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INTRODUCTION 

It is well known that the hardness is an important property in con
nection with wood working and using. But there are various methods 
for measuring the hardness of wood which are being argued everi now. 
As the standard testing procedure, the two methods of JANKA and of 
BRINELL are generally used.l),~),~),lO) 

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. SEKIYAQ
) 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 BRINELL 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 
oli this method ; the load is 30 kg as standard-l0 kg for a very soft 
material and 50 or 100 kg for a very hard one. N. PARRAy'S7) 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. SEKIYA9

) 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 BL.) 
in various moisture conditions, the deformation of wood due to static 
ball indentation 'was observed; relations of the BRINELL 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 OHSAWA, to whom the author owes thanks for his invaluable 
advice and encouragement. 

MATERIAL AND METHOD 

The material used was Nara-wood grown in Ashibetsu district in 

Fig. 1. One group of hardness 
test blocks. No. la was 
tested in green condition, 
No. lb being air-dried and 
No. lc oven-dried. 

Hokkaido. The test blocks were made from 
disks, 15 chl in thickness, which were taken 
from four Nara-trees at 4 m height above 
the ground in each case. rhe numbers of 
annual rings of the disks were 180 to 360. 
The dimensions of the test block are 5 by 
5 by 2.5 cm 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. 

One-third of the individual specimens 
were tested in green condition (above the 
fiber saturation point), another one-third 
were air-dried and the remainder oven-dried. 



The testing machine used in 
the present study was "Mokuzai
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 
the desired height, a hard steel 
ball B 10 mm in diameter, a dial 
gage (1/100 mm) D for measuring 
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w 

Fig. 2. Machine for testing hardness 
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 BRINELL hardness number (HB) is thus 

P 
HE = rcDh - kg/mm2 

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 baH and 
the dial gage were covered with a sheet of transparent polyvinyl film. 



752 

EXPERIMENT AL RESULTS AND DIS.CUSSION 

1) Relations of the Indentation Depth and the BmNELL 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 JANKA'S method is shown in figure 3. This test was carried 
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Fig. 3. Relationship between depth of 
indentation and load. Rate of ball 
indentation, (A): 0.5 mm per min., 
(B): 5 mm per min. 

out on the end surface of air-dried 
Nara-wood by using the Universal 
Testing Machine for Wood with a 
ball 10 mm in diameter. The rela
tion varies with the rate of ball 
indentation as shown by (A) or (B) 
in figure 3. 

In the diagram, within the 
range of O-M the relations be
tween them are shown as a 
straight line. In view of the pres
ent experiments, it seems that the 
point M was generally about 0.7 
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 ipdentation was 
noted at every 10 kg of applied load on the end surface, and at every 
5 kg 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, h is the depth of indentation in 1/100 mm, Llh is the dif
ference of the depth h between successive equal increases in the applied 
load, and HB is the BRINELL hardness number in kilograms per square 
millimeter. If Llh is constant, relation between load and depth h is given 
in a straight line. Table 1 shows that the average Llh is very nt:'arly 
constant in each case, and figure 4 indicates the approximately linear 



Table 1. Relations of the indentation depth and the 
hardness number to the applied load 

1) In green condition 
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rings mm oven-dry ____ _ 
Average Wi.dt.h of a. nnual I Specific gravity in 1. __ .M.oisture%Ocontents 

--Avg:--I-Max. I-M~:-T-~M~~:--I Min. Avg. M:~~l_~in_. ____ 

0.9 I 1.3 I 0.6 I 0.52 I 0.60 I 0.44 56 77 I 52 

Load 

kg 

10 

20 

30 

40 

50 

5 

10 

15 

20 

5 

10 

15 

20 

(A) End surface (27 impressions) 

1 

_____ ~ ______ 1.0.00 ~m ___ _ 

I Avg. I Max. I Min. 

