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Abstract

Highly loaded transmission gears are cemented and hardened. An important parameter of the hardened
cemented layer is its effective thickness 4,,. Metal banding and the unavoidable instrumental error in hard-
ness measuring have a great influence on the reliability of /,, determination. The purpose of this article was to
develop a methodology to improve the reliability of determining of the effective thickness 4, of the hardened
layer in steel after carburizing and quenching.

The value of £, is the distance / from the surface of the product to the hardness zone of 50 HRC. The
article substantiates that approximation of hardness change from the distance % to the product surface will
allow to obtain a more reliable dependence of hardness change in the investigated area when making hardness
measurements in a wider range of distance 4. Therefore, to increase the reliability of 4, determination,
results of the HV0.5 hardness measurement in an extended range of changes in % in the vicinity of the
analyzed zone were used. The HV0.5 measurement results are converted to HRC hardness values using the
formula recommended by the international standard. The HRC(%) distribution of HRC hardness values in
the measurement area is interpolated by a second-degree polynomial which physically correctly reflects the
change in metal hardness in the analyzed area. The resulting polynomial is used to determine of the distance
hef at which the hardness takes on a value of 50 HRC. The methodology was used to determine the £,
of an 18KhGT steel gear wheel after carburizing and quenching. It is shown that results of two independent
measurements of the /4, sample differ from each other by 0.003 mm. This is significantly less than the
permissible error of 0.02 mm of the /4, determination according to the standard technique. The error
of h,, determination is reduced by extending the range of variation of /2 and statistically valid interpolation
of the monotonic change in hardness with the distance from the surface of the item in the measurement area.

The developed method of determining the effective thickness 4, of the hardened steel layer consists in
determining the distribution of its hardness in the expanded vicinity of the 4, area, approximating the ob-
tained dependence by a polynomial of the second degree and solving the square equation obtained with its
use. The technique provides a significant reduction in the influence of the structural banding of the metal and
the inevitable error in measuring hardness on the result of determining the #,,. Its application will allow to
optimize the cementation regimes of gear wheels to increase their service life.

Keywords: surface hardening, cementing, hardness, interpolation of hardness distribution, effective thick-
ness of the hardened layer
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BricokoHarpyxenHsle 3yOuaTele Kojéca TPAHCMHCCHI ITOJBEPraioT IEMEHTAlud | 3aKalke.
BaxHBIM [1apaMeTpoM yNPOYHEHHOIO LIEMEHTHPOBAHHOIO CIIOS SBISICTCS ero d(pdexTnBHas TONMUHA .
Bosbiuoe BiusHEEC HA JOCTOBEPHOCTH ONPEICICHUS /1, OKA3bIBAIOT IIOJIOCYATOCTh METAlIA M HEH30eKHAsI
WHCTpYMEHTAJIbHAs TTOTPENIHOCTh n3MepeHus TBEpAoCcTH. Llens padoTel — pa3paboTka METOJUKH ITOBBILICHHS
AOCTOBEPHOCTH ONpeeneHus PPEKTHBHON TONIINHEL /1, YIPOYHEHHOIO CIIOS B CTAIN MOCIE LEMCHTALMH
U 3aKaJIKH.

