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Effect of various factors on the measurement error of structural
components of machine parts materials microhardness using
computer vision methods

Abstract. To assess the causes of failure of parts in operation, it is often necessary to assess the degradation of the structural and phase
composition of the material and determine the cause of its change. Microhardness test is used to evaluate the mechanical properties of
microvolumes of the material. Microhardness of structural components of steels and cast irons (armco iron ferrite, austenitic component of steel
12X18H10T and cementite of centrifugally cast chrome-nickel cast iron (cast coating @910 mm)) was determined by restored four-sided pyramid
impression with a square base and a top angle of 136+1. The paper evaluates the influence of the main factors on the micro-hardness error of
ferritic, austenitic and carbide component of steels and cast irons: the amount and speed of the indenter load, the stiffness of the substrate, the field
of distribution of plastic deformations around the impression, the quality of the surface preparation, the influence of grain boundaries and the
relaxation of the impression shape over time. The main factors affecting the accuracy of measurements by the reconstructed impression method
have been determined for each of the investigated phases: ferrite, austenite, and cementite.

Streszczenie. Aby oceni¢ przyczyny awarii cze$ci w eksploatacji, czesto konieczna jest ocena degradacji sktadu strukturalnego i fazowego
materiatu oraz okres$lenie przyczyny jego zmiany. Do oceny wfasciwos$ci mechanicznych mikroobjeto$ci materiafu stosuje sie test mi-rotwardosci.
Mikrotwardo$¢ sktadnikéw strukturalnych stali i zeliwa (ferryt zelaza armco, austenityczny sktadnik stali 12X18H10T i cementyt od$rodkowo
odlewanego Zeliwa chromowo-niklowego (powtoka odlewu @910 mm)) okres$lono przez przywrécony wycisk piramidy czterobocznej o podstawie
kwadratowej i kacie wierzchotkowym 136+1. W pracy oceniono wpfyw gtéwnych czynnikdw na btgd mikrotwardo$ci ferrytycznego, austenitycznego i
weglikowego sktadnika stali i zeliwa: wielko$ci i predko$ci obcigzenia wgtebnika, sztywno$ci podfoza, pola rozktadu odksztatcen plastycznych wokot
wycisku, jako$ci przygotowania powierzchni, wptywu granic ziaren oraz relaksacji ksztattu wycisku w czasie. Okre$lono gtéwne czynniki wptywajgce
na dokfadno$¢ pomiaréw metodg zrekonstruowanego wycisku dla kazdej z badanych faz: ferrytu, austenitu i cementytu. (Wplyw réznych
czynnikéw na bfagd pomiaru mikrotwardosci materialow elementéw konstrukcyjnych czesci maszyn z wykorzystaniem metod wizji
komputerowej)
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Introduction

The development of modern mechanical engineering
goes hand in hand with the increase in the unit capacity of
parts (operating temperatures [1], specific stresses [2],
etc.). The materials of such parts, iron-carbon alloys (steels
and cast irons), on the one hand, work under extreme
conditions of complex temperature and force loads [3]. On
the other hand, they often have a heterogeneous structure
with a cross-section gradient of properties to ensure greater
compliance with operational requirements [4]. Such parts
must ensure guaranteed quality and reliability, including in
terms of strength and durability, throughout the entire life
cycle of the products. When in operation, the operating
parameters of such products change over time.

As a result, individual parts and assemblies in such
conditions are subjected to cyclic temperature and force
effects; residual stresses are formed, which in combination
with external loads can lead to local microdeformations [5],
and even microcracks [6-8]. The long service life of
machines also leads to a change in the structural state and
trans-formation of the phase composition of materials [9],
which reduces the durability of products.

Non-destructive control methods are usually used to
predict the final service life of parts under extreme
conditions. When parts fail in operation, it is important to
assess the degree of degradation of material properties and
the causes of damage. One of the common methods of
evaluating the mechanical properties in microvolumes of the
material is the microhardness test.

Microhardness is an indicator of the mechanical
properties of microvolumes of the material [10,11] and
physically represents the resistance of the material to local
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de-formation when pressed, predominantly, by a pyramidal
indenter [12]. The main ad-vantage of this shape of
indenters is the geometric similarity of the unrestored
impres-sion when the amount of load changes [13, 14]. It is
believed that the distribution of deformations and stresses
around the impression is geometrically similar, provided that
the indenter has a geometrically similar pyramidal shape in
the entire range of loads [15, 16]. Such a statement may be
true for materials homogenized by special processing.
However, the vast majority of parts are made of materials
with a heterogeneous structure [17], with a gradient of
mechanical properties formed according to their operating
conditions [18]. Therefore, many authors note that
microhardness can depend on the load [19-21].