.:Jh 1/100 mm 

A vg. I Max. Min. 
- ----

18.4 24.0 I 9.0 18.4 24.0 9.0 
I 

36.6 47.5 ! 25.5 18.2 23.5 14.5 
I 

54.7 68.0 
I 

41.3 18.1 22.5 15.0 
I 

I 

72.8 91.0 

I 

56.8 18.1 22.0 14.0 

I I 
92.5 116.0 74.3 19.7 29.0 11.7 

! 

IB) Radial surface (18 impressions) 

23.1 I 29.3 16.5 23.1 29.3 16.5 i 
46.3 56.0 35.5 23.2 28.7 19.0 

69.1 83.5 53.5 22.8 29.5 18.0 

91.6 108.0 71.0 22.5 25.5 15.5 

(C) Tangential surface (18 impressions) 
- -------------

20.1 25.0 11.5 20.1 25.0 11.5 

39.4 46.0' 29.5 19.3 22.5 17.0 

59.4 68.0 52.0 20.0 24.0 16.0 

79.1 87.5 73.5 19.7 25.5 15.2 

HE kg/mm2 

Avg. I Max. I Min. 

1.77 3.54 I 1.33 

1.74 2.50 1.34 

1.75 2.31 1.41 

I 
1.75 2.24 1.40 

1.72 2.14 
I 

1.37 

0.69 0.96 0.54 

0.69 0.90 0.57 

0.69 0.89 0.57 

0.69 
I 

0.90 ! 0.59 

0.79 1.38 0.64 

0.81 1.08 0.69 

0.80 0.92 0.70 

0.81 0.87 0.73 
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2) In air-dry condition 

Average width of annual 
rings mm ! 

A~~~-I Max.- -- Min. 

Specific gravity in 
oven-dry I Mois~:~~ontent 

Mi;.-[-Avg. Avg. - --M~x. T Max. Min. 

0.9 I 1.2 0.7 

--1--- - ~-----

0.62 I 0.48 16.6 0.55 16.7 16.4 

(A) End surface (27 impressions) 

Load 
h Ah 1/100 mm 1_ 

kg 

10 

20 

30 

40 

50 

Avg. 

1/100mm __ I 

Max. Min. I Avg. Max. Min. I Avg. 

H8 kg/mm2 

Max·l-Min. 

- -----

5 

10 

15 

20 

10.6 

21.9 

34.0 

45.1 

56.8 

16.0 

32.6 

49.0 

63.5 

- ------~ 

5 10.9 

10 23.5 

15 36.2 

20 49.7 

15.0 

29.7 

46.0 

58.5 

74.5 

21.0 

39.5 

58.5 

76.0 

7.3 

15.0 

24.2 

33.0 

42.5 

10.6 

11.3 

12.1 

11.1 

11.7 

15.0 

15.8 

16.0 

13.0 

16.0 

7.3 3.00 

8.0 ' 2.91 

8.8 2.81 

7.7 2.82 

8.0 2.80 

(E) Radial surface (18 impressions) 

11.5 

23.0 

34.0 

43.0 

16.0 

16.6 

16.4 

14.5 

21.0 

21.3 

21.5 

19.5 

11.5 

10.5 

11.0 

9.0 

1.00 

0.98 

0.98 

1.00 

(C) Tangential surface (18 impressions) 
------~ .. _-- ,---- - .------------

I 
, 

16.8 
I 

4.5 10.9 16.8 4.5 1.46 
I 

33.3 
I 

13.5 12.6 17.9 7.0 1.36 

48.0 I 24.0 12.7 17.7 8.0 1.32 

73.3 
I 

33.0 13.5 23.5 9.0 1.28 

- -

I 
I 

4.36 

4.25 

3.95 

3.86 

3.75 

1.38 

1.38 

1.41 

1.48 

------ -

3.54 I 

2.36 

1.99 

1.93 

2.12 

2.14 

2.08 

2.18 

2.14 

0.76 

0.81 

0.82 

0.84 

--- -----

0.95 

0.96 

0.99 

0.87 



Average width of annual 
rings mm 

Avg. I Max. 1- Min. 

