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dante’ Introduction

Liquid quenching of long steel components can introduce significant distortion if the component is not lowered into the
liguid quench bath properly. Whether the liquid quenchant is oil, water, or a polymer solution, the angle and rate of
immersion can have a significant effect on the final distortion. Heat-treatment simulation software can provide insight
into how a long component will behave during heat-treatment, but only if the immersion process is simulated. The
simulation of relatively small steel components assumes that the entire part enters the quench bath simultaneously.
This assumption is valid for most bearing rings, gears, etc., since the entire part is submerged within the quenchant in a
fraction of a second. However, the assumption begins to lose its validity when applied to relatively long parts.

To show the significance of simulating the immersion process during quench hardening of relatively long steel
components, a 500 mm long, 12 mm diameter steel bar made of AISI 9310 was constructed and meshed in Ansys and
the heat-treatment process was modeled using the heat-treatment simulation software DANTE. Several immersion
rates were compared to a bar that was instantly lowered into the quenchant as well as a comparison between gradually
lowering the bar into the quenchant vertically and horizontally.
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dante Model and Process Description

Model Description:
> Material: AISI 9310
» Bar length: 500 mm

> Bar diameter: 12 mm

Process Description:

» Several scenarios were investigated to evaluate the effects of
immersion parameters on the bow distortion of the bar

* Instantly immersed

* Vertical immersion rate of 2.5 mm/s
* Vertical immersion rate of 5.0 mm/s
* Vertical immersion rate of 10.0 mm/s

* Horizontal immersion rate of 1.0 mm/s

An algorithm in DANTE determines the location of the component
relative to the quenchant surface and applies a defined air heat transfer
coefficient (HTC) to the part surface above the quenchant surface and a
defined liquid HTC to the part surface below the quenchant surface.
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B: Thermal Model - w/Vertical Immersion

Temperature
Type: Temperature
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dante’

DANTE makes setting up an immersion process simple
by adding a Custom Thermal Setting-Immersion
Quench object from the DANTE ACT and entering the
process specific parameters.

Modifiable immersion parameters in DANTE include:

» Number of surfaces subjected to different

Immersion Input Parameters
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Details of “Immersion Quench"

- General

parameters; this is useful if blind holes or other
geometric features influence the flow of
guenchant around the part

Immersion direction; the immersion direction can
be any angle, regardless of model orientation, with
respect to the global coordinate system

Immersion rate; the rate can be defined as a

— 1

constant or as a function of time

Heat transfer coefficient and ambient temperature
of the air above the quenchant (both are constant)

and the quenchant (ambient is constant, HTC is a
function of part surface temperature)
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A 4

»  Number of Surfaces
Immersion Quench Activation Table
Current Surface
- | Part Motion Relative to Quench
X
v
Z
- Surface 1
Quenching Surface
Quench Speed Type
Constant Quench Speed (mm/s)
Quench Start Time (s)
Relative Distance from Quench to Part (mm]
Ambient Air Temperature (C)
Ambient Quench Temperature (C)
Ambient Air HTC (W/mm* 2 K)
Temperature-Dependent Ambient Quench HTC (W/mm~* 2 K]

v 10Ox

1
Tabular Data
1

0D _Surf(Mechani...
constant

5
0
0
2

0

20
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dante’ Bow Distortion Comparison

No Immersion (A) vs. Immersion (B)

» Predicted bow distortion shown for a simulation NOT considering
immersion (A) and a case which DOES consider immersion (B)

* Without considering immersion, the part is considered to be
instantaneously submerged below the quenchant surface

* The immersion rate used in this example was 5 mm/s; meaning the
500 mm long component is fully immersed in 100 seconds

» The bow magnitude is twice as much when immersion is
considered

e Bow distortion exists in the No Immersion case due to the ends’
effect on cooling uniformity

» The bow direction between the two cases is opposite

e Ifimmersion is ignored for this component and process, not only is
the magnitude significantly underpredicted, but the direction of bow
is incorrect
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H: Stress Model - w/ No Immersion
Directional Deformation-
Type: Directional Deform
Unit: mm

Global Coordinate Syste
Time: 4900

!lyn(Z Axis)
!

