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Abstract: The three different methods, the NRLM-type
Vickers indenter verification instrument, the sciagnwhite
light interferometry and the atomic force microsepgre
used for the wide-range verification of a Vickenslénter.
Those methods are available in different rangendéiter
surface and it was found that the integration dfedént
instruments are helpful for the better understagdih the
thorough geometry of a Vickers indenter. In additi@an
improved instrument is developed for low-force amitro-
hardness range and evaluated its availability. Tdwilts
show that it can indicate the similar value to thest reli-
able instrument even in the smaller range of ingleand it
suggests that the range of the reliable verificatioay be
expanded to low-force and microhardness.

Keywords: direct verification, scanning white light interfer
ometry, AFM.

1. INTRODUCTION

The “hardness test” is the evaluation method far th
strength of materials by measuring the deformationthe
specimen surface, which is created by pressinghdenier
into the material with a definite testing force. efé are
several scales of hardness used in the industries differ-
ence between those scales is mainly about typaslehter
and the measuring method of indentation. In caséaKers
hardness, a tetrahedral diamond tip is used asidanier.
The advantage of this type of indenter is that@nggtrically
similar indentation can be made with any levelgdesting
force. Typical range of testing force is from léisan 0.1 N
to 980.7 N. Because of this advantage, Vickersressl is
used especially with low testing forceése., Vickers micro-
hardness or nano-indentation for the evaluatiorsmofll
parts of materials or thin films, in these days.

The 1SO standard [1-3] is requiring the verificatiof
hardness machines and it includes the direct eatifin of
indenter geometry. For Vickers indenters, it isessary to
consider the range of indenter tip in which theeimer ge-
ometry is measured. Typical ranges under variogsnt
forces are shown in Table 1. If this indenter asedufor the
microhardness, the geometry of it should be medsarthe
small area around the tip, such like 20 or 30 pum.
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Several methods are being used for the verificatibn
one Vickers indenter at the calibration laboratmri@mong
them, the interference microscope is one of thet madigble
method for direct verification of the geometry ofckers
indenters. With this method, an indenter is heldhwan
indenter holder which is mounted on the rotatidridaThe
normal direction of the face of pyramid is deteredrby the
fringes on the observed surface. When a flat sarfamb-
served with a interference microscope, a patterfringes
can be observed according to the misalignment efotb-
served surface to the optical path. If no fringaa be ob-
served by adjusting the direction of the indentiee, direc-
tion of the face of pyramid is determined and ih dae
measured with rotary encoders equipped on theiootat
table.

This method is quite effective to the precise veaiion
of Vickers indenter geometry and in fact some matio
laboratories are using this kind of instrument. ldger, the
angle sensitivity of this method is getting lowehem the
smaller area of a face is measured. It meansHhisatrtethod
is not always suitable for the verification of Véerk indenter
for low-force or microhardness.

In this study, several instruments were used tosorea
the indenter geometry and the availability of theamthe
Vickers indenter verification for various ranges swdis-
cussed. In addition, an attempt to improve the mneasent
capability of Vickers indenter geometry in low-ferand
microhardness ranges was reported.

Table 1. Typical ranges of the contact surface of "ickers indenter
under various testing forces.

Designation Testing Indentation Diagonal
force*, N depth**, um length**, um

Hardness test 49.03-980J7 1450-137.5 1016289
Low-force 1.961-29.42| 2.900-23.82  20.30 - 166.8
hardness test
Microhardness 0.9807 — 2.857%* — 20.00%** —
test 0.09807 4.350 30.45
Nano-indentation Not specified in ISO 14577-1

*

Recommendation in ISO 6507-1
Hardness range is assumed as 200 to 900 HV
*** | ower limit of diagonal length in ISO 6507-1

*%k

2. VERIFICATION ITEMS OF VICKERS INDENTER



The geometry of the Vickers pyramid is defined wihb
angle between opposite faces of 136 degrees. Twestie
accuracy of its geometry, 1ISO 6507-3 requires tofywe
following items (See Fig. 1);

a) The flatness of four faces shall be within 0.®@tm,

b) The angle between the opposite faces ghall be

136 +0.1°,

c) The angle between the axis of the diamond pytami
and the axis of the indenter-holder shall be lbas t
0.3°,

d) The line of conjunction between opposite faa®s (

shall be smaller than 0.001 mm, 0.0005 mm and

0.00025 mm for the range of testing force Fof>
49.03 N, 1.961 NXF < 49.03 N, and 0.09807 N F
1.961 N respectively.

e) The corner angle of the square base of pyrafid (
shall be 90 + 0.2°.

