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Abstract — The Primary Rockwell Hardness Standard
System was established in the Center for Measurement
Standards since July 1996 till June 1997. During the time, a
laser  interfferometer, HP10737R  3-axis  compact
interferometer system, was substituted for the optical linear
scale and combined with the mechanical structure of the
original system to measure the Rockwell Hardness
nominated values from 20 HRC to 70 HRC[1,2,3,4].

Subsequently the laser interferometer was performed the
measurement of the pitch and yaw of the indenter when the
hardness was measured; then we evaluated the uncertainty
caused by the Abbe's error, pitch and yaw. The results
showed that the expanded uncertainty of the primary
Rockwell hardness standard system due to the Abbe’s error
of the indenter was 0,046 HRC at the confidence level of 95
%. The expanded uncertainty caused by the angle difference
between the indenter moving axis and the measuring optical
path was 0,0028 HRC at the confidence level of 95 %.
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1. INTRODUCTION

The Rockwell hardness number is calculated from the
difference in the penetration depths before and after
application of the tota force, while maintaining the
preliminary test force. For scales that use a spheroconical
diamond indenter, the Rockwell hardness number is
determined by [5,6]:

HRC = Ky —(hy —ho) /K, D
where
HRC: Rockwell hardness unit;
ho: penetration depth of preloading in mm,;
h,: penetration depth of total loading in mm;
K; = 100 mm: for diamond cone indenter;
K, = 0,002 mm: for Rockwell hardness.

The depths hy and h; are determined by the average of
the optical paths X;, X, and X3z measured by the 3-axis
compact interferometer. The measurement principle can be
shownin Fig. 1.

The pitch and yaw of the indenter are calculated by X,
X5, X3, L and d:

Pitch=9, = (x2+x3)/2 %4 @)
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Fig. 1. The optical paths of 3-axis compact interferometer

Yaw=g, = X2- %3 ; X3
where L and d are equal to 14,38 mm [2].
The standard uncertainty of the hardness measurement
due to the Abbe’s error, Uy, Can be determined by the
sum of the yaw multiplied by its own Abbe's offset and the
pitch multiplied by its own Abbe’s offset, divided by K:

_ |AX Abbe| + |AYAbbe|

©)

U Abbe K, (4)
with

AX pppe = YaW x AX =9, x AX (5)

AY pppe = Pitchx AY =6, x AY (6)
where

AX pppe: Abbe's error in yaw-direction;
AY pppe - AbbE s error in pitch-direction;
AX : Abbe's offset in yaw-direction;
AY : Abbe’ s offset in pitch-direction.

2. EXPERIMENT

The primary Rockwell hardness standard system with
the interferometer system was shown in Fig. 2. The
interferometer system, which was calibrated, includes the
laser head 3-axis compact interferometer and the optical
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receivers. The indenter, test block plate and the loading
weights are below the interferometer system. The control
system was in the right size that can control the loading
time by dialling the panel switches. The value of the load
can be controlled by a PC when the hardness was measured.

Fig. 2. Primary Rockwell Hardness Standard System in CMS.
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Fig. 3. Setup for the depth measurement

The corresponding optical path was shown in Fig. 3.
The flatness of the optical table was measured by a flatness
meter and the result caused an effect on the evaluation of
cosine's uncertainty. We used the 3-axis compact
interferometer to measure the depth and the pitch and yaw
when the indenter was moving. The signals of the depth
measurements were transferred to a PC by optical receivers
and all of the data were calculated automatically. The three
depths (X1, X, and X3), as shown in Fig. 1, were recorded
during the hardness measurement. Substituting these values
to (2) and (3) we can calculate the values of the pitch and
yaw.
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3. RESULTS