0.8 0.9 0.7 
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3) In oven-dry condition 

Specific gravity in I Moisture content 
___ --,---"o--'-v~en=_-~d_'_r.y ___ ;;6 

Avg. Max. T Min. I-AVg. I Ma;'-r- Min. 

0.53 0.58 I 0.50 0.5 I 0.6 0.5 

(A) End surface (27 impressions) 

Load 

kg 

10 

20 

30 

40 

50 

h 1/100 mm I 4h 1/100 mm HE kg/mm"' 

Avg. 1- Ma;'- TMi~.·-- Avg. Max. I Min. -I Avg. Max. Min. 

5 

10 

15 

20 

5 

10 

15 

20 

.. -

I 
5.1 8.0 

10.3 12.8 

15.6 18.5 

20.6 24.7 

25.6 I 31.3 

9.7 

20.1 

29.6 

38.7 

14.8 

26.0 

36.6 

46.5 

3.3 

7.3 

12.3 

16.7 

20.8 

5.1 

5.2 

5.3 

5.0 

5.0 

8.0 

6.7 

6.8 

7.0 

7.7 

3.3 

4.0 

3.4 

3.8 

3.5 

(E) Radial surface (18 impressions) 

6.5 

15.8 

23.4 

30.7 

9.7 

10.4 

9.5 

9.1 

14.8 

13.8 

12.2 

11.7 

6.5 

7.0 

6.7 

5.6 

(C) Tangential surface (18 impressions) 

I 
7.8 12.5 3.1 7.8 I 12.5 3.1 

15.5 23.5 8.0 7.7 I 12.2 4.0 

22.4 30.5 14.5 6.9 10.0 5.0 

29.1 39.1 22.0 6.7 8.6 3.8 

6.25 

6.19 

6.12 

6.18 

6.22 

1.64 

1.58 

1.61 

1.65 

2.04 

2.06 

2.13 

2.19 

9.65 

8.23 

7.76 

7.63 

7.66 

2.45 

2.02 

2.04 

2.08 

5.13 

3.98 

3.30 

2.90 

3.98 

4.98 

5.17 

5.16 

5.09 

1.08 

1.22 

1.31 

1.37 

1.27 

1.36 

1.57 

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 BRINELT, hardness number indicates the constant value 
according to the equation HB=P/rrDh. 

This fact is shown graphically in figure 5. From these results it 
will be seen that the BRINELL hardness number is constant to any applied 
load within the range employed in these tests. Therefore, it is quite 
possible to compare the BmNELL 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 load, 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 BRINELL hardness test, therefore, the load should be selected 
as large as possible within the creep does not begin to appear distinctly. 
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. SAWADA") 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 0.318 mm of depth 
is reached. In this case, the equation is 

p P 
HB = rrDh .. 10 kg/mm2. 

On the other hand, the method, in which the diameter of the im
pression after the load is removed is m~asured 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
riphery extrudes or intrudes as indicated 
in figure 7. Especially on the longitudi
nal surface of wood, the edge of the ball 

~d~-----'- -t-ct.-=i------ -t-:-d-1 
:Normai lr1.trusio'n. Extrusion. 

Fig. 7. Conditions of impressions. 

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 
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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 stockl). 

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 50 kg for air-dried wood, and 50 or 100 kg for oven-dried wood. 
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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 
HB = 1.05 + 0.874r-0.23r2 

in air-dry condition 
HB = 1.10 +2.62r-0.623r2 

and, in oven-dry condition 
HB = 2.48+6.32r-1.37r 

where, HB is the BRINEI,r, 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 
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2.0-2.2 mill 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 

HB = 2.44So+0.13 

in air-dry condition 

HR = 6.20So-0.6 

and, in oven-dry condition 

HB=21.0So-5.3 

where HB is the BmNELL hardness number of the end surface, and So 
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 

Moisture 
condition 

--

Green 

Air-dry 

Oven-dry 

Table 2. Results of hardness test for Nara-wood 

Erinen hardness number k~/mm" 
__ _Enj ____ I~_ ~<!i~~~_\-'I'~ng~!ltLal--, r 

Avg.j Max. I Min. i Avg. \ Max.! Min. I Avg.1 Max.) Min .. 
------------

, 
----~--

I I I 

0.461 1.2 I ! 

