
stress—and arises only if stress and phase trans-
formation exist simultaneously (Ref 8). If this
condition is fulfilled, transformation plasticity
will occur. This mechanism works for all types
of transformations (Ref 9):

� Formation of austenite from a ferritic phase
� Formation of martensite from austenite
� Formation of bainite from austenite
� Formation of pearlite from austenite

The proportionality constant between the
amount of transformation plasticity and stress devi-
ator depends on the type of transformation (Ref 9).
Figure 12 shows the length changes of

samples from steel grade SAE 4140H during
martensitic hardening for different loads. A stress
that is given to the sample before the transforma-
tion starts will modify the stress-free curve con-
siderably. The aforementioned proportionality
constant has a value of 4.2 � 10�5 N/mm2 (Ref
10) for the given conditions. This means that a
stress of 50 N/mm2 leads to a plastic deformation
of 0.2% at the end of the transformation.
In a component with a banded microstructure,

transformation plasticity occurs on a mesoscopic
scale and generates an anisotropic and position-
dependent transformation strain. During heating
of components with a banded ferritic-pearlitic
microstructure, size and shape changes, especially
on the macroscopic scale, can result. Details are
given in the article “Distortion Engineering” in
this Volume as well as in Ref 11.
Plastic Deformations by Creep. The third

distortion-relevant mechanism also does not
need a minimum stress value. Creep acts espe-
cially at elevated temperatures—higher than
33 to 50% of the melting temperature in Kelvin—
and is a time-dependent effect (Fig. 13, Ref 4).
Even at a moderate stress value of 5 MPa
(0.7 ksi), a plastic deformation of 0.2% at a typical
carburizing temperature of 940 �C (1725 �F)
already results after 1 h.
The relevance of plasticity mechanisms

for heat treatment is as follows:

� Transformation plasticity is an important dis-
tortion-relevant factor during each heating
and cooling process if stresses are present.

� Yielding is most important during quench-
ing. During heating, it can be relevant if
the component contains huge residual stres-
ses from the previous manufacturing steps
(e.g., cold forming, machining).

� Creep is not relevant during quenching,
because the temperature region of interest
will be passed quite quickly. However, dur-
ing heating, austenitizing, and carburizing,
this mechanism can play an important role
and must be kept in mind for the determina-
tion of possible sources of size and shape
changes.

Systematization of Unavoidable Size
and Shape Changes and
Corresponding Stress Evolution

For the deduction of the systematization
of unavoidable dimensional and shape changes
and the corresponding stresses, a hypotheti-
cal experiment is presented in this section. This
experiment is not realistic, but it helps to
understand the generation of unavoidable
distortion.

Size Changes by Transformation

In the hypothetical experiment, it is assumed
that a component can be produced under ideal
conditions, that is:

� A component with absolutely homogeneous
chemical composition and homogeneous ini-
tial microstructure

� Without any texture
� A blank component without any residual

stress can be produced by machining.

Furthermore, it must be presumed that heat
treatment could be carried out under ideal con-
ditions, including:

� Homogeneous heating of the component
� Very small heating rate

� Ideal charging
� Minimum possible cooling rate
� Ideal heat-transfer conditions

Even under these perfect conditions, dimen-
sional alterations will still occur if the heat
treatment includes a change in the microstruc-
ture. Even without any plastic deformation, size
changes unavoidably occur as a result of the
relationship between specific volume and
microstructure status (Fig. 8). This diagram
shows, for example, that a martensitically hard-
ened component made from steel with 0.4% C
experiences an unavoidable reduction in vol-
ume as a result of normalizing with very slow
cooling, because a ferritic/pearlitic microstruc-
ture is produced under these conditions. This
example may not be practically relevant, but it
indicates clearly the principle of unavoidable
size changes as a result of phase transformation.
In the systematization developed by Wyss for
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unavoidable changes in dimensions and shape,
this case is referred to as tendency I (Fig. 14,
Ref 12). In this figure, the dashed lines mark
the original contour, and the continuous lines
illustrate possible size changes after a heat
treatment following the assumptions of the
hypothetical experiment. Tendency I is charac-
terized by pure dimensional changes without
any shape change. The size changes depend
on the following parameters:

� Chemical composition (especially carbon)
� Initial microstructure
� Austenitizing conditions
� Type of transformation
� Degree of transformation (partial, complete)

According to the assumptions of the hypo-
thetical experiment, no stresses or residual
stresses occur.