0.010864 Max
. 0.0055614
0.00025845
-0.0050445
-0.010347
-0.01565
-0.020953

-0.026256
I -0.031559

-0.036862 Min

C: Stress Model - w/Vertical Immersion
Directional Deformati
Type: Directional Defo
Unit: mm

Global Coordinate System
Time: 4800

Axis)

0.069304 Max

. 0.060725
0.051647
0.042568

g 0.033489
0.024411
0.015332
0.0062532

I -0.0028255

-0.011904 Min




dante’ Axial Distortion Comparison

No Immersion (A) vs. Immersion (B)

» Predicted axial distortion shown for a simulation NOT
considering immersion (A) and a case which DOES consider
immersion (B)

* Without considering immersion, the part is considered to be
instantaneously submerged below the quenchant surface

* The immersion rate used in this example was 5 mm/s; meaning
the 500 mm long component is fully immersed in 100 seconds

» The axial distortion magnitude is equivalent between the two
cases
e This will generally be true when the bow distortion is a full

magnitude or more less than the axial distortion, as it is with this
case

* Axial dimensional change is generally determined by the
volumetric difference between the initial and final microstructure

 Whereas bow distortion is generally determined by nonuniform
heating/cooling conditions, which can be a result of processing
conditions or geometry
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H: Stress Model Immersion
Directional Defor
Type: Directional Deform
Unit: mm
Global Coordinate Syste
Time: 4900

0.7982 Max
. 0.70945
0.62069
0.53194
mn 044318
0.35443
0.26567

0.17692
I 0.088165
-0.00058983 Min

C: Stress Model - w/Vertical Immersion
Directional Deformatio
Type: Directional Defor
Unit: mm

Global Coordinate System
Time: 4900

Axis)

0.80314 Max

. 0.71366
0.62419
0.53471

pn 044524
0.35576
0.26629

0.17681
I 0.087334
-0.002142 Min
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» Predicted residual maximum principal stress shown for a
simulation NOT considering immersion (A) and a case which
DOES consider immersion (B)

* Without considering immersion, the part is considered to be
instantaneously submerged below the quenchant surface

* The immersion rate used in this example was 5 mm/s;
meaning the 500 mm long component is fully immersed in

100 seconds

» The residual stress magnitude and distribution is equivalent
between the two cases

* This will generally be true if the final phase distribution is
equivalent between the two processes being evaluated

* Residual stress is mainly determined by the volumetric
difference between the initial and final microstructure
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Residual Stress Comparison

No Immersion (A) vs. Immersion (B)

H: Stress Model - w/ No Immersion
Maximum Principal Stress

Type: Maximum Princi
Unit: MPa
Time: 4900

76.934 Ma
! 64.157

13.05
0.27262
-12.504
-25.281
-38.058 Mi

C: Stress Model - w/Vertical Immersion
Maximum Principal Stress

Type: Maximum Pring
Unit: MPa
Time: 4900

77.277 Ma
E 64.238
51.188

38.159
25.12
12.087
-0.95868
-13.998
-27.037
-40.076 Mi




» DANTE has the capability to model different immersion rates

» Constant or Time-Dependent immersion rates can be applied to the model

» An example of both cases are shown below

Time (s) Quench Speed (mm/s)
0 1
1 1
1.5 5
5 5

"""" ] Wewmerston Quench v 7} Immersion Quench v
DE‘I;N'S Df "lmmersion Quench" e e e e e e e e e e e e e e e e e e e e u D x DEtBI'S Df “lmmersion Quench" e D D e D e D D D D D S L n D x
= | General - General
MNumber of Surfaces 1 Number of Surfaces 1
Immersion Quench Activation Table Tabular Data Immersion Quench Activation Table Tabular Data
Current Surface 1 Current Surface 1
=/| Part Motion Relative to Quench = Part Motion Relative to Quench
X 0 X 0
Y -1 ¥ -1
z 0 z 0
=|| Surface 1 = Surface 1
Quenching Surface OD_Surf(Mechani... Quenching Surface OD_Surf(Mechani...
Quench Speed Type constant Quench Speed Type time-dependent
Constant Quench Speed (mm/s) 5 Time-Dependent Quench Speed (mm/s) Apply ] Cancel
Quench Start Time (s) 0 Quench Start Time (s) 0
Relative Distance from Quench to Part (mm) 0 Relative Distance from Quench to Part (mm) 0
Ambient Air Temperature (C) 20 Ambient Air Temperature (C) 20
Ambient Quench Temperature (C) 20 Ambient Quench Temperature (C) 20
Ambient Air HTC (W/mm~*2 K) 5E-05 Ambient Air HTC (W/mm» 2 K} 5E-05
Temperature-Dependent Ambient Quench HTC (W/mm~*2 K] | Tabular Data Temperature-Dependent Ambient Quench HTC (W/mm*2 K] Tabular Data