The pitch and yaw for individual HRA, HRB and HRC
were measured during the hardness measurement. The
typical results of the pitch and yaw are plotted in Fig. 4 and
Fig. 5. In these figures, the diamond dots lines are the pitch
and yaw of HRA, the square dots lines are the pitch and
yaw of HRB and the triangle dots lines are the pitch and
yaw of HRC.
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Fig. 4. Yaws of HRA, HRB and HRC.
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TABLE I. The results of the pitch and yaw for HRA

TABLE Ill. The results of the pitch and yaw for HRC

Nominal value Count Pitch Yaw Nominal value Count Pitch Yaw
1 -3,05E-5 491E-5 1 -1,06E-5 2,54E-5
2 9,70E-6 2,51E-5 2 -2,34E-5 3,72E-5
3 -1,39E-5 2,50E-5 HRC 65 3 2,67E-5 4,86E-5
HRA 87
4 2,27E-5 2,58E-5 4 -4,26E-5 4,30E-5
5 5,55E-6 2,1E-5 5 -4,26E-6 4,72E-5
6 -7,4E-6 2,1E-5 1 -2,13E-6 3,80E-5
1 -3,35E-5 4,32E-5 2 4,50E-5 3,15E-5
2 -2,45E-5 2,87E-5 3 2,05E-5 3,63E-5
HRC 46
3 -1,33E-5 2,35E-5 4 -4,91E-5 3,65E-5
HRA 76
4 -1,70E-5 3,83E-5 5 -1,70E-5 3,83E-5
5 -8,0E-6 341E-5 6 1,80E-5 5,02E-5
6 -1,92E-5 3,13E-5 1 -2,11E-5 5,00E-5
Max. value -3,05E-5 491E-5 2 -1,00E-5 3,33E-5
3 8,83E-6 3,03E-5
TABLE Il. Theresults of the pitch and yaw for HRB HRC 20
4 2,08E-5 3,36E-5
Nominal value Count Pitch Yaw
5 -2,67E-5 4,11E-5
1 3,93E-5 3,42E-5
6 8,1E-6 3,86E-5
2 3,50E-5 1,75E-5
Max. value -4,91E-5 5,02E-5
HRB 90 3 4,39E-5 2,00E-5
4 366E-5 193E.5 The data number of the pitch and yaw of the hardneﬁs
measurement for HRA, HRB and HRC are twelve, five and
seventeen respectively. The results of the pitch and yaw for
> 507E-5 2,22E-5 the nominal values HRA 87 and HRA 76 are listed in
TABLE I, and the maximum values of the pitch and yaw
Max. value 5,07E-5 342E-5 are -3.05x 10° radian and 4.91 x 10° radian respectively.

The results of the pitch and yaw for the nominal value HRB
90 are listed in TABLE Il, and the maximum values of the
pitch and yaw are 5.07 x 10” radian and 3.42x 10” radian
respectively. The results of the pitch and yaw for the
nominal values HRC 65, HRC 46 and HRC 20 are listed in
TABLE I, and the maximum values of the pitch and yaw
are -4.91x 10° radian and 5.02x 10 radian respectively.
These maximum values of the pitch and yaw can be used to
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calculate the Abbe's error, and the measured data of the
Abbe's offset in pitch and yaw directions are as shown in
Table IV. Then the uncertainties can be determined for the
related HRA, HRB and HRC units asfollows:

A. The standard uncertainty due to Abbe's error of the
hardness measurement for HRA:

(Pitchyax) hra = —3.05x107%; (YaWy, ) pra = 4.91x107°
AXpax =0.6mm; AYp =0.3mm
AX apbe + AY pppe

u =
(U abbe) HRA K,
_ |(YaWpax ) e % AX pax | + |(Pitchya ) Hra X AY jay
K2
=0.020 HRA
where

(Pitchyay) vra : the maximum value of the pitch for HRA;

(YaWpax ) Hra - the maximum value of the yaw for HRA;

AX yax - the maximum value of the Abbe’s offset in yaw-
direction;

AYpax . the maximum value of the Abbe's offset in pitch-
direction;

(Upppe) Hra & Standard uncertainty caused by the Abbe's

error for HRA.