Size and Shape Changes by Thermal
Stresses

In the second step of the hypothetical experi-
ment, the postulation of a minimum cooling
rate is dropped to approach the real situation
during a quenching process. The consequences
are temperature differences within the component.
For the moment, however, a transformation-free
process is analyzed.
Stress Development and Residual-Stress

State. As a result of the temperature dependency
of the specific volume, the temperature differ-
ences create thermal stresses in the component.
As indicated by the schematic cooling diagram
in Fig. 15 (Ref 13), the near-surface layer of
the material initially cools faster than the core.
Therefore, the surface region tries to contract.
This action is blocked by the hot core. Conse-
quently, tensile stresses result in the near-surface
layer (curve a) in equilibrium with compressive
stresses in the core. When the highest tempera-
ture difference between surface and core has
been reached (point W), the largest tensile stress
value of the near-surface layer results. With time,
the core contracts more rapidly than the near-
surface layer, and the temperature difference and
stresses decrease continuously. At the end of the
cooling process, all stresses have disappeared.
This purely elastic example works only if the

equivalent stress does not reach the temperature-
dependent yield limit during the complete quen-
ching process. However, if the equivalent stress
exceeds the yield strength of the steel, the
exceeding stresses are eliminated by plastic defor-
mation (shaded area of the lower diagram in
Fig. 15), and the resulting stress follows curve b.
After passing the maximum temperature differ-
ence, the stronger contraction of the core leads to
an elastic reduction of the stresses at the surface
(curve c) until the stress conditions in the material
are reversed. Then, the surface of the material
is exposed to compressive stresses and the core
to tensile stresses. After temperatures in the mate-
rial have fully equalized, the stress conditions
schematically indicated in the bottom right of

Fig. 15 remain in the material as residual stresses.
This residual-stress distribution, with tensile stres-
ses in the core and compressive stresses near the
surface, is typical for quenched materials without
phase transformation.
Size and Shape Changes. This analysis indi-

cates that dimensional changes in this example
are ultimately caused by local stresses in excess
of the yield strength of the material and result-
ing plastic deformations. The corresponding
changes in dimensions and shape can be
described by the rule of Ameen. According to
this rule, all materials experience changes in
dimensions and shape, tending to approximate
the shape of a sphere if only thermal stresses
are present during quenching (Ref 14). Figure 16

(Ref 4) shows an originally square billet
dead weight body of 100CrMn6 steel (0.90 to
1.05 wt% C, 0.40 to 0.70 wt% Si, 0.95 to
1.25 wt% Mn, and 0.35 to 1.60 wt% Cr) that was
heated and quenched a few hundred times, which
proves Ameen’s rule very impressively.
In the systematization established by Wyss,

this case is described as tendency II (Fig. 14):
The larger dimension decreases and the other
one increases. The effects of process and mate-
rial parameters in this case can be described as
follows (Ref 15). Size changes as a result of
pure thermal stresses increase with:

� Increasing dimensions
� Increasing quenching temperature

Fig. 14 Three basic tendencies of unavoidable changes in dimensions and shape. Source: Ref 12
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� Increasing quenching rate
� Decreasing thermal conductivity
� Increasing thermal expansion
� Decreasing yield strength

Similar rules also apply to the heating process.
Influence of Biot Number on Size

Changes. The rule of Ameen was found from
the evaluation of quenching experiments with
oil and water. But what happens for smaller
cooling intensities? This question was pursued
by Frerichs, who performed a large number of
experimental and numerical investigations on
the influence of dimensions and heat-transfer
coefficient on size changes (Ref 16). He part-
icularly investigated size changes after gas
quenching. One important finding was that a
dimensionless number named after the French
physicist and mathematician Jean-Baptiste Biot
can be used to describe the size changes of long
cylinders. The term long in this contextmeans that
the length-to-diameter ratio must be at least 3.
The Biot number (Bi) is calculated by the

ratio of heat transfer and heat conduction. Three
parameters are included that characterize:

� The process by the heat-transfer coefficient, a
� The material by the heat conductivity, l
� The component by a characteristic length, L

For the characteristic length, Frerichs at first
chose the diameter (D) of the cylinders. He
used the following definition:

Bi ¼
a

l
� D (Eq 12)