Currently, the measurement of microhardness by the
restored imprint method of various structural components of
steels and cast iron is regulated by ASTM E384-17
«Standard Test Method for Microindentation Hardness of
Materials». Traditionally, for such measurement a four-
sided pyramid with a square base and an angle at the top of
136 £ 1 ° is used. The choice of such a diamond tip is
based on the result of observations, according to which,
when an indenter is introduced into a homogeneous
material, the hardness numbers do not depend on the
applied load in the range from 1 to 100 kg (from 1 x10 3N
up to 1x10 4 N). This allowed to assume that with loads of
less than 1 kg (110 3N) the hardness values remain
constant. However, the conducted studies of measuring the
microhardness of ferrite, austenite and cementite [22-24]
performed at various loads (0.049-1.962 N) did not confirm
this assumption.

323



The decrease in hardness with increasing applied load
is known as indentation size effect (ISE) [25, 26] and the
increase in hardness with increasing applied load is known
as reverse indentation size effect (RISE) [27, 28]. Some
studies include image analysis of the unrestored
impression, using also scanning electron microscopy to
improve the accuracy of measurements [29, 30]. However,
there is no data on the time that precedes the processing of
the measurement and the completion of the identification
process [31]. This increases the uncertainty of the
microhardness and can lead to unreliable results, espe-
cially at low loads. Degradation of material properties during
the operation of parts, which leads to premature failures,
requires a mandatory comparison of initial and post-failure
microhardness [32 -35]. These data are separated in the
time of measurement. Therefore, it is important to have an
idea of the possible error when comparing values to find the
degree of degradation of properties and causes of failures.

The aim of the work is to evaluate the effect of various
factors on the measurement error of microhardness of
ferritic, austenitic and carbide components of steels and
cast irons. To achieve this goal, we studied the effect of the
indenter loading magnitude and speed, substrate stiffness,
distribution field of plastic deformations around the imprint
on the level of microhardness, its spread. The effect of strip
preparation quality, the effect of grain boundaries and
imprints shape relaxation over time were also studied.

Material and methods

Microhardness was evaluated on the device “Vikvant-
HNADU” (patents of Ukraine No. 50486A cl.GO1N 3/46 and
No. 200201057) by the method of the restored imprint when
introducing a diamond tip with the shape of the working part
in the form of a tetrahedral pyramid with a square base in
the load range of 0.049-1.962 N (5-200 g). Arm-co-iron
ferrite, austenitic component of steel 12X18N10T and
cementite of centrifugal cast chromium-nickel cast iron
(casting @910 mm) were studied.

Results

Intender introduction into a solid is accompanied by
displacement of the material and elastic-plastic deformation
of the zone adjacent to the imprint.

a)

[—
13 pm

Fig. 1. Zones of Plastic Deformation of Ferrite (a), Cementite (b)
Around the Imprints under a Load of 1.962 N and Austenite (c)
under a Load of 0.49 N. The arrows indicate the contours of the
plastic deformation zone, including at inclusions and at the grain
boundary.
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Deformation around the imprint is heterogeneous and
covers a significant volume (Figure 1) — up to 120% for
ferrite, up to 80% for austenite and up to 25% for cementite.
Grain boundaries and inclusions decorate the plastic
deformation zone.

When the tip is inserted, the deformations are not the
same in different directions — the largest deviations are
noted at the middle of the sides, and the smallest — at the
corners of imprint (Figure 2, a). Etching of the surface
decorates the area of maximum deformations directly at
the edge of imprint (Figure 2, b).It is established that the
area of plastic deformation of ferrite and austenite is
heterogeneous. It consists of two zones (Table 1). The first
is the zone of reduced micro-hardness (softening is 2-10%
compared to the average value for the phase). This zone in
the form of a dark rim along the edge of imprint is clearly
visible when measuring the microhardness of ferrite on the
etched surface of the strip (see Figure 2, b) and has a
length of 0.5-3 microns. The second deformation zone is
hardened by 5-20% and has a much larger size (7-11 times
compared to the first zone). The zone of plastic deformation
of cementite consists of one zone (see Table.1) — reduced
microhardness. The softening zone is followed by a zone
without visible de-formation.

a)
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Fig. 2. Deformation Around the Imprint in Ferrite: a — before and b —
after Etching with a 4% Solution of HNO3. The load corresponds to
0.49 N (a) and 1.962 N (b). Zones | and Il correspond to the areas
of softening and hardening of metal, respectively

0 100 200 300 400

Table 1. Average Microhardness of Deformation Zones Around
Imprints for Different Phases.