B. The standard uncertainty due to Abbe's error of the
hardness measurement for HRB:

(Pitchyay ) prs = 5.07x107°; (YaWy, ) yrs = 342x107°
AXpax =0.6mm; AYp =0.3mm
AX appe + AY ppbe

u =
(U abbe ) 1re K,
_ |(Yawya) e X AX ax | +|(Pitchya) rs X AY i
K2
=0.018 HRA
where

(Pitchyay ) wrs © the maximum value of the pitch for HRB;

(YaWpa ) vrs - the maximum value of the yaw for HRB;

(Upppe) Hrs & Standard uncertainty caused by the Abbe's
error for HRB.

C. The standard uncertainty due to Abbe's error of the
hardness measurement for HRC:

(Pitchyay ) pre = 4.91x107°; (YaWyyay ) yre = 5.02x107°
AXyax = 0.6 mMM; AY o = 0.3mm
AX apbe + AY ppbe

u =
( Abbe)HRC K2
| (YaWiae) re X AX x| +|(Pitchyia) re X AY yax
KZ
=0.023HRC
where

(Pitchyay) wre - the maximum value of the pitch for HRC;

(YaWpax ) Hre : the maximum value of the yaw for HRC;
(Uppbe) HRre - Standard uncertainty caused by the Abbe's
error for HRA.

TABLE IV. Abbe'soffset in pitch and yaw directions (unit: mm)

Count Abbe's gffsgt in pitch- Abbe's pffsgt inyaw-
direction direction
1 0,2 0,6
2 -0,1 0,2
3 0,1 03
4 01 03
5 0,0 0,3
6 0,3 0,3
7 0,0 0,6
8 0,2 0,4
9 0,3 0,5
10 0,3 04

D. The standard uncertainty caused by the optical path:

This uncertainty was caused by the angle difference
between the indenter moving axis and the measuring optical
path. The perpendicularity of the indenter was within
90°+0,1°[1]. On the optical plate the flatness of twenty
locations were measured, as shown in Table V, to determine
the flatness of the optical table.

Since the flatness of the compact interferometer was
measured under 0,1°, the optical paths in the compact
interferometer were assumed parallel. Thus the angle
between the indenter moving axis and the measuring optical
path was less than 0,3°. The caused standard uncertainty of
the hardness measurement, ucqg, can be determined by:

Ah(1-c0s0.3°)
0.002

where Ah<0.2 mm.

4. CONCLUSIONS

For the hardness measurement system in the Center for
Measurement Standards, it's very difficult to determine the
uncertainty of the hardness measurement due to the Abbe's
error when the original optical grating measurement system
was used. The optical grating measurement system is not an
intrinsic Abbe's error measured system, since the optical
grating system is compact and parallel to the axial direction
of the indenter, the pitch and yaw can't be measured easily
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at the same time while the hardness is measured. Using the
3-axis compact interferometer system, we got an easy
method to evaluate the uncertainty of the hardness
measurement due to the Abbe's error. The corresponding
expanded uncertainties are 0,040 HRA, 0,036 HRB and
0,046 HRC at the confidence level of 95 %. The expanded
uncertainty caused by the angle difference between the
indenter moving axis and the measuring optical path was
0,0028 HRC at the confidence level of 95 %. After this
evaluation, we got more complete information of the
primary Rockwell hardness standard system.

TABLE V. Theflatness of the optical table

Location East-West Location South-North
count count
1 0,1° 11 0,2°
2 0,1° 12 0,2°
3 0,2° 13 0,2°
4 0,1° 14 0,2°
5 0,2° 15 0,2°
6 0,2° 16 0,2°
7 0,2° 17 0,2°
8 0,2° 18 0,2°
9 0,1° 19 0,2°
10 0,1° 20 0,2°
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