Fig. 1. Geometrical parameters (verification itemgsof Vickers indenter

(&) The angle between the opposite facgsaqd the corner angle
of the square base of pyramjg).(
(b) The line of conjunction between opposite fa@s

Sometimes the geometry of Vickers pyramid is vedfi
by measuring the angle between opposite edgested o
ISO 6507-2 and it shall be 148.11°. Strictly spegkithis
alternative method, however, cannot show that thglea
between opposite faces is also true. So it is b&ttmeasure
the normal direction of four faces and evaluate dhgle
between opposite faces directly.

It should be considered that the several verificati

@)

Fig. 2. Coordinates of a Vickers indenter

(b)

(a) Definition of the coordinates of pyramid.
(b) Difference of coordinates between the pyram@-(x'y'z')
and the measuring instrumer® ¢ xyz ).

AVAILABILITY OF VARIOUS MEASURING
INSTRUMENTS

Three different instruments were used to measugénth
denter geometry to discuss their characteristibs. imfdenter
under measurement is manufactured by Tokyo Diamond
Tool MFG. Co. Ltd. and it was supplied for the Mdyo
(former Akashi) Vickers hardness machine.

3.

3.1. NRLM-Type Vickers Indenter Verification In-

strument (VIVI)

Although the geometry of Vickers indenter is dedirey
the angle between opposite faces of pyramid, iteisfied
by measuring the angle between edges in many cakes.
reason is that the angle between faces is notteasgasure
and it may bring wrong results of verification. $histru-
ment was developed by NLRM (former NMIJ) and it is
currently used by JBI to provide their calibratiservice of
Vickers indenters [4]. The measuring principle iiikr to
an autocollimator (Fig. 3). An image of a reticteprojected
on the indenter surface and it is observed thramlcular
to find the normal direction of a face. The direatiof the
normal of the face is measured with the dials catirg

items, i. e, the items c) and e) of previous list, can be aftaples. When 20x objective lens is used, the cesftdield

fected by the disagreement between;

a) The coordinates of the pyramid,

b) The coordinates of the indenter holder,

c) The coordinates of the measuring devices.

In general, these coordinates cannot be separeded f
measurement results. In this paper, the coordinatthe
pyramid is defined as follows.

Let n;, n,, ny, and n, are the unit normal vectors of
four faces in the coordinates of the measuring aeySee
Fig. 2). The axis of the pyramid can be determiagd

=130 ®
where -
1=3n, @)

The correction of coordinates has a significantafhot
only the verification of geometry but on the caftidn of
the area function for the instrumented indentatés.

of view is the point 150 pm distant form the indantip.
This instrument can measure at only one point ae diut if
the flatness of the faces is acceptable, the irde@ometry
can be verified in the range for normal Vickersdmess.
The measurement uncertainty of this method is 2utem
for the face angle and 4 minutes for angles of smbase of
pyramid k = 2). This instrument can be calibrated with
angle gauge blocks of +5 seconds of accuracy.

Ocular micrometer Ocular micrometer

Microscope
support with
Light
i y | source
Light sourc N »
" ' \ Beam
5 \@* / splitter
' Reticle® 1 Objective
Rotating table—"i§ L Indenter lens
with dial Rotating

Fig. 3. NRLM-type Vickers indenter verification instrument



3.2. Scanning White Light I nterferometry (SWLI)

There are several types of instruments which caasme **

ure three dimensional image of a body with an aptroi-

* Inclination of the axis of the diamond pyramidtte axis of indneter
base plane (disagreement of the coordinates)

Angle of the quadrilateral which formed by thetérsection of the
faces with a plane perpendicular to the axis oapyd

croscopee. g. a scanning laser conforcal microscope. In this

study, Zygo NewView 5000 system, which is based on

scanning white light interferometry, were used. Whe
Vickers indenter is verified with an optical micoape,
normally it is necessary to use an objective leih§0x or