Microhardness
Research In general, for Softening Area (Zone I) Hardening Area (Zone II)
Phase the structural ~ Average extent!, mi- Average extent, mi-
component Value crons Value crons
Ferrite Ho1ss=215-220 Ho1se=210-215 upto2 um  Hoies=220-240 up to 22 um
Austenite = Howe=350-360 How=360-365 uptolpum Ho4=370-385 upto7-8 um
Cementite Hos=1480-1570 Hoss=1420-1450 up to2 pm - -

' The extent of the deformation zones was estimated by

measuring microhardness and metallographic studies.

According to the requirements of GOST 9450, the
distance from the center of imprint to the edge of the
product must be at least double the size of the imprint. The
distance between the centers of imprints applied to one
surface should exceed the size of imprint by more than
three times. When studying the structural components of
various materials, due to the small size of austenite zones,
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the presence of grain boundaries and inclusions for ferrite,
increasing the dispersion of the carbide phase, it becomes
necessary to perform multiple measurements closer to the
recommended interval. The effect of the distance between
the imprints centers on the level of fixed microhardness was
studied (Figure 3), taking into account zones of plastic
deformation (see Table 1).

—
_18 pm

Fig. 3. Evaluation of the Distance Effect Between the Imprints on
the Microhardness of Ferrite (a), Austenite (b) and Cementite (c).
The order of measurements is indicated by numbers, where the
load corresponds to 1.962 N and 0.196 N.

It is established that with uniform deformation of ferrite
and austenite around the imprints obtained under loads in
the range of 0.049 N — 1.962 N, it is necessary to take into
account their orientation when assessing microhardness.
Thus, when measuring ferrite at the side face of the initial
imprint, the distance between the centers of subsequent
imprints should exceed the diagonal size by more than 2.5
times (for austenite by 2 times), and near the corner it can
be reduced up to two times (up to 1.7 times for austenite).
The main feature of indenting the carbide phase is the need
to select a load that would contribute less to the
appearance of microcracks and chips (Figure 4). From the
point of view of the imprint side shape effect, the most
rational is the use of loads of 0.196 N and 0.49 N.
Measurements should be made at a distance of one and a
half diagonals from the side face and the corner of the
imprint.

Fig. 4. Cracks under the Imprint (a), as Well as Chips and Cracks in
the Carbide Phase (b) when Indenting with a Load: a — 1.962 N; b —
0.49 N.

During testing, the rate of indenter lowering is
determined by the operator and affects the shape of the
imprint. With its increase, a slight rotation of the indenter is
observed. On imprints at a load of 1,962 N, this leads to
deformation of the edges (Fig-ure 5, a), and at low loads of
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0.098 N and 0.196 N can be determined by the shape of the
plastic deformation zone — there is a distinct contour
characteristic of tangential stresses (Figure 5, b). Indenter
rotation leads to increase in imprint diagonal, and, as a
consequence, to a decrease in the microhardness value for
ferrite and austenite by 3-15%. Increase in the indenter
loading speed for cementite does not lead to a visible
rotation and a change in imprint diagonal.

b)

Fig. 5. Distortion of the Imprint Shape at Loads of 1.962 N for
Ferrite (a) and Austenite (b), 0.49 N Ferrite (c) and 0.098 N
Austenite (d). The arrows indicate the convex and concave sides of
the print.

Sample inclination when it is fixed on the slide table of
the device increases the microhardness values of ferrite
and austenite by an average of 12-15% (see Figure 5, c). At
the same time, no such changes have been recorded for
cementite. The amount of fixed microhardness is also
effected by the method of sample fixing. Application of a
load of 1,962 N to the sample mounted directly on the slide
table leads to elastic deformations of the indenter-sample-
slide table system and decrease in the diagonal of the
imprint. At the same time, an increase in microhardness is
recorded compared to fixing on a plastic substrate by 7-
10%. If the object is correctly fixed, shape of the imprint
when measuring ferrite has an almost even or convex edge
(Figure 6, a). Measurements at the grain boundaries
change its shape to a concave one (Figure 6, b). The error
introduced by the deformation of the imprint faces for ferrite
at low loads (0.049 N — 0.098 N) does not exceed 3 — 5%.

