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ABSTRACT

Annealing and normalizing treatment are one of the most important heat treatment for
the steel and its alloys. In the present work a mathematical model has been used to simulate
this process, this model taken in account the variation in the physical material properties and
heat transfer coefficient for the surface of metal. A numerical scheme based on control finite
volume method has been used. A computer program with C++ language was constricted to
found the final solution of the numerical equations.

Jhe model was used to estimate the temperatures distribution and the hardness value at

each point of the workpiece. Good agreement has been obtained when compared the result of
the present model with other experimental published data.

KEYWORD: annealing and normalizing heat treatment, mathematical model, hardness
predications

Tyt

o) 2l Z3s8 AR E o) s (3 aSSly 3Vsl Bagll B A SVl e i adadly sl
)l ol 3 el Jlee¥l ey dotl Al 23s6V) s oMbkl sda PV St Ul gl A JUsY) aes
plasinl @ LOdall mland (6l 4 sl Jebes 3l Sy al A wdllall I3 B ey ik re Odmal)
A Jo oY+  a Rl Blae Wy gl el sly ¢ SISy 235800 1 S a2y dode dd b
2358V Bl Yl

i Clu SISy Byl Alelal) wadll e Bl Jobo e 314 Slorys s B2k £308V1 s psizl
F A OMalall ode @ alaall Blos fI6 bl 23681 sl Lyl ¢ dabail) Sual) e 2beE ST (3 55Dl
Bppin Al s w5l me 3NN A5 o B et il e Jgad

INTRODUCTION

Jt is well known that the heat treatment process of the steel is very old process

technology of materials. In this process we can improve the mechanical properties of the steel.
It’s involved a cycle of heating and cooling process in all heat treatment types. The mean
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difference between the types of this process is the cooling rate, for example high cooling rate
used in quenching treatment while very slow in annealing treatment. During the heat treatment
process there are coupled phenomena, such as thermal-mechanical coupled effect, temperature-
microstructure coupled effect. So that it’s very important to study the temperature distributions
in this process from this distribution we can expect the phase transformation and the
microstructure as well as the thermal stress which is may occur in the workpiece during the
heat treatment process.

In the recent years, the mathematical modeling of heat treatment process has been used
in the world to reduce the offers in this process and to make the effective parameters for this
process under the control.

[B.Shaheen.B.2010] developed a mathematical model to simulate the quenching
treatment of viruses steel types. In this work a computer program was constricted to evaluate
the temperatures distribution and to study the important parameters in the quenching treatment
of steel with different quenching media and workpiece dimension.

[B.Smoljam etal 2006] a numerical simulation the quenching process have been carried
out in this work, the relationship between the time from 800 °C to 500 °C and the distance from
quenching end of Jumine- specimant have been studies to estimate the hardness distribution
depending on the cooling rate or cooling curve for the workpiece.

[B.Smoljam etal 2009] a heat transfer model was used in this work to simulate the
quenching treatment. The hardness distribution have been estimated based on the relationship
between the cooling time from 800 to 500 and the Jumine- specimant.

[Haji Badrul etal 2009] in this work a heat transfer simulation to the quenching
treatment using finite element software ANSYS workbench have been carried out to
investigate the temperatures distribution. The hardness distribution have been predicated by
using method based on the relationship between the Juminy distance versus cooling time to 500
°C and hardness versus Jominy distance.

A further work was carried out by [B. Liscic etal ] to simulate the heat treatment
process (quenching treatment). The temperatures distribution have been investigated, the
hardness distribution also investigated by method based on the relationship Continuous-
Cooling-Transformation (CCT) diagram of steel and the phase structure versus hardness
diagram depending on the time to 500 °C .

In the present work a mathematical heat transfer model based on a computer program
with C++ language have been carried out to simulate two kinds of the most important heat
treatment process which is annealing and normalizing treatments. This work taken in account
the variations in the physical properties for the workpiece metal which is occur during the
treatment (increasing in the temperature of the workpiece) as well as the relationship between
surface temperature and the heat transfer coefficient of the workpiece during the treatment.