The result of SWLI is shown in Fig. 4 (left). This-
strument showed the good stability of measuremedtthe
most significant source of uncertainty seemed tothme
uncertainty of the reference standard. It is fothdt the

higher because of its numerical aperture (the masim observed image itself is quite fine and it can heractical

slope with 50x objective is 24.27°, while the slage/ick-
ers pyramid face is 22° from the horizontal plavghen a
50x objective is used, the viewing area is appnaxely
0.14x0.11 mm with the resolution of 0.64 um in hontal
and 0.1 nm in vertical. Therefore its application ihdenter
verification is ranging from low-force hardness rtocro-
hardness.

This instrument was calibrated with the standarddas

tool of indenter verification.

The result of AFM is shown in Fig. 4 (right). Fdiig in-
strument, the most significant source of uncerjaiatalso
the reference standard. The relative uncertaintgeiging
greater when the smaller area is observed and rntheru
tainty of angle measurement is also getting wolrseaddi-
tion, this method is a contact method and it shdxddcon-
sidered that the shape of cantilever tip may affleetmeas-

(VLSI SHS-1.8QC and Zygo Lateral Calibration Stamda Urement results. The vibration during the measureme
6300-2198-01) and horizontal pitch of 10 pm andp steMakes some influence to the fineness of the imagetie
height of 1.828 um was used (The expanded unctesin careful operation is always required for this measent.

are 0.018 um and 0.011 um, respectively).
3.3. Atomic Force Microscopy (AFM)

In this study, Pacific Nanotechnology Nano-R syste

was used. In general, a piezo-electric scannerFifl Aas

some nonlinear behavior and it can be the mostfiignt

error factor of measurement. The system used fsrstiady
includes a closed-loop control of a scanner to awprthe
linearity. The scanning range of this instrumenB8Gs um

with the resolution of 2 nm or better in the horital direc-

tions and the linearity of 1 % or better (with @s#d-loop
operation). In the vertical direction, moving range8 pm

with the noise level of 0.13 nm RMS or better (elddoop

operation). Because a Vickers indenter has biguiffce of
height from the tip to the edge of viewing are®, $iskanning
area is limited and it is typically less than 15 . for this

reason, the application of this instrument is ledito nano-
indentation. If the rounding of tip or the truncati depth
have to be verified, the measuring range shoulchiosen as
a suitable magnification. In this study, the ramgeé.4 pm

was used.

The coordinates of the AFM is calibrated with thans
dard sample (VLSI STS3-1800P) and the horizontahpof
10.00 um and the step height of 181.1 nm were UBed.

expanded uncertainties are 0.03 um and 2.0 nmgcesp

tively.

3.4. Results and Discussion

The result of VIVI is shown in Table 2. Among those

three instruments, it can measure the angles ehied with
the smallest uncertainty. It is found that the oelorcibility
of measurement can be improved after consideriagdts-
agreement of axes of the indenter and the table.

Table 2. Results of VIVI.

Face Position Face 1-3 Face2 -4
angles Value 13€°06' 13€°04'
Inclination* 04'

Corner Position| Face 1-2 Face 2-B  Face 3-4
angles™ | Value 90°01 8258’ 9C08’ 89%3

Fig. 4. Obtained images by SWLI (left) and AFM (rght)

The face anglesa) and the corner angles of the square
base of pyramidf) are calculated from the images of SWLI
and AFM. The results were compared with the resofts
VIVI in Table 3. It should be noted that those tesare
obtained with the same indenter but the locatioreter-
mine the angles are different according to the rf@gtion
of the microscope. Therefore even if there aremarg with
those measurements, the values may not exactly a&geh
other among those three instruments.

The results show that the values of VIVI and SWid a
close to each other but the values of AFM is déferfrom
other two instruments. The reason of this can lsairasd
that the stability of the instrument itself is gedt worse
with the magnification and also the uncertaintythe refer-
ence standards is getting greater and it may iser¢he
error of the measurement results. The referencedates
used to calibrate those three instruments are suixedain
Table 4. While the accuracy of the angle gauge kbisc
fairly good, the height standard for AFM has poorthe
percentage uncertainty. For VIVI, there are fewerore
sources than any other instruments because it easure
the direction of faces directly and also it candadéibrated
with angle standard directly. Then it could be doded that
VIVI is regarded as the most reliable instrumentsong
those verification methods. The difference of SWArid
AFM from VIVI may suggest that it is not easy to aseare
the angle of 0.1°, which is required value for Hadness

Facen-1 Calibration machine [3]. However, those three mdshare



used in the different range and the instrumentvimifica-
tion should be chosen in the same range of usedehier.