I 1.68 3.32 I 1.17 0.66 1.65 0.79 2.20 0.44 

I 3.21 4.75 2.08 1.07 1.79 0.73 1.40 2.54 0.75 1.2 
(3.51) (1.20) (1.54) , 

i 7.73 12.05 4.63 2.24\ 4.15 1.26 2.85 6.05 1.59 1.2 

S" u 

0.62 63.1 

0.62 16.2 
(15.0) 

0.62 0.8 

Notes: r is the average width of annual rings in millimeters, So is the specific gravity 
in oven-dry, and u 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 av'erage results 
of the air-dry tests were adjusted to the values they would have at 15 
per cent moisture content. The equations are 

Heu = 7.14-0.242u 
H,.u == 2.70 -0.100u 
Htu = 3.34-0.120u 

where Heu, Hru and Htu 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 mtios in the hardness of green. 
air-dried and oven-dried Nara-wood 

Moisture condition 1 

Hardness ratio 

End Radial Tangential 

Green 48 53 51 

Air-dry* 100 100 100 

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 Nar:a-wood is approximately 
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 

MOistu~e~~on~~~on 1==: End I 
1~0----1-· --39--.------·-.. ·~_:;--·· 

Hardness ratio--,-__ 

Radial Tangential 

Green 

Air-dry* 

Oven-dry 

100 34 44 

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 tangentbJ hardness is about 
120-130 per cent of the radial hardness. 

CONCL USIONS 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. PARRAy7

) has said that the 
BRINELL hardness number based on a certain load is not to be compared 
with the other one based on a different load. Furthermore, F. SRKIYA!I) 
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 BRINEr,r, 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 BmNELL 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 (10 mm in diameter) 
indentation on the surfaces of air-dried Nara-wood, and conditions of 
the ball indentation are as follows: 

Load Depth of 
No. Surface indentation 

~~ 
1/100 mm 

Creep 

E1 End 50 35.0 

E2 End 100 86.0 Distinct 

R1 Radial 20 67.0 

R2 Radial 50 101.0 Distinct 

T1 Tangential 20 37.3 

T2 Tangential 50 88.8 Distinct 



Plate 1 

( 8x) 
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APPENDIX 

No.: Test piece No. 
Hardness: BRINELL hardness number kg/mm! 

r: Average width of annual rings mm 

765 

So: 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 

r u 
1_ End _hardness ___[_ Radi~~ar~nes~J Tangential hardness I 
: Avg.! Max·l Min. AVg·1 Max. I Min. I Avg. I Max. I Min. 

'-------c-----

i~ ~ W ~ ~ ~,~ ~ ~l 
~ ~,~ ~ ~ ~ ~ ~ ~II, 
1.68 1.77 1.59 0.68 0.74 0.61 0.72 0.86 0.56 