Constant Immersion Rate
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Time Dependent Immersion Rate




dante’ Bow Distortion Comparison
Immersion Rate Effects ( 2.5 mm/s (A), 5 mm/s (B), 10 mm/s (C))

> Th ree immersion rates were G: Stress Model - w/ Slow Vertical Immersion| C: Stress Model - w/Vertical Immersion E: Stress Model - w/ Fast Vertical Immersion
Directional Deform Directional Deformati Directional Defor
mOdeIed to ShOW the effeCt Type: Directional D n(Z Axis) Type: Directional Defo Axis) Type: Directional on(Z Axis)
of the immersion rate on Unit: mm nitmm Unit: mm
. . Global Coordinate System Global Coordinate System Global Coordinate Syste
distortion Time: 4900 Time: 4900 Time: 4900
» For this geometry and 0.14568 Max g 0069804 Max g 002615 Max
material, the faster the ! 0.12809 0060725 0.021989
' ] V4 0.1105 i 0.051647 I | 0.017828
Immersion rate, the smaller 0.092912 — 0.042568 — 0.013667
the bow distortion 0.075324 o 0033489 0.0095067
0.057736 T 0.024411 J 0.005346
* For the fast case, 10 mm/s 0.040148 0.015332 - | 0.0011852
immersion rate, the bow 0.02256 0.0062532 -0.0029756
) ) L 0.0049719 I -0.0028255 I -0.0071364
distortion begins to -0.012616 Min -0.011904 Min -0.011297 Min
approach the instantly
immersed case
» Generally, the faster the |
immersion rate or the Y
thicker the component o
cross-section, the less ,
distortion that results
A B C
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» DANTE has the capability to model different immersion orientations without modifying the CAD geometry

» Relative part motion definitions in the negative Y and negative X-Directions are shown below

* 0 0Ox
1

Immersion Quench Activation Table Tabular Data
Current Surface 1

Details of "lmmersion Quench”
=l General
Number of Surfaces

Y 0
'z [o

= Surface 1
'Quenching Surface -OD_Surf(Mechani...i
Quench Speed Type constant
' Constant Quench Speed (mm/s) [ 5
Quench Start Time (s) 0
' Relative Distance from Quench to Part (mm) o
Ambient Air Temperature (C) 20
' Ambient Quench Temperature (C) [ 20
Ambient Air HTC (W/mm* 2 K] 5E-05

'Temperature-Dependcnt Ambient Quench HTC (W/mm* 2 K] ‘Tabular Data

<

Y

X-Direction Motion

Re
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lative Part Motion

Relative
Part
Motion

Details of “Immersion Quench” * 4 Ox

= General
Number of Surfaces

—

Immersion Quench Activation Table Tabular Data

' Current Surface 1
=1 Part Motion Relative to Quench
Y -1
Z 0
=1 Surface 1
'Quenching Surface -OD_Surf(Mechani...
Quench Speed Type constant
' Constant Quench Speed (mm/s) [ 5
Quench Start Time (s) 0
' Relative Distance from Quench to Part (mm) [ 0
Ambient Air Temperature (C} 20
' Ambient Quench Temperature (C) [ 20
Ambient Air HTC (W/mm* 2 K) 5E-05

'Temperature-Depcndcnt Ambient Quench HTC (W/mm*2 K} ‘Tabular Data

®
Y-Direction Motion

Quench Tank
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dante’

» Relative part motion definitions in the negative Z and 45° negative XY-Directions are shown below