3a BenuuuHy /1, NPUHAMAIOT PACCTOSIHUE /7 OT MOBEPXHOCTH M3Aeius 10 30HbI ¢ TBEpAocThio 50 HRC.
B pabote 000cHOBaHO, YTO aNpOKCUMAIXs H3MEHEHHsI TBEPJIOCTH OT PACCTOSIHUS /1 1O TIOBEPXHOCTH HU3JICITHS
MO3BOJIUT TOJYYHTH OOJiee JOCTOBEPHYIO 3aBHCHMOCTh M3MEHEHHsS TBEPAOCTH B HCCIEAYEeMOH 30HE TPH
MPOBEACHUN M3MEPEHUIl TBEPAOCTH B O0Jiee MUPOKOM JUAra30He paccTosHUM 4. [losToMy mist MOBBIICHNUS
JI0CTOBEPHOCTH ONPEICICHHUS /1,, NCIONB30BaHbl pe3ynbTarsl u3Mepenus teépaoctn HVO,5 B pacumpeHHoM
JIMara3oHe U3MEHEHHUH /i B OKPECTHOCTH aHAIM3UpyeMoii 30HbI. Pesynbrarel m3mepenuss HVO0,5 nepecunranbt
B 3Hauenus TBéprocti HRC mo dopmyre, pexoMeH10BaHHON MeXTyHAPOAHBIM CTaHAapToM. Pacnpenenenue
HRC(#) 3nauennit TBépmnoctn HRC B o0mactu m3MepeHus: HHTEPIOINPOBAHO TTOJTMHOMOM BTOPOM CTEIICHH,
(GU3MYECKH BEPHO OTPAXKAMOIIUM H3MEHCHHE TBEPIOCTH MeTalla B aHaIu3upyemoi 3oHe. IlomydeHHBIR
TNOJIMHOM HCIIONB30BaH Ul ONPEACNICHUs PACCTOSIHUA A, TIPH KOTOPOM TBEPAOCTb NPHHUMAET 3HAYCHHE
50 HRC. Meroauka ucnonb3oBaHa Uit onpepeneHus h,, 3ybuaroro xonmeca u3 cramm 18XI'T mocie
LIEMCHTALMK U 3aKalIKH. [okaszaHo, 4To pe3ynbTarsl ABYX HE3aBUCUMBIX H3MEPEHHUI /i, 0OpasLa OTIM4arTCs
apyr ot apyra Ha 0,003 MM. DTO CyIIECTBEHHO MEHbLIE A0mycTUMON norpewHoctr 0,02 MM onpenesnenust A,
10 CTaHAAPTHOH MeToauKe. [1orpelHoCTh onpenesnenns h,, CHIKEHa 3a CYET PAaCIUMPEHKs AUaNa30Ha H3Me-
HEHHS /I ¥ CTaTUCTUYECKH 000CHOBAHHON MHTEPIOIALMI MOHOTOHHOTO H3MEHEHHS TBEPIOCTH C PACCTOSTHUEM
OT MOBEPXHOCTH U3IENHS B 001aCTH H3MEPEHUSL.

Paspaborannas Mmetomuka onpeneneHus dHEKTUBHOH TONWMHBL /i, YIPOUHEHHOTO CJIOS CTAIH
3aKJII0YACTCs B ONPE/IEICHUH paclpe/eeHns e€ TBEPAOCTH B PACLIMPEHHON OKpecTHOCTH obnactu A,
ANMNPOKCUMALUU TOTY4YEHHOM 3aBUCHUMOCTH IOJIMHOMOM BTOPOH CTENEHU M PELICHUH MOJYYEHHOIO C €ro
HCIOJIH30BAHUEM KBAIPaTHOTO ypaBHEHUs. Metommka 00€CleunBacT CYIICCTBEHHOE CHIDKCHHE BIIHSHUS
CTPYKTYPHOH IOJIOCYATOCTH MeTajla MU HEeU30e)KHOH IMOTPEHIHOCTH M3MEPEHHUs TBEPJOCTH Ha pe3ylbTarT
ompenesnenus h,,. EE npuMeHEHHE IO3BOJMT ONTHMH3UPOBATH PEKMMBI LEMEHTALMU 3y0uaTbiX KOIEe
JUIsl TOBBILIEHUS PECYPCA UX IKCILTyaTaLUH.

KawueBble ciioBa: MOBEPXHOCTHOE YNPOYHEHHE, LIEMEHTAIMs, TBEPIOCTh, UHTEPIIONSIMS PACIPEICICHHS
TBEpOCTH, Y (HEKTHBHAS TOIIIMHA YIPOYHEHHOTO CIIOS
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Introduction

For long and reliable operation of mobile ma-
chinery transmissions, the hardness in the area of
maximum deep contact stresses occurring at some
distance from the gearing surface is important [1, 2].
Cementation (saturation of the surface layer of low-
carbon steel with carbon) followed by hardening is
the main method of surface hardening steel to the
required depth [3—7]. This chemical heat treatment
(CHT) forms a surface layer in low-carbon steel with
a decreasing concentration of carbon from the surface
to the core of the part. Cemented quenching produces
high-carbon martensite in the surface layer with high
hardness and wear resistance, while the core retains
low hardness and high toughness (Figure 1).

EiRI?GZ

58

50

30-45

Figure 1 — Diagram of changes hardness HRC in cemented
steel from the distance / to the carbon saturation surface. 4,
and A, — effective and total thickness of the cemented layer

Surface hardness and effective 4, thickness of
the cemented layer are regulated to ensure the re-
quired service life of the gears [8, 9]. These values
determine the technology of hardening of gears and
their strength. The distance from the surface to the
zone of the layer with hardness 50 HRC is taken as 7,
after hardening [8, 10]. To determine hef, the results
of measurements of hardness distribution HV0.5 on
thin sections along the depth % of cemented layer of
samples are used (Figure 2).

b SRR :
Figure 2 — Indentor impressions during Vickers hardness
measurement on thin sections of a sample of rolled steel
20XH3MA after carburizing, high tempering, hardening
from 820 °C and low tempering. Carbon saturated surface
of the sample is located on the left side of the figure

Measurements of the hardness distribution of
steels and alloys in the area of maximum stresses
or in the area of metal failures caused by them are
widely used in metal science and mechanical en-
gineering [8—14]. But methods for determining the
nature of the change in the properties of the metal
with distance to its surface are not productive and
not accurate enough. Studies have shown that the
presence of a banded structure in the measurement
area (Figure 2), as well as due to the inevitable mea-
surement error of HV0.5, the validity of such a de-
termination of /,,is insufficient. The purpose of this
article was to develop a methodology to improve
the reliability of determining the effective thick-
ness of the A, hardened layer in steel after carburi-
zing and quenching.