The important second finding was that the
dimensional changes of long cylinders without
phase transformation after a quenching process

depend only on the value of the Biot number
and not on the value of the three defining para-
meters (Ref 16). Figure 17 shows a large num-
ber of simulations with different combinations
of these three parameters. It can be seen that
there are small “scatterings,” but all curves are
very similar and describe something similar to
a master curve that depends only on the Biot
number, as stated previously. This curve con-
sists of three sections:

� Bi < �0.4: No size changes; yield limit of
the material will not be exceeded; no resid-
ual stresses after quenching

� �0.4 < Bi < �3.2: Positive length changes;
negative diameter changes; typical residual-
stress distribution

� Bi > �3.2: Negative length changes; positive
diameter changes mean the rule of Ameen is
valid; typical residual-stress distribution

Therefore, the third finding of Frerichs is
that the rule of Ameen is correct only if the
quenching process under consideration results
in a Biot number larger than approximately
3.2. This means that preferably quenching
processes in oil and water will follow the rule
of Ameen.
Influence of Plastic Strain on Size and

Shape Changes. The reason for the existence
of the change of sign of dimensional changes
has not been given until now. To answer this
question, Frerichs evaluated heat treatment
simulations in more detail. Figure 18 (Ref 4)
shows the distributions of axial plastic strain
and residual axial stress for different Biot num-
bers. Up to the maximum length change in
Fig. 17 (Biot number of approximately 1.3),
positive values of plastic strain in axial direc-
tions predominate in the distribution of this
property. For larger Biot numbers, the portion

Fig. 17 Dimensional changes of long cylinders made of austenitic steel X8CrNiS18-9 (AISI 303) as a function of the
Biot number. Source: Ref 16

Fig. 16 Originally square billet dead weight body after
several hundred salt bath quenching processes.
Source: Ref 4

Fig. 18 Changes of contour and corresponding distributions of plastic deformations and residual stresses in axial
direction for different values of Biot number. (Only a quarter of the cylinder cross section is shown.)
Source: Ref 4
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of the cross section with negative plastic strains
in the axial direction continuously increase and
lead to the observed length reduction for Biot
numbers larger than 3.2.
Figure 18 shows another important result: For

small Biot numbers, the contour of the cylindrical
samples changes according to tendency III.
Therefore, the systematization of Wyss (Fig. 14)
also must be completed, and a differentiation in
dependence on the Biot number must be added.
The Influence of Biot Number on Residual

Stresses. Looking to the residual stresses as a
function of the Biot number, the same trend can
be found for the stress component in the axial direc-
tion: The portion of the cross section with ten-
sile residual stresses in this direction increases
(Fig. 18). However, in all cases, the typical stress
distribution of quenching without phase transfor-
mation has resulted: tensile stresses in the core
and compressive stresses near the surface. How-
ever, itmust bementioned that the simple two-shell
model used in Fig. 15 is not valid near the face sur-
face. Here, the complexity of the tensor character-
istic of stresses must be taken into account.
The Influence of Geometry on Size

Changes. To compare the size changes of dif-
ferent geometries, another more-general charac-
teristic length must be used. Frerichs (Ref 17)
followed a proposal by Kobasko (Ref 18) and
used the ratio of volume (V) and surface (S)
of the samples as the characteristic length.
The Biot number then is given by:

Bi ¼
a

l
�
V

S
(Eq 13)

The volume-to-surface ratio of long cylinders
with diameter D can be calculated quite easily:

V

S
Long cylinderð Þ �

1

4
� D (Eq 14)

Consequently, this definition leads to smaller
Biot numbers, and the correlation between the
Biot numbers with the two different characteris-
tic lengths is given by:

Bi
V

S

� �

�
1

4
� Bi Dð Þ for long cylinders (Eq 15)

Figure 19 compares simulation results of
size changes for long cylinders, plates, and rings
(Ref 17). The Biot numbers of first plastic defor-
mations, extreme size changes, and change of sign
are nearly the same for all investigated geome-
tries. Furthermore, it can be concluded that the
largest dimensions of the simple geometries (cyl-
inder height, average ring radius, and plate radius)
have a similar behaviour, as do the smallest
dimensions (cylinder radius, ring wall thickness,
and plate height). For the third dimension in
between the extreme ones, no general conclusion
is possible on the basis of the data in Fig. 19.
The Influence of Further Material and