1.96 2.31 1.71 0.75 0.90 0.70 0.76 0.84 0.69 

1.90 2.02 1.77 0.70 0.77 0.64 0.82 0.91 0.76 

2.10 2.48 1.91 0.70 0.76 0.63 0.83 1.02 0.76 

1.38 1.63 1.27 0.58 0.63 0.55 0.69 0.76 0.63 

1.56 1.66 1.47 0.62 0.68 0.58 0.69 0.74 0.63 

1.39 1.52 1.31 0.55 0.60 0.51 0.69 0.76 0.57 

1.52 1.63 1.31 0.64 0.72 0.57 0.69 0.85 I 0.61 

1.37 1.53 1.17 0.52 0.56 0.50 i 0.54 0.64 0.44 

1.52 1.59 1.43 0.56 0.62 0.50 0.68· 0.78 0.61 

1.57 ! 1.68 1.50 0.59 0.64 0.55 0.69 0.86 0.62 

1.58 1.86 1.44 0.59 0.62 0.57 0.65 0.69 0.57 

1.46 1.63 1.41 0.56 0.75 0.46 0.81 0.86 0.66 

1.61 1.77 1.46 0.62 0.65 0.53 0.73 0.92 0.53 

1.67 1.75 1.62 0.58 0.68 0.51 0.74 0.86 0.65 

2.54 2.77 2.38 0.95! 1.14 0.72 1.43 1.85 1.06 

2.36 3.32 2.58 1.33 1.65 1.00 1.47 2.20 1.09 

0.6 

1.3 

2.0 

48.4 

62.6 

73.0 

79.9 

69.5 

59.8 

0.7 43.5 51.5 

0.9 59.5 51.9 

1.1 68.0 45.7 

0.9 54.1 76.5 

1.3 59.3 70.9 

1.5 65.9 57.7 

1.0 57.9 72.1 

1.5 66.6 67.4 

1.8 72.4 60.0 

1.1 59.0 61.9 

1.7 65.5 60.0 

2.1 69.8 52.7 

0.6 53.0 71.4 

0.8 55.8 76.0 

0.8 62.0 70.5 

1.4 67.4 54.4 

1.8 75.3 52.9 



766 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

2) In air-dry condition 

I __ ~d hardIl~1 Radial hatdnes~ I Tangential hardn~s 1 1 

I AVg.[ Max. [ Mm. Avg. [ Max.j Mm. i Avg. I Max. [ Mill. r S" u 

. I ·~I ~~-~-
2.51 I 2.66 2.29 0.79 0.81 0.73 1.04 I 1.26 0.75 0.6 48.0 15.7 

2.84 ! 2.99 2.45 0.93 I 1.03 0.82 1.2511.55 1.04 1.3 62.6 17.7 

3.02 ! 3.24 I 2.68 1.10 1.39 0.97 1.36 1.93 1.03 1.9 72.4 16.7 
! 

