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ALGORITHM FOR CONTROLING OF QUENCH HARDENING PROCESS OF CONSTRUCTIONAL STEELS

ALGORYTM STEROWANIA PROCESEM HARTOWANIA STALI KONSTRUKCYJNYCH

The computer program “PWD — QUENCH HARDENING” was developed for supporting of quenching process of
constructional steel. Using data on the effect of chemical composition of steel on its ideal critical diameter the hardenability
parameters are calculated. Program enables to select a quenching media for through hardening of steel bars with given diameter.
The data base of 91 grades of constructional steels was prepared.

Opracowano program ,,PWD — QUENCH HARDENING” do wspomagania procesu hartowania stali konstrukcyjnych.
Program umozliwia obliczenie parametréw hartownos$ci stali na podstawie sktadu chemicznego i wielkosci ziarna austenitu,
jak réwniez dobér osrodka chtodzacego, zapewniajgcego hartowanie na wskro$ elementu w ksztalcie walca o danej Srednicy.
Opracowano baze¢ skladéw chemicznych 91 gatunkéw stali konstrukcyjnych.

1. Introduction

In heat treatment of steels, in which phase transfor-
mations occur, the final microstructure and mechanical
properties of the heat treated object depend on the heat
treatment parameters: rate of heating to hardening tem-
perature, time of austenitizing and rate of cooling after
austenitizing. Therefore the knowledge of these parame-
ters is very important for planning and optimizing of the
heat treatment processes. In technological practice these
parameters are applied in form of empirical formulae
or charts presenting appropriate relationships between
required parameters and chemical composition or size
of heat treated object. Digitalizing of the graphical da-
ta enable to use them in computer programs supporting
the heat treatment processes. The greatest change of me-
chanical properties of steel occur during quenching pro-
cess and final microstructure after this process depends
on the hardenability of steel.

Hardenability of steel is an important factor, which al-
lows an appropriate choice of steel on constructional ob-
jects. One of methods for calculation of the hardenability
parameters of steel is so called Grossman’s method [1].
This method, on the basis of chemical composition of
steel and austenite grain size, enables to calculate the
ideal critical diameter, D;, using the empirical relation-

*

POLAND

ships which determine the influence of alloying elements
and the austenite grain size on the value of D;. Data
on the effects of alloying elements on the hardenability
of steel are presented in graphic form in papers [1-4].
Mathematical description of these relationships allows
numerical calculation of the D;. If the value of D; is
known the critical diameter, Dy, can be calculated. For
this purpose are used the relationships between D, and
D, for a specific cooling medium [5, 6]. Cooling medium
is characterized by the coefficient of cooling intensity,
H. This kind of calculation of hardenability of steel was
used in computers programs that are presented in papers
[7, 8]. It should be noted that the values of calculat-
ed hardenability parameters strongly depend on the data
used in calculations. Published data show some differ-
ences, so calculations must be verified experimentally by
comparison of calculated and experimental values of D;.
The aim of this work was to develop a computer pro-
gram for supporting of the quench hardening process
of constructional steels. The program — on the basis of
chemical composition of steel and austenite grain size -
calculates the ideal critical diameter, D;, and selects the
quenching medium, which enable through hardening of
a bar with specified diameter, D. Additionally the val-
ues of austenitizing and cooling times from hardening
temperature are calculated.
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2. Description of the computer program
2.1. Idea of the computer program

Algorithm for heat treatment of object in shape of a bar

enables to calculate the optimal parameters of quench-

ing, like: hardening temperature, ¢y, [°C], austenitization

time, 7, [min], coeflicient of cooling intensity, H, cooling

time, 7., [min].

It accepts the preliminary assumptions:

e heat treated object is a bar with a defined diameter,
D, and length, /

e the bar is made of low- or medium-carbon low alloy
steel.

Input data are divided into two groups:

1. The data entered directly by the user. They include:

dimensions of the bar ( diameter, D and length, /)
chemical composition or grade of steel according to
the standard PN-EN 10020 [9],

e austenite grain size, (N g).