MATHEMATICAL MODEL

The heat conduction equation in the middle of workpiece taken as in equation (1)

0 oT oT
6_X(K8_x) —(K—) pC P o 1)

Where K is the thermal conductivity and C, the specific heat and p the density of the metal
workpiece. From above model we can see that the temperature variation is with time and the
coordinate x and y, also we assume that the maximum variation in workpiece temperature is
taking place across the cross sectional area (X-Y) plane [B.Shaheen.B.2010] . The all thermal
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material properties i.e. thermal conductivity, specific heat, density are temperature dependent
[ASM Handbook, Volume 1, 2005]

By using numerical scheme based on control volume method the nonlinear heat conduction
equation eq. (1) will be discreted and we will obtain

ap Tp = agTe+aw Tw+anTn+as Ts+ap® Tp°

Where
Ke Ay Ky Ay K AX kg AX
ag = aw = aN = ag=
(5x)e By )w (Sy)n (Sy)s
PCpAXAY
pOZT apIaE+aW+aN+as+apo

Boundary Conditions

We can describe the boundary conditions in the present work a follows (see figure 1)
Y
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Figure (1). Geometry and the boundary conditions.

Where h, The value of heat transfer coefficient and T is the surface temperature of the
workpiece and Too is the cooling media temperature where this value in case of annealing
treatment equal to the temperature of furnace and in case of normalizing treatment equal to air
temperature.

The value of heat transfer coefficient (h) is taken as temperatures dependent. Table (1)
shows these values for the two cases annealing and normalizing treatment [Brandon Elliott B.
and Christoph Beckerman 2007].
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Table (1) The heat transfer coefficient for the annealing and normalizing treatment

T°C 30 | 100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000
2
he (Wint.C) | gng | 550 | 850 | 900 | 1054 | 1210 | 1300 | 1540 | 1650 | 1800 | 2000
Annealing
2
he (WM™C) | 500 | 500 | 600 | 650 | 700 | 725 | 800 | 850 | 950 | 980 | 1000
Normalizing

In the previous section we described the mathematical model and the numerical data
needed, after this step we will used numerical scheme based on control volume method and
iterative method known as (TDMA\) also used to solve the system of equations which is consist
of the boundaries equations and the medal equation finally computer program was constructed
in this work based on C++ language to found the final solution for the proposed model and the
out put of this program used in others computers program to show the results of the program.

HARDNESS VERIFICATION

It’s very important to verify the result of the present model, so that a
comparison between the values of hardness calculated in the present work and experimental
published data [B.Smoljam etal 2006] [B.Smoljam etal 2009] as show in table (2) below:

Point 5 Point 3

Point 7
Point 4

Point 6 Point 7

Point 5

Cent of the
workpiece

Point 1 Point6 Point 2

Figure (2) the nod points as described in the table (2).

Table (2) a comparison between the hardness calculated in the present work and
[B.Smoljam etal 2006] [B.Smoljam etal 2009]

Point Node No Point | Point | Point | Point | Point | Point | Point
1 2 3 4 5 6 7
Present work 290 330 324 330 350 310 340

[B.Smoljam etal 2006]

[B.Smoljam etal 2009] 311 349 340 349 368 324 379

A further comparison has been made with [B.Smoljam etal 2009] to the point node no 2 which
is equal to point 4 as show in table (3) below:
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Table (3) a comparison between the hardness calculated in the present work and
[B.Smoljam etal 2009]

% F % P % B % M H. No
Present work 5.2 8.5 73.8 12.5 330
] % F+P
[B.Smoljam etal 2009] 0-12 42-74 5-36 290-349

RESULTS AND DISCUSSIONS

Different cases have been study in this work by the proposed model, figure (3) below
shows a flow chart for these cases.

| Model |

v v

[ Annealing Treat. ] [ Normalizing Treat. ]
\L Y

[Cross sectional area] [Cross sectional area]

A

A A \ 4
|o.3 *0.3 cm2| [0.1 * 0.1 cmz] [0.3 *0.3 cmz] |0.1 * 0.1 cm2|

Figure(3). Case study by the proposed model in the present work for the steel type DIN
41Cr4.

The above cases were study to the steel DIN 41Cr4 which have the chemical
composition shown in table (4) [ASM Handbook, VVolume 1, 2005]

Table (4) Chemical Composition to the Steel DIN 41Cr4

Composition | 944 | 0.22 | 0.80 | 0.030 | 0.023 | 1.04 | 0.17 | 0.04 | 0.26 | <0.01

Figure (4) A, B shows the temperatures variation with time for the three points (points
nod 1, points nod 2 and points nod3 see figure (1)) for the two cases which is annealing and
normalizing treatment and when the cross sectional area is (30 * 30) cm?, (10 * 10) cm?.

In case of the annealing treatment fig (4)-A, we can see that the difference in
temperatures between the described points is not high especially when the cross sectional area
is (10 * 10) cm?. The difference will increase with cross sectional area increasing. In general
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there is no high temperatures difference between the two cases of cross sectional area in the
annealing treatment.

