

. . ~__Hardness ratio o
Moisture condition End \ Radial Tangentlal
Green 100 ‘ 39 i 47
Ajr-dry* 100 34 44
Oven-dry 100 ) 29 37

* Adjusted to 15 per cent moisture content. '
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It may be seen that genenally the radial hardness is about 30-40
per cent of the end hardness while the tangential hardness is about
120-130 per cent of the radial hardness.

CONCLUSIONS AND SUMMARY

In the case of measuring the hardness of wood by the static ball
indentation method, the matter of amount of the load to be applied
is still under argument. For example, N. Parray” has said that the
Brinern hardness number based on a certain load is not to be compared
with the other one based on a different load. Furthermore, F. Sexrrva®
has stated a similar view to that. But, the present author® has already
expressed his opinion that it is indicated by an approximately linear
relation between load and depth of ball indentation within a certain
limit of the depth, and consequently, that the Brinerr. hardness number
is constant to any applied load within the range.

In the present study, by using a machine for testing hardness of
wood with lever system, the depth of static ball indentation was meas-
ured under the following conditions: (1) A load of known amount was
applied to the specimen and maintained for sufficiently long to enable
removing the influence of creeping due to loading time. (2) The depth
of indentation was measured under a sustained loading.

The results obtained by using specimens of Nara-wood in green,
air-dry and oven-dry conditions are briefly stated as follows:

1) Within a certain limit the relationship between load and depth of
indentation is indicated by a straight line, and the Bmxeri hardness
number is constant to any load regardless of the surface to which it
was applied and of the moisture content of the wood.

2) Relation of the end hardness to the width of annual ring is graphed
as a parabolic curve ; the wood with about 2.0-2.2 mm ring widths shows
the maximum value in the hardness number in each moisture condition.
3) Relation between the specific gravity and the hardness number is
shown in straight line under each moisture condition.

4) Hardness ratio of green, air-dry and oven-dry wood is about 0.5:1:2
on each surface.

5) The radial hardness is 30-40 per cent of the end hardness, and the
tangential hardness is about 120-130 per cent of the radial hardness.
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EXPLANATION OF PLATE

These figures show impressions due to ball (10mm in diameter)
" indentation on the surfaces of air-dried Nara-wood, and conditions of
the ball indentation are as follows:

Depth of

No. Surface Load indentation Creep

Kk 1/100 mm

g

E1 End 50 35.0
E2 End 100 86.0 Distinet
R1 Radial 20 67.0
R2 Radial 50 101.0 Distinct
T1 Tangential 20 37.3

T2 Tangential 50 88.8 Distinct




Plate 1
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APPENDIX

No.: Test piece No.
Hardness: BRINELL hardness number kg/mm?
r: Average width of annual rings mm
Se: Specific gravity based on oven-dry volume and weight 100 x
u: Moisture contents at time of test in per cent of oven-dry weight

1) In green condition

i End hardness ’ Radial hardness |Tangential hardness
|
]

|
r ‘ St» “ k73

| Avg. | Max. | Miinj‘ Avg. | Max. | Minf{;é. | Max. | Min.

| 79.9
163 - 179 | 154, 0.60 | 0.65 055 076 093 064 | 13 | 626 | 695
168 177 - 159 | 068 074 ' 061 072 086 056 | 20

| 140 152 134 | 053 ' 057 | 050 | 070. 095 055 | 06 | 484 |

1

2

3 73.0 | 59.8
4 196 281 171 075 090 0.70 . 0.76 0.84 . 0.69 0.7 : 435 | 515
5 ;180 202 177 070 077 064 082 091 0.76 09 595 ; 519
) .

7

8

9

210 248 191 - 070 076 063 @ 083 . 102 | 076 11| 68.0 1 457

| 149 160 140 062 073 059 087 108 073 | 09 541 | 765
138 | 163 | 127 058 063 055, 069 ' 076 063 | 13 | 593 709