2. The data presented as a graphical charts describing
the relationships between different parameters. Digi-
tizing of these data was carried out by computer pro-
cessing. In order to determine the values of process
parameters, that enable through-hardening of bar the
following relationships are used:

a) Hardening temperature, 7y, should be between the
lower and upper value of quenching temperature [z,

thgl, where tyy = Az + 30, ty, = A;3+50. Az value
for definite grade of steel, with a specific carbon con-
tent, is usually taken from the equilibrium phase dia-
gram Fe-Fe;C [10]. In the algorithm, the A 3 temper-
ature was described by a polynomial approximation
of the relationship between A3 and carbon content,
C. This is a simplification that ignores the influence
of alloying elements on the thermodynamic equilib-
rium of existing phases.

b) Time of heating to the hardening temperature, 7 [h]
— 18 calculated from the formula [11]:

J.
R-t,,(l— t—l’)

c-(1,/100)’

T=Cpy- R (2.1)

where: C — radiation constant, [W/(m?K%)], cp — Spe-
cific heat, [J/kg°C], v — mass density, [kg/m3], R -
radius of the bar, [m], 7,, T, — temperature of the
furnace, in [°C] and [K], 6 — excess of temperature
of the furnace, [°C]. It is assumed that austenitizing
time at 74 is equal 7.

c) Coefficient of cooling intensity, H — is determined
by the empirical relationship between the critical di-
ameter, Dy, and the ideal critical diameter, D;, from
the Grossmann nomogram [5, 6] (Figure 1). The low-
est value of H, which enable the through-hardening
of the bar is selected using the inequality:
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Fig. 1. The relationship between the critical (D) and the ideal (D;) diameter, depending on the coefficient of cooling intensity H [5,6]



d) Cooling medium is closely related to the coefficient

of cooling intensity H. Cooling medium is deter-
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mined by the values of H, the data for typical media
are presented in the table 1.

e) Time of cooling, 7., [s] depends on the cooling

medium;
e for air [12]:

TABLE 1
Values of H for different cooling media [11]
H cooling medium
(0-02] air
(02-03) oil — motionless of medium
[0,3-04) oil — weak agitation of medium
[04-05) oil — average agitation of medium
[0,5-0,8) oil — strong agitation of medium
[0,8-09] oil — very strong agitation of medium
(09-10] oil — very strong agitation of medium or
’ ’ water — motionless of medium
oil — strong agitation of medium or
(LO-1,1] - .
water — weak agitation of medium
(L1 -13] water — weak agitation of medium
(1,3-15] water — average agitation of medium
(1,5-20] water — strong agitation of medium
2,0 aqueous solution of NaCl — motionless of medium
(2,0-22] aqueous solution of NaCl — weak agitation of medium
(22-40) aqueous solution of NaCl — average agitation of medium
4,0 aqueous solution of NaCl — strong agitation of medium
(40-50] aqueous solution of NaCl — very strong agitation of medium
ty (w )1,84
Tt = oo (=) (2.6)
‘ 9,80 \s

Tenl =

e for oil [11]:

Teh2

e for water [11]:

Tch3

G'Cp lor —In
In
104 a-s

_l‘c

Isr
ty (
7,925

W

~10.01

), (2.3)

)]’37 , 2.4)

)1,78 ’ 0s)

e for aqueous solution of NaCl [11]

where: G — mass of the object, [kg], @ — heat transfer
coefficient, [W/m?°C], s — surface of the object, [cm?],
t,, — medium temperature, ¢, — final temperature, w —
volume of the object, [cm?].