1) Hact = Hcalc / (1,8855 a/d — 0,3333),

where

Hact is the actual microhardness,

Hcalc is the microhardness calculated in accordance with
GOST 9450, a is the distance between the midpoints of the
sides, d is the di-agonal of the imprint.

Error introduced by the restored imprint sides
deformation for the austenite of the steel under study is 2-
3%. Shape of the imprint when measuring cementite is
convex at loads of 0.049 N and 0.098 N, has an almost
even edge at a load of 0.196 N and is concave at large
0.490 N —1.962 N (Figure 6, c — d). Error introduced by the
restored imprint sides deformation for maximum and
minimum loads reaches 11-13%.

According to the requirements of GOST 9450, the
roughness of the test surface of the sample should not be
more than Ra = 0.32 microns. However, it is difficult to pro-
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vide such conditions for materials containing solid non-
metallic inclusions or a brittle carbide phase.

a) b)

100 200

f)

0 100 200 300 400
Fig. 5_1. lllustration of the marker-based watershed segmentation
workflow on a 2D image of microstructure of distortion of the
Imprint Shape at Loads of 0.98 N for austenite (a) and 1.962 N for
Ferrite (e) after annealed (contains all structural components). b, f —
the histogram of gray values image after non-local means
denoising and equalization for preserving textures; c, g - markers
image after exposure (labeling 6 components of phases); d, h - the
segmented image with regions resulting from the marker-based
watershed segmentation (the color corresponds to the segment;
yellow - zones of plastic deformity after pressing an indentant at
high lowering rate; blue - matrix base (ferrite or austenite); black,

red, green, azure - different zones after extracting an indentary.

It was found that at a load of 0.49 N, the presence of
single scratches on the sur-face under the indenter
increases the fixed value of microhardness by 5-12%. The
presence of a large number of small scratches reduces the
level of microhardness by 20 — 23%. In addition, when
preparing the surface of the test sample, it is necessary, in
accordance with GOST 9450, to exclude a change in the
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hardness of the test surface due to riveting during
machining. However, this requirement is difficult to
implement, since when measuring austenite, the material
hardens when the indenter is inserted into the material.

Fig. 6. Distortion of the Imprint Shape for Ferrite at Loads of 0.49 N
in the Center of the Grain (a) and at the Grain Boundary (b), as well
as Cementite at Loads of 0.049 N (c), 0.098 N (d), 0.196 N (d) and
0.490 N (e). The arrows indicate the convex and concave sides of
the print. High plasticity of the austenite of the studied 12X18H10T
steel samples contributes to the formation of large zones of
deformed metal with a ridge removed from the edges of the imprint
and, as a consequence, the concave sides of the imprint (see Fig.
1, c). Therefore, when calculating the microhardness on the actual
surface of the pyramid imprint, the curvature of the sides was taken
into account according to the formula proposed by V.K.
Grygorovych [5]:

According to the requirements of GOST 9450, in order
to obtain the most accurate result of microhardness
measuring, the load on the indenter should be as large as
possible. However, our studies [2-4] have confirmed the
need to justify the choice of load when different phases
measuring. To assess the optimal load level when
determining the microhardness of the phases, the
microhardness and deviation were determined by changing
the load in the range of 0.049 N — 1.962 N (Figure 7). Two
samples were examined for ferrite and austenite. In the first,
the studies were carried out on the non-etched surface of
the grinds without taking into account the effect of grain
boundaries (Figure 7, a, b, d, e). In the second sample,
measurements were performed within the grains after
etching the grinds surface (Figure 7, c, d, w, h). For studied
samples, the presence of a dimensional effect was
established, namely, a decrease in the level of
microhardness with an increase in the load on the indenter
from 0.196 N to 1.962 N. The data obtained are close to
those given in the works of Yu.l. Golovin [6] and S.A.
Fedosov and L.Peshek [9]. When measuring ferrite and
austenite for small loads, a decrease in the micro-hardness
level was recorded by 0.7-4.6% for 0.098 N and 35.2-50%
for the minimum - 0.049 N. A decrease in the
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microhardness of cementite was noted with an increase in
the load on the indenter from 0.49 N to 1.962 N. For small
loads, a decrease in the micro-hardness level by 47% was
recorded when indenting with a load of 0.049 N compared
to 0.196 N. Thus, when measuring the microhardness of
cementite, a load of 0.196 N is sufficient to obtain reliable
data on the properties of this phase.

Special studies have established that the effect of the
ferrite grain boundary on the increase in microhardness (by
82%) is maximal when indenting with a load of 0.049 H
(Figure 8). At the same time, for austenite, the effect of
grain boundaries on the micro-hardness level is less
significant — 10-15%.