Details of "Immersion Quench”

v

* Q0 Ox

= General
Number of Surfaces

1

Immersion Quench Activation Table
Current Surface

‘Tabular Data
1

=! Part Motion Relative to Quench

-Quenching Surface

-1

| OD'Surf[Mechani...i

Quench Speed Type constant
' Constant Quench Speed (mm/s) | 5
Quench Start Time (s) 0
-Relati\re Distance from Quench to Part (mm) ‘U
Ambient Air Temperature (C) 20
-Amhient Quench Temperature (C) ‘20
Ambient Air HTC (W/mm*2 K) 5E-05

-Temperature-Depcndcnt Ambient Quench HTC (W/mm*2 K) ‘Tahular Data

Y

>
Relative Part Motion
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Z-Direction Motion

Details of "Immersion Quench” * Q1 Ox
- General

Number of Surfaces 1

Immersion Quench Activation Table Tabular Data

'Current Surface 1

[
A

0
= Surface 1

'Quenching Surface _OD_Surf(Mechani...j
Quench Speed Type constant
'Constant Quench Speed (mm/s) | 5

Quench Start Time (s) 0

'Relative Distance from Quench to Part (mm) ‘0

Ambient Air Temperature (C) 20

' Ambient Quench Temperature (C} 20

Ambient Air HTC (W/mm*2 K) 5E-05
'Ternperatu re-Dependent Ambient Quench HTC (W/mm*2 K} ‘Tahular Data

N *
(™

Relative

Part

v Motion

~ 45° XY-Direction Motion

Quench Tank
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dante’ Bow Distortion Comparison

Immersion Orientation Effects (vertical 5mm/s (A), vertical 2.5 mm/s (B), horizontal 1 mm/s (C))

> Two immersion directions were C: Stress Model - w/Vertical Immersion G: Stress Model - w/ Slow Vertical Inmersion| I: Stress Model - w/Horizontal Immersion
Directional Deformati Directional Deform Directional Deformation-Z
modeled to show the effects Type: Directional Defo Axis) Type: Directional D n(Z Axis) Type: Directional ion(Z Axis)
: . Unit: mm Unit: mm Unit: mm
on distortion Global Coordinate System Global Coordinate System Global Coordinate Syste
Time: 4 ime: Time: 4
> Generally, long components ime: 4900 Time: 4300 ime: 4900
are immersed vertically (long g 0069804 Max g 014568 Max g 3642 Max
Xis Norm | t th n h 0.060725 0.12809 1.2113
axis normal to the quenc B 0051647 B 01105 10584
tank) and not horizontally - 0.042568 0092912 - 090543
_ 0.033489 0.075324 = 07525
* The modeling results for two _ 0.024411 0057736 = 059958
vertical immersion cases (5 — 0015332 0.040148 - 044665
mm/s (A) and 2.5 mm/s (B)) I 060832285;:5 0.02256 I g?ig?
0. 0.0049719 -
Ere .comp?Ire'd toa . -0.011904 Min -0.012616 Min -0.012123 Min
orizontally immerse
component (1 mm/s) (C)
» The horizontally immersed bar Y
has a full magnitude greater o |
bow distortion than the .
vertically immersed bar with
the slowest immersion rate
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dante’ Summary

» Simulating the immersion process of long steel components being quench hardened is now easily handled by DANTE
linking with ANSYS

* Immersion parameters can be easily modified, including the immersion rate (constant or time dependent), any delays before
immersion begins (time or distance), ambient temperatures for the air above the quenchant and the quenchant (constant
only), and HTCs for the air above the quenchant (constant) and the quenchant (function of part surface temperature)

» The effect of immersion on bow distortion was shown to be significant, when compared to not considering the
immersion process in the simulation

» The effect of immersion on the axial distortion and residual stress was shown to be equivalent to a case not
considering immersion

* The equivalency of axial distortion and residual stress is not guaranteed, as it is dependent on the steel grade, processing
conditions, and geometry

» The effect of the immersion rate on bow distortion was shown to be significant for the component and conditions
modeled

» The effect of the immersion direction on bow distortion was shown to be significant for the component and
conditions modeled
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Additional DANTE Aerospace Case Studies

https://dante-solutions.com/aerospace
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