2.39 '2.75 2.08 0.85 1.00 0.82 1.12 I 1.27 0.96 0.7 47.7 I 16.7 

3.23 3.45 3.06 1.03 1.14 0.96 1.24 I 1.55 1.02 0.9 58.0 I 17.0 

3.50 3.94 2.96 1.21 1.38 1.10 1.83 I 2.36 1.55 1.2 61.7 16.6 

2.88 3.43 2.39 0.94 1.06 0.81 1.38 I 1.55 1.24 0.9 54.3 16.4 

2.78 3.39 2.48 0.91 I 0.98 0.86 1.2411.68 1.06 1.2 58.3 16.7 

I I 3.50 i 3.67 3.30 1.16 1.17 1.14 1.46 I 1.69 1.14 1.5 65.5 16.5 

2.97 I 3.18 2.79 0.89 0.97 0.81 1.28 I 1.48 1.03 0.9 57.3 16.7 

3.43 i 3.74 3.08 1.18 I 1.27 1.10 1.43 II 1.49 1.36 1.5 64.4 15.5 

I 3.82 4.18 3.54 1.26 1.71 1.07 1.47 1.75 1.37 1.7 74.0 14.9 

3.18 i 3.36 2.88 0.98 1.00 0.95 1.14 1.20 1.10 

3.38 : 3.94 3.20 1.11 1.23 0.97 1.62 2.06 1.07 
I 

3.68 I 3.81 3.54 1.31 1.38 1.24 1.42 1.59 1.29 
i 

1.1 59.1 16.4 

1.6 65.3 16.0 

2.0 69.8 15.8 

16 2.37 2.62 2.19 0.78 0.83 0.76 1.17 1.25 1.06 0.6 49.0 17.4 
I 

17 2.91 '3.24 2.50 0.90 1.03 0.84 1.30 1.77 1.06

1 

0.8 55.6 16.1 

18 3.23 3.60' 2.71 0.91 1.10 0.83 1.50 1.99 1.19 0.8 63.3 15.9 

19 4.21 i 4.57 3.70 1.55 1.79 1.38 1.89 2.50 1.61 I 1.5 70.0 16.7 

_~_4.~4~~.~15~-c--11~.5~6--',-1 ~1~. 7~7--',~1~.3~7-.-~1.~93-,;-1_2.~54--.~1~.6_3.-+, _1~.7---,-~7_7_.~8--,1_13~._1 
Avg. 3.21 I 4.75 I 2.08 1.07 1.79 0.73 11.40 I 2.541 0.751 1.21 61.7 1 16.2 
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3) In oven-dry condition 

No. 
I End hardness ! Radial hardness I Tangential hardness! 

So 
I - .---------- . --~---·----I r 

I 
u 

I Avg. i Max. i Min. I Avg. I Max.] Min. AVg.j Max.] Min. ! 
---- -- ---

I 

I 

i 

I 
1 4.99 5.13 4.63 1.47 1.72 1.26 2.25 2.83 1.90 0.6 50.6 0.7 

I 
2 7.17 8.30 6.37 2.04 2.50 I 1.61 2.95 3.58 2.22 

I 

1.2 61.4 0.5 
I 

, 
, 

3 8.99 9.54 8.30 2.79 3.10 I 2.22 3.28 4.82 i 2.36 1.9 70.2 0.6 , 
! 

4 5.71 6.93 5.29 1.61 1.82 1.40 1.93 2.54 1.63 0.7 50.3 0.6 , 
; 

5 6.97 7.66 6.50 1.76 2.08 : 1.54 2.20 2.81 1.79 0.9 57.9 0.2 

6 8.93 
10.

28
1 

7.65 2.50 2.80 2.24 2.89 3.38 2.47 1.1 66.7 0.8 

7 6.13 6.98 5.68 1.63 1.90 
I 

1.37 2.64 2.90 2.42 0.8 54.5 
i I 

0.9 

8 6.44 7.24 5.69 2.03 2.43 : 1.77 2.16 2.77 1.68 1.3 58.5 0.9 

9 8.84 9.61 7.71 2.55 2.75 
! 

2.26 3.12 3.48 2.47 1.4 65.9 0.7 

7.32 I 
I 

10 9.38 6.35 2.04 2.38 1.71 2.57 3.01 ' 2.14 1.0 58.2 0.7 

11 8.80 9.92 7.65 2.36 2.89 2.01 3.02 3.64 2.56 1.5 65.0 0.9 

12 10.66 12.05 9.64 2.81 3.24 2.68 3.24 4.19 2.64 1.7 73.8 0.8 

13 7.38 8.46 6.40 2.05 2:36 1.95 2.83 3.07 2.58 1.0 i 60.1 0.8 

14 8.70 10.03 7.84 2.61 2.89 2.30 3.21 4.28 2.56 1.6 66.3 1.1 

15 9.78 10.23 9.33 2.83 3.24 2.54 3.05 4.00 2.62 2.0 71.3 0.6 

16 5.40 5.90 5.09 1.84 2.18 1.33 2.88 3.72 2.25 0.5 49.6 0.9 , 

17 6.47 7.58
1 

5.72 1.94 2.87 ! 1.53 2.40 2.79 1.92 0.8 55.2 0.8 
I 

18 7.59 9fl5 6.12 1.94 2.18 ! 1.63 I 2.76 3.64 1.59 0.7 61.1 1.0 

19 8.39 9.95 8.23 2.60 3.01 I 2.44 
I 

3.41 4.26 2.63 1.5 
! 