Table 3. Comparison between three instruments.

Item Position VIVI SWLI AFM

Faces 1 -3 136.10° 136.129 137.36°
a Faces2 -4 136.07° 136.07 137.07°

Average 136.08° 136.09° 136.21
Faces 1 -2 90.02° 90.119 89.32pP
Faces 2 -3 89.97° 89.579 91.53p
B Faces 3-4 90.13° 90.409 89.27pP
Faces 4 -1 89.88° 89.919 89.88pP

Range 0.25° 0.83° 2.21°

Table 4. Reference standards used to calibrate thenfication instru-

ments.
Instruments VIVI SWLI | AFM
Reference | Angle gauge
standard block Standard sample
Pitch: Pitch:
Uncertainty 10.008 £ 0.018 um| 2.99 +0.02 um
(or accu- +0.0014° | Height: Height:
racy) 1.828 £+ 0.011 pm | 181.6 £2.0 nm
(k=2) (k=2)

4. DEVELOPMENT OF IMPROVED INSTRUMENT

The discussion in the previous section shows thafl V
has the best resolution and measurement uncertairttye
angle measurement. However, It cannot be applietheéo
verification of a low-force or microhardness indembe-
cause of its low magnification. On the other haSuyLI
and AFM have enough magnification and resolutiomte
serve a microhardness indenter but the measureimeet-
tainties of them are not enough for the verificatiof in-
denter geometry especially for the hardness caiibrana-
chines.

In order to establish the verification method fomi
force and microhardness indenters, an improved umiegs
instrument is developed to evaluate the availagbiit the
measuring method. The principle of this instrumiergimi-
lar to VIVI. The light is induced to the face ofraynid and
the normal direction of it is detected with theleefion of
the light.

The higher magnification of objective lenses arplied
to observe the smaller area around the indenteartg the
narrow beam of the light is used for the fine |lougiof the
measuring point of the pyramid face. It is expectodt
these improvement enables to verify low-force orcrom
hardness indenters.

The layout of the instrument is shown in Fig. 6.

An indenter is fixed on the indenter holder whigh i
mounted on the five-axes stage. XYZ axes are usedjust
the position of the indenter and two rotationalsaaee used
to adjust the direction of the indenter. Each fotetl axis is
equipped with a rotary encoder and the directiohefin-
denter can be measured with the resolution of @.0de+
grees (16 seconds). Faces of the indenter arevaaserith

an optical microscope and a CCD camera. Between the

objective lens and the photo eyepiece, a beamtespld
placed to induce the proving beam, which is geedrdiy
the light source (semiconductor laser). The colleddight
is induced through a pinhole to reduce its beam. Sihen a

small spot of the beam is projected on the surfaicthe
indenter and it can be also observed with the C&d@ ig.
6). This spot shows the position where the directb this
face is measured. If the smaller spot is used Hermeas-
urement, the measurement position can be spedaifieck
precisely and closer to the indenter tip. When gpet is
located in the position distasfrom the tip as shown in Fig.
5, this position of the measurement is relatinght diago-
nal lengthd and indentation deptias follows,

d=2v2(s(sin68 [ 2.62(s 3)

(4)

h=slcos68° CL0.37E[s

Fig. 5. Diagonal lengthd, indentation depthh and the length from the
indenter tip along the faces of Vickers pyramid.

Since the diagonal length for low-force and microha
ness is ranging from 20 to 166.8 um (See Tablédf the
beam spot can be located at the positioa0f7.63 to 63.66
pm, the indenter geometry can be verified for tege of
those testing force.

Indenter holder
Indenter Objective Beam
lens splitter

2
', - "g—t—_. M—H'%Q

| ~~Pinhole

Photo

1 *
Rotation stage eyepiece

CCD

Collimating
lens

Rotation stage *
XY translation stage

Light source

Fig. 6. Optical layout of the instrument.
* Five axes stage for indenter holder

Fig. 7. Experimental apparatus.