Process Parameters on Size Changes. It must
be taken into account that the quantitative
results given in Fig. 17 to 19 are valid only
for the investigated melt of steel grade AISI
303. However, similar dependencies can be
expected qualitatively for each material without
phase transformation. Frerichs has shown that
in addition to the Biot number, only five other
dimensionless numbers are necessary for the
description of thermal-stress-induced size
changes of cylindrical bodies (Ref 17). The rela-
tive length and diameter changes are functions of:

DL

L
¼ f

a

l
�
V

S
; ath � T0 � Tq

� �

; v;
E

s0

;
E

K
; n

� �

DD

D
¼ g

a

l
�
V

S
; ath � T0 � Tq

� �

; v;
E

s0

;
E

K
; n

� �

(Eq 16)

where ath is the coefficient of thermal expan-
sion; T0 and Tq are the initial temperature and
the temperature of the quenching medium,
respectively; n and E are elastic properties
(Poisson’s ratio and Young’s modulus, respec-
tively); and s0, K, and n are plastic properties
(yield stress and parameters of a modified
Ramberg-Osgood model, respectively) (Ref 17).
These dimensionless numbers were identified

by use of the so-called analysis of dimensions,
and the use of them offers two main advantages
(Ref 19):

� If all relevant parameters describing geome-
try, material, and process are known, the
dimensionless numbers governing the distor-
tion behavior of this system can be deduced.
Generally, the quantity of dimensionless
numbers is smaller than the total amount of
influencing parameters.

� If the values of all of the dimensionless
numbers of two geometrically similar bodies
are equal, then the distortion behavior of
these two bodies also is equal.

The second statement is true even when all of
the parameters defining the two configurations
are totally different. In fluid dynamics, this
nature of dimensionless numbers is the basis
for the transferability of results, for example,
obtained with a small model in a wind tunnel
and transferable to a real car or an aircraft.
However, the analysis of dimensions cannot

predict the functions g and f in Eq 16. A first
approach was developed by Landek et al.
(Ref 20). They used averaged material proper-
ties of 28 representative austenitic steels
(Table 1) and the corresponding standard devia-
tions. Based on these data, many finite-element
simulations for long cylinders were completed.
The resulting length changes were fitted by a
nonlinear regression model. Figure 20 shows
the comparison between the simulated and

Fig. 19 Size changes of simple components without undergoing a phase transformation. Source: Ref 17

Table 1 Representative group of analyzed
austenitic steels

Steel grades Steel grades (continued)

27Cr-9Ni (as-cast) AISI 301

19Cr-10Ni-2.5Mo AISI 302

19Cr-9Ni-0.2C AISI 304

19Cr-10Ni AISI 305

19Cr-11Ni-2.5Mo AISI 308

19Cr-9Ni AISI 309

19Cr-11Ni-3.5Mo AISI 310

24Cr-13Ni AISI 314

25Cr-20Ni AISI 315

X8CrNiS18.9 AISI 316

AISI 201 AISI 317

AISI 202 AISI 321

AISI 205 AISI 329

AISI 216 AISI 330

Source: Ref 20
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calculated length changes. The correspondence
is not perfect, but the regression model offers
the possibility for an acceptable estimation of
the length change when the parameters of Eq 16
are known.
Size Changes during a Heat Treatment

Process. Up until now, all statements were
made for distortion behavior as a result of a
heat treatment process when the component
has cooled down to room temperature at the
end of the process. However, the concept of
dimensionless numbers also works during a
process. In this case, instead of time, the Four-
ier number (Fo) must be used:

Fo ¼
l

r � cp
�
t

L2
(Eq 17)

where r is density, cp is the specific heat capac-
ity, t is time, and L is the characteristic length.
Şimşir has shown that in addition to the cooling
curves, all other time-dependent results of a
quenching process (e.g., phase portions, compo-
nents of stress and strain tensor) are equal if the
values of all dimensionless numbers, including
the Fourier number, of two geometrically simi-
lar bodies are equal (Ref 21).