2.2. Structure of the algorithm

Algorithm for control of the quenching process of con-

structional steels contains two main parts:

1. Block of pre-processing graphical information —
BPIG (Figure 2a).

2. Algorithm for supporting the decision in the deter-
mination of hardening process parameters — PWD
QUENCH HARDENING (Figure 2b).
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Block of pre-processing graphical information — BPIG
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Fig. 2. Construction of algorithm, a) Block of pre-processing graphical information — “BPIG”, b) block “PWD — QUENCH HARDENING”

The block “BPIG”

Some relationships between hardening and heat treated
parameters are given in the form of graphs in the lit-
erature. These relationships are an important source of
information for the created algorithm, therefore it was
necessary to process the information from the graphic
form to arithmetic expressions, using block BPIG.
There are two modules in the block of pre-processing
graphical information — BPIG (fig. 2a).

e Module of digitization graphs — MDW.

e Module of polynomial approximation — MAW.
MDW module — input data in form of graphs were dig-
italized using computer program SigmaScan Pro [13].
Digitalization was carried out for relationships between:

Ag and carbon content, C, — Az = f(C) [10], heat
transfer coefficient @ (cooling in air) and temperature,
t —a = f(t) [14], critical diameter, Dy, and D; for dif-
ferent intensity cooling coefficient, H — Dy = f(D;, H)
[5, 6]. Mathematical description by the polynomial ap-
proximation of the relationships was carried out using
computer programs MS Excel and Statistica 6 [15].
For specific values of H the relationship between D; and
D; was approximated by forth order polynomial:

D, =ap+aD; + azD? + a3D? + ai. (27)

Calculated coefficient a; for different values of H are
given in table 2.



175

TABLE 2

Coefficients ay, ..., as of polynomials approximation Dy = f(D;; H) for different values of coefficients of cooling intensity, H.

H | a a axl0® | azx10° asx108 H ay a; | ax10® | axx10° asx108
0,01 | 0,55 | 0,013 | 0,60557 | -0,069388 | -0,0026576 | 0,18 | 0,11 | 0,041 | 4,39145 | -1,182333 | 1,27637577
0,02 | 0,39 | 0,029 | 1,02856 | -0,272303 | 0,2942025 | 0,20 | -0,01 | 0,040 | 4,81749 | -1,394158 | 6,00365859
0,03 | 0,22 | 0,037 | 1,33769 | -0,481892 | 0,74307435 | 0,25 | -0,16 | 0,081 | 4,87152 | -1,371259 | 1,52677326
0,04 | -0,35 | 0,105 | 0,31432 | 0,098679 | -0,06759149 | 0,30 | -0,81 | 0,174 | 4,37082 | -1,179187 | 1,2690338
0,05 -0,21 | 0,104 | 0,34336 | 0,270358 | -0,44463777 | 0,35 |-0,79 | 0,188 | 4,5162 | -1,179374 | 1,17850986
0,06 | -0,02 | 0,088 | 0,77447 | 0,194426 | -0,40001216 | 0,40 | -1,23 | 0,239 | 4,47606 | -1,204526 | 1,20261066
0,07 | 0,03 | 0,084 | 1,0719 | 0,111991 | -0,3172376 | 0,50 | -0,46 | 0,247 | 5,13232 | -1,59599 | 1,83687097
0,08 | 0,07 | 0,087 | 1,18737 | 0,13268 | -0,3972244 | 0,60 | -0,08 | 0,334 | 4,50049 | -1,358414 | 1,50334989
0,09 | 0,45 | 0,063 | 1,67598 | -0,007876 | -0,28565709 | 0,80 | -0,32 | 0,407 | 4,79341 | -1,713639 | 2,2007807
0,10 | 0,50 | 0,059 | 1,95542 | -0,101506 | -0,17949237 | 1,00 | 0,08 | 0,501 | 4,15407 | -1,520619 | 1,9879424
0,12 0,93 | 0,010 | 3,12698 | -0,594257 | 0,45560193 | 2,00 | -0,44 | 0,635 | 3,85547 | -1,72892 | 2,68025555
0,14 | 0,73 | -0,006 | 4,21884 | -1,104774 | 1,14302059 | 5,00 | -0,23 | 0,742 | 3,14276 | -1,469654 | 2,33487864
0,16 | 0,21 | 0,029 |4,20707 | -1,10662 | 1,1593098 S 0 1 0 0 0

The polynomial relationships between temperature Az,
[°C], and carbon content, C, [mass %] has the form:

