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Abstract 
 
A comparative study of residual stresses and 
distortion in cylindrical  samples of AISI 5160H 
spring steel, quenched at different bath temperatures 
both in 25 % aqueous solutions of Polyalkilene glycol 
UCON quenchant HT, as well as in Arco 521 oil, is 
presented in this article. The probe diameters are 0.81 
and 0.53 inches. 
 
The ABAQUS/Standard Finite Element Software 
was applied to assess residual stresses and distortion 
during the heat treatment, with previous calculations 
of the heat transfer coefficients as dependent of the 
temperature by means of the INC-PHATRAN Code. 
The inverse heat conduction problem coupled with 
phase transformation is solved by INC-PHATRAN 
knowing the cooling curves measured by  
thermocouples placed at the center of each sample. 
 
Valuable conclusions about the use of both 
quenchants, intended to minimize distortion and 
cracking problems during heat treating, are the 
results of the present work. 
 

Introduction 
 
Comparisons of different quenchants in heat 
treatment processes of steels are of great usefulness 
in order to control residual stresses, cracking, and 
distortion of the pieces. The mathematical modeling 
of these processes is nowadays an indispensable tool 
for that purpose.  
 
The present work consists of a comparative study of 
the distorsion and residual stress distribution in 
cylindrical samples of AISI 5160H spring steel, 
quenched in 25 % aqueous solutions of Polyalkilene 
glycol UCON quenchant HT, as well as in Arco 521 
oil, at different bath temperatures. The diameters of 
the probes are 0.81 and 0.53 inches. Cooling curves 
were measured by thermocouples placed at the 
center of each probe. Based on these cooling curves, 
a finite element computer simulation of the processes 
was carried out applying succesively the softwares 

INC-PHATRAN and ABAQUS/Standard, briefly 
described at follows: 

INC-PHATRAN (INverse Conduction coupled 
with PHAse TRANsformation) 1-6  is a program 
that may be applied to simulate a great variety of 
heat treatment processes, in planar geometries as 
well as in axysimmetrical ones, by means of a finite 
element approach. The corresponding heat transfer 
coefficients can be calculated with its help, if cooling 
curves taken from different locations of the heat 
treated component are provided. The model is based 
on a numerical optimization algorithm which 
includes a module responsible for calculating on 
time and space the temperature distribution and its 
coupled microstructural evolution. The 
transformation from austenite to ferrite, perlite and 
martensite is governed by the appropriate TTT curve 
and also by the Avrami's approximation. The 
temperature evolution, as measured by 
thermocouples at different positions in the 
component, are used as input for the program. The 
program calculates the time variation of the heat 
transfer coefficients, together with the temperature 
and distribution of phases, and their variation in time 
throughout the component.  

The general purpose finite element system 
ABAQUS/Standard 7 was used to simulate the 
distortion and the residual stresses produced in the 
studied samples, as a consequence of a heat 
treatment process, with previous calculation of the 
temperature distribution pattern in each case, based 
on the heat transfer coefficients obtained with INC-
PHATRAN. 

A series of valuable conclusions about the use of 25 
% aqueous solutions of Polyalkilene glycol UCON 
quenchant HT, as well as in Arco 521 oil and in pure 
water,  intended to minimize distortion and cracking 
problems during heat treating, have been here 
obtained. 
 

Measurements of cooling curves 
 
Twelve AISI 5160 steel cylindrical samples of 0.81 
and 0.53 inches in diameter were thermically treated 
in order to study the properties of two different 



quenchants. Such samples were manufactured by 
Moog (St. Louis, MO, USA) and treated by Tenaxol 
Inc. (Milwaukee, WI, US) using quenchants 
provided by Union Carbide Co. (Tarrytown, NY, 
USA). Samples 1 to 6 were quenched in aqueous 
solution of PAG (Poly Alkylene Glycol) UCON HT 
with a concentration of 25%, while sample 7 to 12 
were quenched in Arco 521 oil. Odd numbered 
samples was of 0.81 inches in diameter while even 
numbered samples was of 0.53 inches. The first four 
columns of Table 1 show the number of each 
sample, its diameters, the quenchant used and its 
temperature. 
 
Temperatures were acquired by a thermocouple 
placed in the center line of each cylinder, which was 
connected to a computer to carry out the data 
acquisition process, with a known frecuency. These 
curves were then kept in numerical files which were 
afterwards used to feed INC-PHATRAN Code.  
 
Computer Simulations with Program 
INC-PHATRAN 
 
The simulations performed with INC-PHATRAN 
Code used a finite element mesh containing 20 nodes 
along the radial direction and 3 nodes along the 
longitudinal direction, which is shown in Figure 1. 
For the discretization of the time variable were 
chosen 180 time steps. Most of the microstructural 
transformations occured during the first minute, 

therefore these were the times taken into account for 
the simulations.  
 