Size and Shape Changes by
Superposition of Thermal Stresses and
Transformations

In the last step of this systematization, it
must be kept in mind that a hardening process
needs phase transformations during quenching,
and to achieve a specific microstructure,
requirements for local cooling rates must be
fulfilled. Consequently, the general example
consists of a component with temperature
gradients—and the corresponding thermal
stresses—and phase transformations, depending
on the local cooling curve. In contrast to the sit-
uation of distortion according to tendency I,
phase transformation gradients exist here and
will lead to transformation stresses. The super-
position of both types of stresses results in a
complex time-dependent stress profile in the
component. The plastic deformations resulting
from this profile during the quenching process
via transformation plasticity and yielding form
the final size and shape changes.
Stress Development and Residual-Stress

State. Figure 21 shows three examples of dif-
ferent interactions between thermal and trans-
formation stresses (Ref 22). The upper parts of
the images show schematically a continuous
cooling transformation diagram and cooling
curves of the surface and core. The lower parts
exhibit the corresponding stress development.
For better understanding, the pure thermal and
the total stresses are presented. Shaded regions
in these diagrams indicate plastic deformations.
Martensitic Transformation before Change

of Sign of Stresses. The example in Fig. 21(a)
analyzes a fully martensitic transformation.
Until the transformation of the near-surface

region starts, only thermal stresses (thin lines)
are generated, which are equivalent to Fig. 15.
The martensite formation starts at the surface
(point 1), and the local volume increases
because of the larger specific volume of mar-
tensite (Fig. 8). As a consequence, compressive
transformation stresses occur, and the total
stress (thick line) is reduced. As a reaction,
the stress in the core (dashed line) starts to
increase, and plastic deformations resulting
from yielding (shaded area) are stopped.
The increase of the total core stresses continues
until the transformation of the core starts
(point 2). The same happens here as just
described for the near-surface region. At the

end of the quenching process, the residual-
stress state consists of tensile stresses at the sur-
face and compressive stresses in the core—
opposite from the situation after quenching
without transformation.
Martensitic Transformation after Change of

Sign of Stresses. The example in Fig. 21(b) also
deals with a fully martensitic hardening pro-
cess. However, in this case, the transformation
starts after the thermal stresses have changed
their sign (time tR). In this situation, the trans-
formation stress at the surface amplifies the
thermal stresses there. The total stress therefore
becomes more negative. The reaction of the
core increases the tensile stresses there. When
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the core starts to transform, the complete stress
state is reduced only slightly. At the end of the
quenching process, a residual-stress distribution
results that is similar to the case of pure thermal
stresses (Fig. 15).
Surface Transformation Starts before and

Ends after Core Transformation. In Fig. 21(c),
transformation of the near-surface region starts
with bainite formation and ends with martensi-
tic transformation. Between the beginning and
end of these processes, the core transforms into
ferrite and pearlite. This scenario contains three
changes of the algebraic sign. At the end of the
hardening process, residual-stress distribution
of the thermal stress type again results.
These examples show that stress generation

and the resulting residual-stress distribution
depend a great deal on the interaction of cool-
ing and transformation behavior, and, in gen-
eral, prediction of the resulting residual-stress
state is not possible without heat treatment
simulation.
Size and Shape Changes. As shown previ-

ously, stress development depends in a complex
way on the interactions between transformation
and cooling behavior. The resulting size and
shape changes in a simple cylinder or ring
may vary between tendency I (only size
changes), tendency II (spherical shape, size
and shape changes), and tendency III (wire-reel,
dimension and shape changes; see Fig. 14). If
high thermal stresses and transformations occur
at different times, the results will be between
sheer size changes and the spherical shape.
The size changes caused by transformations
and the size and shape changes caused by ther-
mal stresses are practically added to each other.
On the other hand, if thermal stresses and trans-
formation occur at the same time, the result is
the wire reel (tendency III; Ref 12, 23).
In Fig. 22 (Ref 23), four cases of different

interactions between thermal stresses and phase
transformation and the resulting size and shape
changes are shown.
Maximum Temperature Difference after Fin-

ishing of Transformation. In Fig. 22(a), a cylin-
der with a diameter of 100 mm (4 in.) and made
from SAE 1015 steel grade was quenched in
oil. The maximum temperature difference
between surface and core (point W) occurs after
the transformation was finished. Therefore, the
resulting distortion corresponds to an approach
to the spherical shape (tendency II).
Maximum Temperature Difference before