Az =912 =519.31C + 589.47C* = 297.8C3.  (2.8)

The relationship between heat transfer coefficient a,
[W/m?2 °C], and temperature ¢, [°C], for cooling in the
air in a polynomial representation:

a = 11,512 - 0,007025¢ + 0,0001497°. (2.9)

The block “PWD — QUENCH HARDENING”
The algorithm for supporting of hardening process of
constructional steels, implemented in block “PWD —
QUENCH HARDENING”, is built on the following
modules, (Fig. 2b):
e module of communication with users — MDzU,

o module of cooperation with the database gatun-

ki_stali.txt — MGSt,

e module of calculation — MO.
MO - module of calculation is the most important com-
ponent of the created algorithm. It calculates the basic
parameters (ty, 7, H, t.;,), controlling the quench harden-
ing process. Block diagram of the calculations is shown
in Figure 3.
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Fig. 3. Block diagram of the computational module

To run the module we must first enter the input data such

as:

e chemical composition or grade of steel specified by
the standard PN — EN 10020 [9],

e austenite grain size, Ng,

e diameter, D, and length, /, of the bar.

To prevent a situation when exact chemical composition

of quenching bar is not known, a module MGSt was

created (used by the module MDzU). This module is re-

sponsible for working with a database that contains the

chemical composition of a set of constructional steels

[16].

2.3. Implementation of the algorithm

Algorithm for control of quenching process of con-
structional steels has been implemented in C++ using the
software Borland Builder 6 [17]. The computer program
was called PWD — QUENCH HARDENING. The pro-
gram can run on any computer with Microsoft Windows
operating system.

Created application include graphic utility interface
which helps its user enter data (Figure 4). For the al-
gorithm the most important information is the chemical
composition of steel (in mass %: C, Mn, Si, Ni, Mo, Cr,
P, S, Cu). Information on chemical composition of steel
can be input directly or by choosing the grade of steel
(if exact composition is not available). In this last case
is possible to use the menu scroll box.
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Select chemical composition of steel:

=
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| |
0.20
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" IT&

Enter austenite grain size:

I .

{

Enter the dimensions of the bar:

Austenite grain size
assumed in program is 7.

Diameter [mm]

Length [mm]

Do you want to know the following parameters?
[ Base critical diameter (D0)

[~ Coefficients of hardenability [£<)
[ Ideal critical diameter [Di)
[~ Critical diameter (Dk]

Calculate

S =—=

Fig. 4. Module of communication — MDzU

Steel grade selection is carried out using developed
database. The database contains chemical compositions
of selected grades of low- or medium-carbon steels, low
alloy. The database is an integral part of the program but
was created in a separate file named gatunki_stali.txt. The
file was created on the basis of information contained in
[16]. The file contains 91 records (91 grades of steel).
Each record is composed of 10 fields. The first field
contains the name of the steel grade specified by the
standard PN — EN 10020. This field is a key, which is
the identifier of the record. Subsequent fields contain
the average contents of elements such as: C, Mn, Si, Ni,
Mo, Cr, P, S, Cu. Data typically provides the minimum
and maximum content of the element in steel, therefore
in calculation the average element content is taken. Cal-
culations for the average content of elements are less

accurate compare to the exact contents of the elements
in steel.

Another important input data is the austenite grain
size. For low carbon steel, this variable takes integer
values in the range 4 — 10 and for medium carbon steel
the values in the range 1 — 12, [2,3]. If austenite grain
size is out of this range it is assumed as low or high limit
of the range (which is closer). On request the program
may display results of intermediate calculation.

The developed program is able to react to unfore-
seen situations, for example when the user does not en-
ter the total input data or enter incorrect data. In this
case, program displays a suitable message. Examples of
application of the program for hardenability parameters
for two steels (34CrNiMo6 and 40Mn6) are presented in
fig. 5.
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[ File Edit Tools Info
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 Yex
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-

002
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[ Coefficients of hardenability (£<)
¥ Ideal critical diamneter (D)
¥ Criical diameter [Dk)

Information about the quench hardened bar:

Dimensions of bar : diametar 50.00[mm] and length 100.00[mm]

Grade of steel - 34CiMiMoB

Carbon content 0,34[%]

Contents of elemants [22]: Mn - 2026 Si- %4 Mi-2%.40 Mo-%.4 Cr-2%.40 P-20.4¢
S-%.4f Cu-2%.4f

Austenite grain size: 7.