Analysis of the standard method
for determining the 4, of a cemented layer

To determine /,,, multiple measurements of
hardness HVO0.5 are used on a specially prepared
slab of the product, perpendicular to its surface,
in the immediate vicinity of the area where the
hardness of the metal is close to the value of
50 HRC [10]. The results of HV0.5 measurements
are recalculated into HRC hardness values. Ac-
cording to the results of these measurements and
recalculation, construct a relationship HRC(4).
The value of %, at which the hardness equals
50 HRC, is considered equal to the value of 7.
Studies have shown that the presence of a banded
structure in the measurement area (Figure 2), as
well as due to the inevitable measurement error of
HVO0.5, the accuracy of such a determination of /,,
is insufficient.

This is illustrated by the results of determining
the HRC hardness distribution over the thickness /
of the cemented layer of an experimental sample of
18KhGT steel near the £, area (Figure 3).

The equation of the linear trend line of the
correlation field of hardness change HRC with
distance 4 from the cemented surface of the wit-
ness sample according to Figure 3 has the follow-
ing form:

HRC = 56.76-3.5h(mm). (1)

From (1) the effective thickness 4, of the ce-
mented layer of the witness sample (for a hardness
value of 50 HRC) is 1.931 mm.
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HRC
50
y=-3.5x+56.76
R*=0.2991
49 *
3
48 + 1 1
1.9 2 2.1 h, mm

Figure 3 — The results of determining the HRC hardness
distribution over the thickness % of the cemented layer
of the experimental sample near the area of 4,,

But the reliability of R* approximation (square
of the R correlation coefficient between HRC and
h) of the experimental dependence HRC(%) by the
trend line (1) was only 0.2991. This indicates that
the reliability of the determination of the value of 4,
using equation (1) is not high. The results presented
in Figure 3 show that increasing the number of hard-
ness measurements in the specified zone, as recom-
mended by the standard method [10], did not lead to
an increase in the reliability of determining the ;.

Prerequisite for developing a method

to improve the reliability of determining
the effective thickness of the cemented layer
of steel

In [15] it is shown that the limits of achievable
value R, of correlation coefficient between mea-
surement results and true values of physical quantity
are determined not only by the relative error  of its
measurement, but also by the relative range d of its
change. Increasing the number of measurements (in
the presence of an error of each measurement) in a
narrow range d of variation of the varied parameter
practically does not lead to a decrease in the error of
determining the correlation between the true values
of the physical quantity and the indirect results of its
measurement.

To solve this problem, let us take advantage of
the fact that an increase in d with constant 6 leads to
an increase in the achievable R, correlation coef-
ficient between the measurement results and the true
values of the physical quantity [ 15]. Therefore, appro-
ximation of change of the measured physical quan-
tity (in this case — HRC hardness) from the changing
parameter (distance / from the surface) will allow to

obtain more reliable HRC(/4) dependence when mea-
suring in a wider range of 4 parameter change. On
the basis of the obtained approximation (with physi-
cally correct reflection of the nature of change of the
studied dependence), a more accurate value of the
parameter /& will be obtained, at which the measured
value is equal to the given value of HRC.

To justify this, let us use the obtained in [15]
dependence of the achievable coefficient R, of cor-
relation between the measurement results and the
true values x of the physical quantity on the relative
error o of its measurement and the relative range d of
change (d = (X, — Xmin)/¥max)- FOr the dependence
R..x = R (0, d) in the range of R, > 0.8 in [15]
a formula was developed that approximates this de-
pendence with sufficient accuracy:

2

In Figure 4 the dependence R, ,, = R,,,(0, d) is
plotted for the value 6 = 4 %, which is typical for the
relative error of HV hardness measurement by Vi-
ckers.

The analysis of the dependence R,,, = R,,,.«(d)
presented in Figure 4 showed, for example, that an
increase in the parameter d by 3 times (from 0.2 to
0.6) reduces the difference (1 — R ,,,) by an order of
magnitude: from 0.092 to 0.0078. That is, it radi-
cally increases the reliability of approximation of
the required dependence (coefficient R* of “reli-
ability of approximation” increased from 0.824 to
0.984).