156 166 147 = 062 068 = 058 069 074 0.63 [ 15 | 659 | 617

10 139 152 131 055 0.60 051 : 069 ~ 0.76 o.57j 10 | 57.9} 72.1
11 152 168 181, 064 072 057 | 069 085 ' 061 1 15 | 666 674
12 137 153 | 117 0.52 © 056 | 050 | 054 064 ' 044 | 1.8L 72.4[ 60.0
13 | 152 159 143 - 056 062 050 068 - 078 061 | LI | 59.0} 619
4 157 168 150 1 059 064 055 069 086 062 1.71 655 | 600
15 158 | 186 144 059 - 062 | 057 065 069 ' 057 |21 | 69.8% 521
16 146 163 141 056 0.75‘ 045 081 036 | 0.66; 08 | 53.0‘; 714
17 161 177 146 062, 065 053 . 073 092 | 053 | 08 | 558 | 760
18 167 175 162 058 068 | o051 074 | 086 ! 065 | 08 . 62.0' 705
19 254, 277 238 09 ' 114 0 072 143 185 ‘ 1.06? 1.4?‘ 674 | 544
| 109 18! 753 529

20 . 236 : 332 258 133 165 100 147 220

- [ I [
220 044 ( 12 . 619 631

! | |
Ave. ‘ 168 ( 3.321 117 | 065 | 165 { 046 | 079
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2) In air-dry condition

End hardness Radial hatdness |Tangential hardness |
No. |[— r So u
Avg. | Max. [ Min. | Avg. | Max. | Min. | Avg. | Max. | Min.
1 2.51 \' 266 | 229 | 079 | 081 0.73 104 | 126 | 0.75 0.6 | 480 | 15.7
2 2.84 ‘! 299 | 245 | 093 | 103 | 082 | 125 | 155 | 1.04 13 | 626 | 17.7
3 3.02 ‘; 324 | 268, 110 l 139 | 097 | 136 | 193 | 1.03 19 | 724 | 167
4 239 | 275 | 208 | 085 | 100 | 082 | 112 | 127 | 0.96 0.7 | 477 | 167
5 3.23 ‘ 345 | 306 | 103 | 114 | 096 | 1.24 | 155 | 1.02 0.9 | 580 | 17.0
6 350 | 894 | 296 | 121 | 1.38 | 110 | 183 | 236 | 155 12 | 6L7 | 16.6
7 283 | 343 | 2391 094 | 1.06 081 | 1.38 | 155 | L4 09 | 543 | 164
8 278 : 339 | 248 | 091 | 098 | 086 | 124 | 1.68 | 1.06 12 | 583 | 167
9 3.50 ‘ 367 | 330 | Ll6 | 117 | 114 | 146 169 114 15 | 655 | 165
10 297 | 318 | 279 | 089 | 097 | 081 | 128 | 148 | 1.08 09 | 573 | 16.7
11 343 ! 374 | 308 | 118 | 1.27 | 1.10 | 143 | 149 | 136 15 | 644 | 155
12 3.82 l 418 | 354 | 126 | 171 | 107 | 147 | '1L75 | 137 17 | 740 | 149
13 3.18 i 336 | 28 | 098 | 100 | 095 | 114 | 120 | L10 11| 591 | 164
14 338 394 | 320 | L11 | 123 | 097 | 162 | 206 ! 107 16 | 653 | 16.0
15 .| 368 | 381 | 3854 | 131 | 138 | 124 | 142 | 159 | 1.29 20 | 698 | 158
16 237 | 262 219 | 078 | 083 | 0.76 | 117 | 125 | 1.06 0.6 | 49.0 | 174
17 291 I 324 | 250 | 090 | 1.03 | 084 | 130 | L77 | 1.06 08 | 556 | 16.1
18 3.23 ‘ 360 | 271 | 091 | 110 | 083 | 150 | 199 | 119 | 08 | 6383 | 159
19 421 | 457 | 870 | 155 | L79 | 138 | 1.89 | 250 | 1.61 1.5 70.0 16.7
20 4.43 ’ 475 | 415 i 1.56 i 1.77 | 137 .1.93 ‘ 254 | 163 1.7 | 778 | 131
Avg. il 3.21 l 4.75 ’ 2.08 i 197 { 1.79 I‘ 073 | 140 | 254 | 0.75 12 | 617 | 16.2




767

3) In oven-dry condition
End hardness | Radial hardness |Tangential hardness|
NO- N h I"'i"i_ﬁ,f’ 7 e - | N i r S() u
Avg. | Max. | Min. ‘ Avg. \ Max. ‘ Min. | Avg. ] Max. ! Min. ‘l