But these behavior is different in the normalizing treatment see figure(4)-B, where this
figure shows that the temperatures difference between these points is increasing especially in
case of (30 * 30) cm? cross sectional area

1000.00

Annealing Treat.

Point 1
Point 2

800.00 —

600.00 — (30*30) m?

Temp C

400.00 —

200.00 : i : i : i : i :
0.00 2000.00 4000.00 6000.00 8000.00 10000.00
Time sec

A-Annealing Treatment

1000.00

Normalizing Treat.

Point 1

800.00 7} Point 2

—— Point 3

Temp C

400.00 —

200.00 —

0.00

\ \ \
0.00 2000.00 4000.00 6000.00
Time sec

A- Normalizing treatment

Figure (4) Temperatures variations vs. time for at two cross sectional area with two cases,
A-Annealing treatment and B- Normalizing treatment.

Figure (5) A, B shows a comparison between the annealing and normalizing treatment
for three points in the workpiece and when the cross sectional area are (10*10) cm? and (30*30)
cm?. It’s very important to note that the thermal gradient in the normalizing treatment is more
than in the annealing treatment, actually its come from the value of heat transfer coefficient and
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the environment temperature or the cooling media temperature which is different in the two
treatment process (annealing and normalizing) as we described before.
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A-Cross sectional area (10*10) cm?
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B- Cross sectional area (30*30) cm?
Figure (5) Temperatures vs. time in a comparison between annealing and normalizing
treatment for three points at two cases
A-Cross sectional area (10 * 10) cm?, B- Cross sectional area (30*30) cm?

Figure (6)-A,B,C show the temperature distribution for the annealing (0.3*0.3 m?) at
different time 30, 1832,7032 and 1000 sec, from this figure we can se that the thermal gradient
throe the cross sectional area is changing with time, in the first time step the thermal gradient
not high but with increasing time this gradient increase until reach same point (specific time)
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then this gradient will decreasing with time increase this mean there is a specific critical time
point before which the gradient increase with time and after which the gradient decreasing with
time increase.

After 30 sec

039.9

g0

A- After 30 sec
800 : | 1;32“;
”"ﬁ{' "‘ “ ‘\‘\ 132 see

30

B- After 1832 and 3032 sec

440

450 120

Tl f032see

400
400

380

Temp C

360

340

320

C- After 7032 and 10000 sec

Figure (6)-A,B,C The temperature distribution for the annealing for (0.3*0.3 m?)
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Another case shows in figure (7), which described a comparison between temperatures
distribution for the normalizing treatment when the cross sectional area is (0.3*0.3 m?) at
different time (30, 330, 1832 and 3032) sec. From this figure we can see that the thermal
gradient increase with time increase from 30 to 330 sec after this time the thermal gradient will
be decrease with time increase.

Temp C

¥ cm

X cm
Figure (7) - The temperature distribution for the normalizing treatment for (0.3*0.3 m?)

Actually there is a specific time point at which the thermal gradient is maximum, before
this point (this time) the thermal gradient is increase with time increase and after this point the
gradient is decrease with time increasing as we mention that before.

We can described this point as (Time of Maximum Thermal Gradient) (Tmrtc ).
Value of Twm g is effected by many parameters such as the cross sectional area, temperature of
heat treatment and heat treatment type. Thermal stress or crack may be occurring due to high
thermal gradient so that it’s very important to specify this point in the heat treatment process to
avoid these defects. A special cooling process can be used to eliminate the effect of this
phenomenon.

Another comparison shows in figure (8)-A, B, where figure (8)-A shows a comparison
between the temperatures distribution for the annealing and normalizing treatment process at
different time (30, 1832, 3032 ) sec, when the cross sectional area (0.1*0.1 m?) while figure
(8)-B shows the same case but for the cross sectional area (0.3*0.3 m?). It’s very important to
noted that there is many differences between the temperatures distribution for the annealing
and normalizing we can see that from the contours line of temperatures distribution and the
temperature bar, this difference is increasing with time increase and with cross sectional area
decrease. This is due to the value of heat transfer coefficient and the cooling process in the heat
treatment process type.
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Figure (8)-A, B, comparison between the temperatures distribution for the annealing and
normalizing treatment

5693



B. Sh. Bachy Mathematical Model To Investigate The Temperature
And Hardness Distributions During The Annealing
And Normalizing Treatment

THE HARDNESS PREDICATION

After we calculate the temperature distribution in the previous section we will used this
data to investigate the phase transformation and the value of the hardness in each point in the
workpiece by using a method consist of the below steps.