Recommended wvalues of parameters of quenching process :

» Hardening temperature - 821 67 - 641.87 [C]
* Austenitization time : 0 h, 26 min. 152 sec.

* Coefficient of cooling intensity (H): 0.07

¢ Cooling medium : powietrze

« Cooling time : 1 h. 36 min. 58 sec.

H nabili rameters :
+ Base citical diameter (00): 14,65[mm]
» Coefiicients of hardenability :

fMn 1.31

fSi1.03

i 1.83

Mo 1.42

fCr 333

fF 105

fS 093

fCu 1.00
+ |deal critical diameter (Di): 178.70[mrm)]
¢ Critical diameter (Dk): 52.40[mm]

Do wou krow the chemical composibion?
& Yes

Mo

%
%Mn %51
%5

% %Cu

| T — —

Information about the quench hardened bar:

Dimensions of bar ; diameter 50,00[mm] and length 100,00[mm],

Grade of steel - unknown

Carbon content 0.41[%]

Contents of elements [%5]: Mn- %21 Si-%.4f Ni-%.4 Mo- %40 Cr-%.41 P-%.4(
S-%.4f Cu-%.4f

Austenite grain size: 8.

Recommended values of parameters of quenching process ;

temperature : B07 65 - 827 65 [C]

+ Hardening
A ion time : 0 h, 27 min. i 47 sec.

Dios pou krows the sustenile grsin sizs?
& Yes
 No

Erter austenite grain size:
|| BE

Enter the dimensions of the bar:
il Diameter [mom]

Do pou want to know the folowing parameters?——
¥ Base ciitical diameter [DO]

7 Coefficients of hardenability (<)
7 |deal crtical diameter [Di]
 Ciical dismeler [Dk)

[ Ceise

Fig. 5. Examples of application of the computer program “PWD — QUENCH HARDENING”, left panel — input data, right panel — results

*+ Coefiicient of cooling intensity (H): 5.00
* Cooling medium : agueous solution of NaCl {very strong agitation of medium)
Cooling time : 0 h. 01 min.. 23 sec.

Hardenabili rameters :
* Base ciitical diameter (D0): 15.64[mm]
* Coefiicients of hardenability

fidn 306

51 1.07

i 103

fido 1.00

fCr 108

fF 1M

f5 099

fCu 1.00
* |deal criical diameter (Di): 61.43[mm]
* Critical diameter (Dk): 54.11[mm)]

of the algorithm calculation, a) steel — 34CrNiMo6, b) — steel 40 Mn6



Calculation of the parameters starts after entering all the
data and pressing button “Calculate”. The results are dis-
played in the right panel of the dialog box. First, the pan-
el displays information about the quench hardened bar.
Then displays the results of the algorithm computation.
Analyzed steels have a different hardenability related to
their chemical composition. The calculated values of D;
are 178,7 and 61,4 mm for steel 34CrNiMo6 and 40Mn6
respectively. For through hardening of bars of diameter
50 mm and length 100 mm made from these steels dif-
ferent quenching media are required: the bar made of
34CrNiMo6 steel can be cooled in air whilst the bar
made of 40Mnb6 steel has to be quenched in NaCl water
solution.

3. Concluding remarks

In paper the developed computer program “PWD —
QUENCH HARDENING” is presented. This program
enable to calculate the parameters of quenching process
of steel object with shape of a bar with known dimen-
sions and chemical composition. Using the data of chem-
ical composition and austenite grain size the ideal critical
diameter, D;, is calculated and cooling medium enabling
through — hardening of the bar is selected. This program
can be an useful tool supporting planning and optimizing
of the heat treatment processes in steel industry. Also can
be used for education in materials engineering.
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