It is established that the measurement error in this case
can range from 5% to 15%. Such a large spread was
obtained at the boundary permissible deviations of the in-
ter-focal distance. A much smaller error is introduced by
automatic focusing. In this case, the error does not exceed
3%.

a) b)
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Fig. 7. Average Microhardness (a, c, e, g, i) and Standard deviation
(b, d, f, h, j) of Ferrite (a — c), Austenite of Steel 12X18N10T (e — i)
and Cementite of Chromium-Nickel Cast Iron (j, h) for Various
Loads: a, b, e, f — Without Taking into Account Grain Boundaries; c,
d, g, i — Within the Studied Phase.

To reduce the effect of random errors on the
measurement result, according to GOST 9450, it is
recommended to make several measurements of the same
imprint  (with diagonals over 10 microns - three
measurements, with smaller diagonals — a larger number of
measurements, taking into account the arithmetic mean of
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the values obtained). However, such a recommendation
requires clarification. It is established that the removal of the
load when measuring the microhardness of ferrite and
austenite by the method of the reconstructed imprint leads
to a decrease in diagonals size, and, as a result, increase in
microhardness by 10-12% is recorded after 5-20 minutes.
Special studies have found that 6 months after the receipt
of imprints at a load of 0.196 N and 1.962 N, the size of the
diagonals decreases by 1.06-1.08 times, which
corresponds to an increase in microhardness by 15-20%.
The lower the load during indentation, the more imprint is
restored after removing the load. When measuring the
microhardness of cementite, the imprint is restored, which
leads to a decrease in the diagonals size obtained during
indentation in the entire studied load range of 0.049 N -
1.962 N, and, as a result, an increase in microhardness
from 2 to 30% is recorded. Unlike austenite and ferrite,
increase in the load during cementite indentation almost
unambiguously reduces the degree of fingerprint recovery
and can be estimated by dependence (with a confidence
probability of 0.8):

(2) AX=-14,03Y + 27,96,
where

AX is the degree of imprint restoration relative to the
original, %; Y is the indenter load, N.
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Fig. 8. Effect of the Ferrite Grain Boundary on the Increase in
Microhardness during Indentation with a Load of 0.049 N: B at
the Grain Border, - in the Center of the Grain.

Conclusion

1. It was found that the measurement error of the
microhardness of ferrite is effected by: increase in the rate
of indenter lowering (the microhardness value de-creases
by 9.5 — 12.5%); sample slope when it is fixed on the
instrument base table (on average by 12-15%); imprint
sides deformation at low loads of 0.049 N — 0.098 N (on 3 —
5%). Quality of the slot surface preparation (presence of
single scratches under the indenter increases
microhardness by 4.5 — 12%, and a large number of small
scratches by 21 22.5%); deviations in operator camera
focus, when sharpening the imprint while changing the
study area, change the microhardness values by 3 13%,
restoring the imprint size after loads removing increases
microhardness by 9,5 11%. When measuring the
microhardness of ferrite at the side face of a previously
obtained imprint, the distance between the centers of
subsequent imprints should exceed the diagonal size by
more than 2.5 times, and near the corner it can be reduced
up to two times. Grain boundaries significantly effect the
level of microhardness at low loads (0.049 H) increasing it
by 82%. It is recommended to measure the microhardness
level of ferrite with loads of 0.098 N, 0.1962 N, at which the
highest measurement accuracy is ensured.
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2. It was found that with increasing load, the austenite
microhardness readings become more uniform — the
minimum standard deviation of 10.4 corresponds to the
maximum load of 1.962 N. However, it is recommended to
measure the level of austenite microhardness with smaller
loads of 0.4905 N and 0.1962 N, since this ensures not only
stable indicators, but also the most accurate level of it.

3. Increase in the loading speed of the indenter when
measuring cementite does not lead to a visible turn and a
change in imprint diagonal. Effect of sample inclination
when it is fixed on device working surface on the
microhardness values was also not revealed. When the tip
is inserted, the deformations (14-23% in extent) are not the
same in the same directions as austenite, ferrite - the
largest deviations are noted at the middle of the sides, and
the smallest - at the corners of the imprint. Error introduced
by re-stored imprint sides deformation for maximum and
minimum loads (0.49 N — 1.962 N) reaches 11-13%.
Measurements of the microhardness of cementite should be
made at a distance of one and a half diagonals from the
side face and the corner of the imprint. At the same time,
the recommended load, which provides the highest
measurement accuracy, is 0.1962 N.
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