The total time of each process were divided into a 
certain quantity of time intervals where the heat 
transfer coefficient varies linearly. The election of 
both the initial values for these coefficient and the 
quantity and lenght of the time intervals depended on 
each sample. The mean square difference between 
the measured and calculated temperatures obtained 
after the optimization of the heat transfer coefficients 
was about 1 °C. Table 2 shows the heat transfer 
coefficients obtained for each sample for 
temperatures between 200 °C and 800 °C. 
 
As an example, the heat transfer coefficient as a 
function of temperature obtained after mathematical 
simulation of sample # 11 is shown in Figure 2. The 
measured and calculated cooling curves for the same 
sample are plotted in figure 3, whereas figure 4 
shows the difference between measured and 
calculated temperatures as a function of time.  
 
Figures 5 to 8 show the calculated heat transfer 
coefficients as a function of temperature, comparing 
the quenching power of the two quenchants studied. 
UCON 25 % shows a peak in the heat transfer 
coefficient near 500 °C, whereas the maximum 
values of this variable for ARCO 521 are in the 
range of  620 - 780 °C. 

  
 
 
 

Sample #        Quenchant       Diameter  Temperature 
   [inch]   [mm]    [°F]   [°C] 

        1     UCON 25 %    0.81  20.56    120   48.9 
       2     UCON 25 %    0.53  13.45    120   48.9 
       3     UCON 25 %    0.81  20.56    140   60.0 
       4     UCON 25 %    0.53  13.45    140   60.0 
       5     UCON 25 %    0.81  20.56    160   71.1 
       6     UCON 25 %    0.53  13.45    160   71.1 
       7      ARCO 521    0.81  20.56    120   48.9 
       8      ARCO 521    0.53  13.45    120   48.9 
       9      ARCO 521    0.81  20.56    140   60.0 
     10      ARCO 521    0.53  13.45    140   60.0 
     11      ARCO 521    0.81  20.56    160   71.1 
     12      ARCO 521    0.53  13.45    160   71.1 

 
 
Table 1: Diameter, quenchant, temperature of the quenchant and mean square difference between the measured 
and calculated temperatures for each one of the treated samples 
 
 



 
 

Figure 1: Finite element mesh for each of the treated samples. 
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Table 2: Heat transfer coefficient evolution as dependent of the temperature, calculated by INC-PHATRAN code. 
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Figure 2: Heat transfer coefficient of Sample # 11. 

 
 
 

 
 
 

Figure 3: Measured and calculated cooling curves for sample # 11. 
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Figure 4: Difference between measured and calculated temperatures for sample #11. 
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Figure 5: Heat transfer coefficient as function of temperature after mathematical simulation of samples #3 and #9. 
Quenching media: 25 % UCON HT and Arco 521. Sample diameter: 20.56 mm. – Quenchant temperature: 60.0 C 
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Figure 6: Heat transfer coefficient as function of temperature after mathematical simulation of samples 
#4 and #10. Quenching media: 25 % UCON HT and Arco 521. Sample diameter: 13.45 mm. – Quenchant 
temperature: 60.0 °C 
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 Figure 7: Heat transfer coefficient as function of temperature after mathematical simulation of samples 
#5 and #11. Quenching media: 25 % UCON HT and Arco 521. Sample diameter: 20.56 mm. – 
Quenchant temperature: 71.1 °C. 
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Figure 8: Heat transfer coefficient as function of temperature after mathematical simulation of samples 
# 6 and # 12. Quenching media: 25 % UCON HT and Arco 521. Sample diameter: 13.45 mm. – 
Quenchant temperature: 71.1 °C. 
 
 
 
 

Computer simulations with ABAQUS/ 
Standard 
 
The heat transfer coefficients obtained for the twelve 
samples described before were used as input for 
ABAQUS/Standard in order to calculate the thermal field, 
again as well as the corresponding distribution of thermal 

stresses depending on time, during the heat treating 
process. Calculations showed that such stresses were not 
high enough to generate residual stresses. Figures 9 and 
10 show the time evolution of these temperatures and the 
difference between them, respectively, for sample # 1. 
The same plots for sample # 11 are shown in figures 11 
and 12 respectively. 

 
 
 
 



       
     Time (sec) 

Figure 9: ____ : temperature on the surface of 
sample #1. ____ : temperature in the center of 
sample #1. 

  

            Time (sec) 

Figure 10: Difference between temperatures in the center 
and on the surface of sample #1. 