N
Edge of the indentefﬁy\

Fig. 8. Image of the light reflection on the facefdVickers pyramid.

The same Vickers indenter used for the previougm/xp

these values cannot be regarded as reference Jalids
would give some information to estimate the religbiof
the improved instrument.

In principle, the sensitivity for detecting the mal di-
rection of the face is getting worse with incregsthe nu-
merical aperture of the objective lemsg., higher magnifi-
cation of objective lens. However, the measuredliesre
not so different from the results of VIVI. It seersat the

improved instrument has enough performance in sach
measurement range.

Table 7. The corner angles of the square base ofraynid g measured
with the improved instrument at the position ofs =30 pum.

ment is measured to verify the availability of tmgproved
instrument. The measurement results of corner anatel
face angles are listed in Tables 5 to 8.

Tables 5 and 6 are the measurement results atogie p
tion of s = 150 um where the measurement with VIVI was

carried out. The results of VIVI is also listed the refer-
ence values of angles because now VIVI is recognae
the most reliable instrument through the considemah the
previous section. These results show that the iagatdan-
strument can indicate the similar values of angled the
difference from the reference values are smallan tthe
expanded uncertainty of the reference values inntlost
cases and also it is smaller than the requireménSO

6507-3,i. e.,, 0.1° fora and 0.2° fols.

Angle 3, degree
Instrument| Objective| Faces | Faces | Faces | Faces
1-2 2-3 3-4 4-1
VIVI * — 90.02 89.97 90.13 89.88
Improved 20x 90.00 90.02 90.05 89.93
instrument 50x 90.01 89.98 90.09 89.97
Maximum deviation
from VIVI results -0.02 +0.05 -0.08 +0.05

* Measurement uncertainty is 0.0R°H 2), measured at= 150 pm.

Table 8. The face anglesr measured with the improved instrument at
the position ofs =30 um.

Table 5. The corner angles of the square base ofraynid S measured
with the improved instrument at the position ofs = 150 pm.

Angle 3, degree
Instrument| Objective] Faces | Faces | Faces | Faces
1-2 2-3 3-4 4-1
VIVI* — 90.02 89.97 90.13 89.88
5x 90.02 90.03 90.07 89.84
Improved 10x 90.02 90.00 90.09 89.84
instrument 20x 90.03 90.01 90.07| 89.8¢4
50x 89.97 90.03 90.05| 89.93
Maximum deviation

from VIVI results -0.05 +0.05 -0.08 +0.05

* Measurement uncertainty is 0.0R°H 2).

Table 6. The face angles measured with the improved instrument at

the position ofs= 150 um.

o Angle a, degree
Instrument| Objective Faces1—3 Faces 22
VIVI* — 136.10 136.07
Improved 20x 136.08 136.07
instrument 50x 136.09 136.10
Maximum deviation
from VIVI results -0.02 +0.03

* Measurement uncertainty is 0.08°F 2), measured at= 150 pm.

5. CONCLUSION

The geometry of Vickers indenter was measured with
three instruments, which have different measuredodge. It
was found that the measurement uncertainty is ngptti
greater in smaller range because of the difficoltyneas-
urement itself and calibration of the instrumefiswever,
each method has its own measurable range andsefsil to
use several methods for understanding overall gegnoé
indenter in the wider range.

The improved instrument showed acceptable perform-

TR Angle a, degree
Instrument| Objective Faces1_3 Faces 24
VIVI * - 136.10 136.07
5x 136.12 136.13
Improved 10x 136.12 136.11
instrument 20x 136.10 136.08
50x 136.12 136.15
Maximum deviation
from VIVI results +0.02 +0.08

* Measurement uncertainty is 0.08°F 2).

Tables 7 and 8 are the measurement results atotie p [3]
tion of s = 30 um where the indenter is used for low-force

hardness. The measured values with VIVI are alsdediin
the tables, however, those values are not obtaaieithe

same location with the improved instrument. Themfo

ance to verify the indenter geometry in the loweéohard-
ness and it is expected that the measurement digpabil
be improved for this range.
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