69.7 0.9 

20 9.92
1 

10.60 9.75 3.47 4.15 
I 

3.04 
I 

4.16 6.05 3.24 1.8 75.9 0.8 
I 

, 

Avg. 1 7.731 12.05 1 4.63 1 2.24\ 4.1511.26 I 2.85 1 6.05 1.59 1 1.21 62.1 I 0.8 
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*t;tl'L.Jt-:t 0 lit ~ ~~, ~~l'L. BRINELL Cl)1fiHc. J:. 0 :IJ1;-g-, ~Jt1 ~;fL 0 fof:mCl)~~$ 

J:. 11.:t:- Cl) truJ±~ra9l'L. 01,. -C til( Cl) §lli~lJ' ~ 0 lJ', i:. Cl)~~l'L. $1,. -C rt, ~:s~~*t;t Cl)* lID 

l'L.J±AL-C.:t:-i:.l'L.~Ck~?~Cl)~~~~Cl)1f~l'L.J:.0-C~~Lk.W~~G;fLkfof:m 

~~0-C~~~~~Wl'L.J±AL, truJ±~OOl'L.J:.0~?~Cl)~~Cl)~~Cl)~.~.m~~0 

~'i cfE51ft < i:. Cl)fof:m~{!fd'~ L ko (2) ~? ~ Cl)1* ~ Cl))&uj£rtW:m~lJ'ttk i i Ql-0ko 

*imCl) J:. 3 t,d57j(itX~l'L.;b 0 j--7t;t~JtIl,·-CIT0k~~§t~*Cl)~;::rt~Cl)'!: $ f).~;b 

W ~~~*t;tCl)~lIDl'L.~I(l'L.ffl.~$L~~GJ±A-:t0'!:~, .:t:-Cl)~?~Cl)~~'!: 

fof:m .!: Cl)J~H* rt Fig. 3 l'L. 7ft -:t J:. 3 l'L. tJ: 0 0 i:. Cl).t®-g-:!&:m Cl) 0-M Cl) i!lH1tf:! -c' (r,t ~ ? ~ Cl) ~ ~ 

.!:fflm:Cl)~{*rt@JJR~~b~ ;fL0 0 i:. Cl) i:. .!: rt~l'L.TJfm:.!: ~? ~ Cl)~~ Cl)lJ€l1*~*~k* 

~l'L. J:. 0 -C Table 1 $ J:. 11 Fig. 4 l'L.~-t J:. 3 l'L.li#( ~ G ;fL ko fofJl!.!: ~? ~ Cl)1* ~ lJ'OOHJR 

~~~l'L.~;fL~, BruNnLCl)1f~~rtfofm:~~~-C~~~~rt-~~~~-:to~~~l$ 

J:. 11 Fig. 5) 

(2) j- -7 f~·l'L. $1,. -C4-~$1i\ .!: * [] lID Cl)lit ~ ~Cl)~1*rtfJ1ft4&H* ~~b ~;fL, :fr157j(ltJClm 

Cl) .!: ~ .!: ~ 4-~~!,'; 2.0~2.2 mm Cl) ~ Cl) lJ'lit ~ ~l'L. $ 1,. -C :!&:k1@: ~ ~-:t 0 (Fig. 8) 

(3) J:l:;:mn'$-1t~lit~~ (:*oITfi) ~[jHJlH8l'L.$-:to (Fig. 9) 

(4) j- -7 Cl) ~t;t, 3fHil:;t;t $ J:. V' ~ ljit;t;t Cl) lit ~ ~ Cl) J:l:; rt:fr lID.!: ~ $ J:. .:t:- 0.5: 1 : 2 ~;b 

::So (Table 3) 

~ :frft~ltJC~Cl).!:~.!:~i~~lIDCl)lit~~rt*olIDCl)W~~%,~~lIDrti~~lID 

Cl) 120~130% ~;b 0 0 (Table 4) 