  
            Time (sec) 

Figure 11: ____ : temperature on tthe surface of 
sample #11.____ : temperature in the center of 
sample #11. 

  

   Time (sec) 

Figure 12: Difference between temperatures in the center 
and on the surface of sample #11. 

   
                      Time (sec) 

Figure 13: ____ : σz in the center ____ : σz on the 
surface  ____ : σθ in the center  ____ : σθ on the 
surface. (Sample #1). 

  
              Time (sec) 

Figure 14: ____ : σz in the center ____ : σz on the surface  
___ : σθ in the center  ____ : σθ on the surface. (Sample 
#11). 
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    Time (103 sec) 

Figure 15: Difference between temperatures in the 
center and on the surface 
       [x103] 

          
    Time (sec) 

Figure 16: ____ : σz in the center ____ : σz on the 
surface  ____ : σθ in the center  ____ : σθ on the surface. 
(Sample #11). 

 

              

    Time (103 sec) 

Figure 17: Difference between temperatures in the 
center and on the surface. 

            

  Time (sec) 

Figure 18: ____ : σz in the center ____ : σz on the 
surface  ____ : σθ in the center  ____ : σθ on the surface. 
(Sample #11).

After thermal field are known for each sample, the 
corresponding thermo-elastic-plastic problem is solved 
also by ABAQUS/Standard. Figure 13 shows the 
evolution of the longitudinal and hope stresses at the 
center and at the surface of sample #1 during the 
quenching, while Figure 14 shows the same plot but for 
sample # 11. 
 
In order to analyse the dependance of residual stress on 
the size of the treated sample, two simulations were 
developed for bigger steel cylinders, which were of 10 cm 
in diameter and 20 cm in length. For the first simulation 
quenchant UCON HT 25 % aqueous solution at 49.9 °C 
was considered, while for the second one, ARCO 521 at 
71.1 °C was the quenchant taken into account. Figure 15 
shows the time evolution of the difference between the 
temperature in the center of the cylinder and the 
temperature on its surface for the first simulation, which 

reachs a maximum value greater than 350 °C and is high 
enough to generate residual stress after the thermal 
process was carried out, as it can be observed in Figure 
16. Figures 17 and 18 show the same plots but for the 
second simulation. The residual stress calculated in this 
case is greater than that of the first simulation, in which a 
polymeric solution was considered.  
 
Finally, a thermal process for a 10 cm diameter and 10 
cm length steel cylinder using water, was also simulated. 
The difference between the temperature in the center of 
the cylinder and the temperature on its surface reachs a 
maximum value hardly below 600 °C as it is displayed in 
Figure 19. The greater this difference of temperature is, 
the greater the residual stress is obtainned after the 
process. Figure 20 shows the time evolution of the 
longitudinal and angular components of the stress in the 
center of the cylinder and on its surface. 
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     (103) 

Time (103 sec) 

Figure 19: Difference between temperatures in the 
center and on the surface. 

 

Time (sec) 

Figure 20: ____ : σz in the center ____ : σz on the surface  
____ : σθ in the center  ____ : σθ on the surface. (Sample 
#11). 

 
  
Conclusions 
 
A comparative study of residual stresses and 
distortion in cylindrical samples of AISI 5160H 
spring steel quenched in aqueous solutions of 
Polyalkilene glycol UCON quenchant HT, and in 
Arco 521 oil, has been presented in this article. 
Several conclusions may be drawn from these 
calculations: 
1) The heat transfer coefficients obtained for 

UCON 25 % show a peak varying from 1500 to 
2100 w/m2K, at about 500 °C, whereas the 
maximum values of this variable for ARCO 521 
oil are in the range of  1900 – 3500 w/m2K at a 
temperature interval of  620 - 780 °C. 

2) With both quenchants there is no residual 
stresses after the heat treatment of the cylindrical 
probes of AISI 5160H spring steel studied, with 
diameters of 13.45 and 20.56 mm. 

3)  With PAG UCON quenchant HT,  residual 
stresses would appear for cylindrical pieces of as 
greater as 10 cm in diameter. On the other hand, 
cylindrical pieces of the same material and of 
about 5 cm in diameter quenched in Arco 521 oil 
may have residual stresses.   Cylindrical pieces 
of 10 cm in diameter quenched in Arco 521 will 
have residual stresses of about 250 MPa after 
quenching (for comparison, these stresses reach 
640 MPa if the same probe are quenched in 
water). 

4) The combination of INC-PHATRAN and 
ABAQUS/Standard softwares are very valuable 
for the determination of residual stresses and 

distortion in heat treatment of steels pieces 
having arbitrary geometries.   
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