Rmax [

R ~1-0.8668"8247%22

max

0.95

0.9

0.85

1 |

0.8, 02 04 0.6

0.8 d

Figure 4 — Dependence of the maximum achievable cor-
relation coefficient R, ,, between the measurement results
and the true values of the physical quantity on the relative
range d of its variation at the relative error of measurement
4 =0.04. Calculating by the formula (2)

The increase in the reliability of determining the
effective thickness of the cemented layer when using
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this approach to its determination will be illustrated
by the following example.

Model sample of 18KhGT steel and
the method of measuring its parameters

One of the steels used for the production of me-
dium modulus gears is 18KhGT steel. The sample
(30 mm in diameter and 10 mm in thickness) used
for research (the results of which are presented in
Figure 3 and 5) was subjected to carburizing and
hardening according to the regimes regulated by
the production of power transmission gears [8]. The
distribution of microhardness HV0.5 over the depth
of the cemented layer of the sample after chemical
treatment was measured on a microhardness sensor
PMT-3M at a load of 4.9N'. To determine the effec-
tive thickness /. of the cemented layer of the sam-
ple, the measured values of microhardness HV0.5
were recalculated into HV hardness units (at a load
of 30 Kg) with a conversion factor of 0.97 [16] and
into HRC hardness values according to the formula
recommended by the standard®:

HRC =31.49+0.0796683-HV —
6728.16
HV

3)
~0.0000355432-HV? —

The results of recalculation of the measured
values of microhardness HV0.5 into HRC hardness
values in the range of HRC hardness values of the
model sample, which is practically important for
determination of the effective 4, thickness of the
cemented layer, are shown in Figure 5. Note that the
results of determining the HRC values of the sample
at a given value of / differ significantly for two inde-
pendent measurements (Figure Sa, b).

The dependences of HRC(#) obtained in Fi-
gure 5 dependences were approximated (Figure 5)
by second-degree polynomials, respectively:

HRC = 12.662/4*~59.55h+117.46; )

HRC = 13.0524*>-60.597h+118.01. (5)

"1S0 6507-1:2005. Metallic materials — Vickers
hardness test — Part 1: Test method (IDT)

% Standard Hardness Conversion Tables for Metals
Relationship Among Brinell Hardness, Vickers Hardness,
Rockwell Hardness, Superficial Hardness, Knoop
Hardness, and Scleroscope Hardness / Designation:
E140-07)

HRC,
56
¥ =12.662x2- 59.55x + 117.46
54 r R*=0.9818
52+
50
48
*
46 1 1 L 1
15 1.7 1.9 2.1 23 h, mm
a
HRC,
56 F
54 F Y =13.052x2- 60.597x+ 118.01
R*=0.9872
52 F
50
48 L
46 1 1 L 1

1.7 2.3 h, mm

Figure 5 — HRC hardness distributions (recalculated by
formula (3) according to the results of HV0.5 hardness
measurements) by thickness 4 of the cemented layer of the
experimental sample (in the nearest and farthest vicinity
of the area /) after hardening. Interpolating their analyti-
cal dependences with power regression equations and R’
coefficients of approximation reliability. a, b — results of
two independent measurements

According to [10] (Figure 1), the value of the
effective thickness 7, of the cemented steel layer
after hardening corresponds to the value of 50 HRC.
In accordance with this, on the basis of dependences
(4) and (5), the following quadratic equations were
obtained to determine the 4, of the sample:

hgy —4.703 - hyp +5.3278 =0; (6)

hey —4.6427 hyp +5.2107 = 0. (7)

Theresults of solving equations (6) and (7) were,
respectively: A,=1.902 mm and A,=1.899 mm.
They differ from each other by 0.003 mm, which
is significantly less than the allowable error
of 0.02 mm of determination of #,, in accordance
with [10].

The inevitable banding (Figure 2) of the sam-
ple and the error in each hardness measurement did
not go anywhere. The induced error of the hardness
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measurement takes place in every measurement
(Figure 5). But, thanks to the methodology used to
determine hef, these errors have almost no effect on
the result of determining 7,;.

Conclusion

A technique for determining of the effective
thickness 7, of the cemented steel layer by deter-
mining its hardness HRC in the expanded vicinity of
the £, area, approximating the obtained dependence
by a polynomial of the second degree reflecting the
character of the HRC hardness of the cemented steel
on the distance to its surface in this area, and then
solving the square equation obtained with its use, is
proposed.

The proposed method provides a significant
reduction in the influence of structural striping of
the metal and the inevitable error in measuring
hardness on the result of /2, determining. This will
allow more accurate setting of cementing regimes
of gears increasing their service life under increased
loads.
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