By using the continuous-cooling-transformation (CCT) diagram we can determined
time required to reach the temperature 500 °C (by intersection with the isothermal line 500 °C),
this step will be use to examination each point in the workpiece and determined the required
time to reach the temperature 500 °C for each point.

For example figure (9) A, B shows the cooling curve for the three point (point nod 1,
point nod2 and point node 3 see figure 1) for the normalizing and annealing treatment
respectively and when the cross sectional area is (30*30) cm?, from figure (9)-A we can see
the time required to reach the isothermal line 500 °C (to the three points) this time can be noted
as 1, 2 and 3, from these value we can see that the time required to each point is different from
point to other this lead to different phase structure and mechanical properties. Figure (9)-B
shows the same case but for the annealing treatment. It’s very important to noted that the
different between time required to reach the isothermal line 500 °C for the three point (point
nod 1, point nod2 and point node 3) in the annealing case are less than that for the normalizing
treatment, this case lead to uniform phase structure in the annealing treatment more that that for
the normalizing treatment.
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Figure (9) Continuous-Cooling-Transformation (CCT) Diagram and steps to determined the
required time to reach the isothermal line 500 °C for the two cases
A-Normalizing, B-Annealing

After we determined the time for each point in the workpiece we will use this value to

determine the phase structure and the hardness at each point by using figure (10), which shows
the relationship between the time and the phase structure and the hardness value in HRC.
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Figure (10) The relationship between the time and phase fraction and hardness in HRC [ 5].

Table (5) shows the phase structure and the hardness no in HRC for same point for the
annealing and normalizing treatment and with two cross sectional area which are (10*10) cm?
and (30*30) cm?.

Table (5) The phase structure and the hardness no in HRC

Treatment Type Nod Point | %F | %P %B | %M | HRC
Annealing Treatment Nod 1 38 | 62 19
Nod 2 37.2 | 62.8 195
* 2
(10710) cm Nod3 | 37 | 63 10.7
Annealing Treatment Nod 1 39 61 18
. ) Nod 2 37 63 19.7
(30*30) cm Nod3 |366| 63.4 19.8
Normalizing Treatment Nod 1 25 75 24.1
Nod 2 12 78.5 9.5 33
* 2
(10*10) cm Nod 3 5.2 8.5 73.8 125 31.9
Normalizing Treatment Nod 1 36.6 | 634 19.8
. ) Nod 2 31 69 20
(30*30) cm Nod3 | 6 | 95 | 725 | 12 | 325

After we used the above methods to determined or predicate the hardness distribution
for the workpiece for the two cases of heat treatment process these hardness value show in
figure (11)-A,B,C and D, where this figure show the hardness distribution in HRC for the
annealing and normalizing treatment process with (10*10 cm?) and (30*30 cm?), from this
figure we can see there is a hardness difference between each point in workpiece, in fact this is
duo to differences in the microstructure or phase structure which is depending on the cooling
rate of each points from the workpiece, from figure(11)-A, we can see that the difference is not
high between the inner and the boundary of the workpiece, these difference is increase with
cross sectional area increasing see figure (11)-B, figure (11)-C shows the hardness value and
distribution which is more that that for annealing treatment , and the hardness increment when
the cross sectional area increase is more than that in the annealing treatment see figure (1).
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Figure (11) the hardness distribution for the workpiece

CONCLUSIONS

1-During the cooling process in the heat treatment there is a specific time at which the thermal
gradient through the cross sectional area is maximum we can note it as (Tmr.c ) (Time of
Maximum Thermal Gradient), before this time (Tm1.c ) the thermal gradient is increase
with time increase and after this time the gradient is decrease with time increasing. Thermal
stress or crack may be occurring duo to high thermal gradient (which is occurs at this point)
so that it’s very important to specify this point in the heat treatment process.

2-The possibility of thermal stress and crack during the normalizing treatment is more than that
in the annealing treatment also the high cross sectional area tend to this defect more than the
small cross sectional area.
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3-Generally the hardness is a function for (phase type and phase percent), and this hardness
value decrease when the cooling time increase, but this behavior is change between the times
from (120 to 200) sec where the hardness value at this cooling time range will increase with
time increasing, even with phase portion change so that the hardness of point nod 3 (P3) is
less than the hardness of point 5, point 4, and point 7. Also in the cooling time range (440 to
3100) sec there is no effect to the cooling time on the hardness even with increasing the %F
phase and decreasing the %P phase.
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