1 4.99l 513 | 4.63 | 147 | 172 126 | 225 ‘ 283 190 0.6 50.6 0.7

2 7.17] 830| 637 | 204 | 250 i 161 | 295 | 358 2.22 12 614 0.5

3 899 954 830 | 279 | 310 f 222 | 328 | 482 i 2.36 1.9 702 0.6

4 571 693| 529 | 161 | 182 : 140 193 | 254 ' 163 0.7 503 0.6

5 697! 7.66| 650 | 176 | 2.08 : 154 | 220 | 281 179 09 579 0.2

6 893 | 10.28| 7.65 | 250 | 280 224 | 289 | 338 . 247 11 667 0.8

7 6.13| 698 568 | 1.63 | 190 ; 137 | 264 | 290 | 242 0.8 545 0.9

8 644| 7.24| 569 | 203 | 243 ‘ 177 | 216 | 277 1.68 1.3 585 0.9

9 884! 961 771 | 255 | 275 226 | 312 | 348 247 14 . 659 0.7
10 732, 938| 635 | 204 | 238 171 | 257 | 301 : 214 1.0 | 58.2 0.7
1 880 | 992| 765 | 236 | 28 201 | 302 | 364 256 L5 650 0.9
12 10.66A 1205| 9.64 | 281 | 3.24 268 | 324 1 419 - 264 17 . 738 0.8
13 7.38| 846! 640 | 205 | 236 1.95 | 283 | 3.07 2.5§ 1.0 ' 60.1 0.8
14 870 | 10.03| 7.84 | 261 | 289 230 | 321 | 4.28 ; 2.56 16 - 663 11
15 9.78| 1023 | 933 | 283 | 324 « 254 | 3.05 & 4.00 \ 2.62 2.0 71.3 0.6
16 540 590 5.09 | 1.84 | 218 133 | 288 | 3.72 } 225 05 49.6 0.9
17 647| 758| 572 1.94 | 287 ! 163 | 240 | 279 b192 08 ' b55.2 0.8
18 759 905| 612 | 194 | 218 | 163 | 276 | 3.64 1.59 0.7 . 611 1.0
19 839| 995 823 | 260 | 3.01 | 244 | 341 | 426 | 2.63 15 | 69.7 0.9
20 9.92| 10.60| 9.75 | 347 | 415 | 304 | 416 | 6.05 | 3.24 18 | 759 0.8
Avg. 7.73} 1205| 463 | 224 | 415 | 126 | 285 | 6.05 | 1.59 12 | 621 0.8
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R, BRZ 7 5 o B4, M 2 L U2 o 33 5%

[ZR = L0

= #

AT HEIEE, e BRINELL O B X 284, BHIhARHECOEESR
XL OPUERHIC O W T2 DRSS 500, T ORI BV T, MEKE AN OKH
CHEALTLZCKELE~T I ORIZROFECID THE Lk, 1) kdbhicffE
A O CHBRAYEBRFCEAL, MERHECI S~ 0BI0E Lo Er»RBATES
B ERFES COMEERE LR, @) ~7 L oRIOHWERFMEL LT I 7O,

FEOXIheEARBL?2F IMERAWIIToREREROEMERIRDO LK. Th
%,

1) WHBEAMORBECRACHEXYHLANOEATLEE, ZO0~T I ORI L
HELOMBI Fig3 R/t L5k s, COBESENO O-MoBBEClE~2 3 OFESX
LHBEOHBRERTEDLINRS, O LRECHEL~TIORIOHEFELRDOLE
B roC Tablel 35X U Fig d R+ X5 ciEDd b, FMEL~T I ORINER
HIBRIC 5 v, BRINELL © FH:CRIGTEYE 2 CHH T —EfrRT, (Tablel ¥
X % Fig. b)

@) FIMeCHERE L ROEOBE I KoOMBRR IR TEDb IR, F&KIRME
DL &L HERE20~22mm 0 OBNEI KBV TRAELRT, (Fig. 8)

(3) HE AMSEE I CkOm) & ERec+, (Fig. 9)

4) 77 OLM, REMEICEEMOBEIROIATEL $ ¥4 % 05:1:2 ¢4
%, (Table 3) '

©) BEAREOL &L FIHTOMIEIAROED 30~40%, HEHR % IHE
® 120~130% C# %. (Table 4)