Start of Transformation. If the steel grade is
changed to X40Cr13 (0.4 to 0.5% C, <1% Si,
<1% Mn, and 12 to 14% Cr) (Fig. 22b), then
point W is reached before the transformation
starts, and the distortion is similar to the exam-
ple in Fig. 22(a).
Maximum Temperature Difference and Con-

current Core Transformation. In Fig. 22(c), a
smaller cylinder with a diameter of 30 mm
(1.2 in.) and made of SAE 1030 was quenched
in water. Under these circumstances, the maxi-
mum temperature difference appears during
the transformation of the core but before

martensite transformation of the surface starts.
From the systematization of Wyss, it must be
concluded that the wire-reel shape should
result. However, the experiment has shown a
spherical size distortion. The reason for this
can be found in the stress development. When
the maximum temperature difference occurs,
the core is under compressive stress (Fig. 15).
If the transformation starts here, the increase
of specific volume leads to an additional com-
pressive stress. Therefore, the stress situation
equates an amplified thermal stress condition
with the known result in size and shape
changes.
Maximum Temperature Difference and Con-

current Transformations over the Complete
Cross Section. In the last example (Fig. 22d),
a water-quenched cylinder made from AISI
3310 with a diameter of 100 mm (4 in.) was
tested. In this case, point W occurs simulta-
neously with the martensitic transformation of
the surface, before the core starts to form pearl-
ite. Therefore, the wire-reel distortion results.
The Influence of Biot and Other Dimen-

sionless Numbers on Size Changes. In the
preceding paragraphs, simple two-shell models
were used to explain qualitatively the resulting
distortion. This worked quite well for the examples
in Fig. 22(a) through (c). However, for the example
in Fig. 22(d), the result cannot be concluded by
such a simple argument. Furthermore, heat treat-
ment simulations of transformation-free quenching
processes have shown that Wyss’s systematization
is correct only for larger Biot numbers (Fig. 18).
Therefore, it must be concluded that simple argu-
ments can explainmany but not all results. The rea-
son is simply the complexity of distortion and
stress generation.

Martensitic Hardening. Even in the simple
case of pure martensitic hardening of a ring
with a conical cross section, 30 parameters gov-
ern the distortion generation during quenching,
and 26 dimensionless numbers are necessary
to describe the problem (Ref 21). In addition
to the well-known Biot and Fourier numbers,
for example, the martensite-start (Ms) number:

Ms � T1

T0 � T1

that compares the temperature difference between
the martensite-start and coolant temperature with
the maximum possible temperature difference
(hardening temperature minus coolant) is an
important number and has a huge influence on
dimensional changes. Another important number
is the so-called Koistinen-Marburger number:

T0 � T1

M0

where M0 is a material parameter that describes
the kinetic of martensite formation. The dimen-
sional alterations also are sensitive to changes
of this parameter.
The thermal strain number:

1þ nð Þ � a � T0 � T1ð Þ

1� 2 � n

governs one of the dilatational terms in the thermo-
elastic part of the constitutive equations and is
defined by Poisson’s ratio (n) and the thermal
expansion coefficient (a). The sensitivity of dimen-
sional alterations for variations in this number is
similar to the numbers mentioned previously.
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The second dilatational term, the transforma-
tion strain number:

1þ nð Þ � ra � rmð Þ

3 � 1� 2 � nð Þ � rm

compares the density difference of austenite
and martensite. The influence on dimensional
changes is smaller than the effects of the other
numbers, but not negligible.
Definitions of the other dimensional numbers

governing a through-hardening process are
given in Ref 21. They characterize the elastic
and plastic behavior of the material and define
the ratio of properties of the martensite and aus-
tenite phases.
Hardening and Case-Hardening Processes

with Diffusion-Controlled Phase Transforma-
tions. If diffusion-controlled transformations
must be taken into account and/or a case-hard-
ening process should be judged, the number of
parameters increases dramatically. Addition-
ally, it should not be forgotten that the hypo-
thetical experiment assumes many hypotheses
that are not true in the real world of a heat
treater. In such situations, only a heat treatment
simulation can provide ideas about the interac-
tions of the various mechanisms. (See the article,
“Modeling and Simulation of Steel Heat Treat-
ment: Prediction of Microstructure, Distortion,
Residual Stress and Cracking” in this Volume.)
The Influence of Biot Number on Residual

Stresses after a Through-Hardening Process.
The examples in Fig. 21(a) and (b) demonstrate
that for a fully martensitic hardening, the sign
of the residual stresses depends on the cooling
rate and the Biot number. To improve the
fatigue limit of components, the generation of
compressive residual stresses at the surface is
necessary. Therefore, Rath investigated the
influence of the Biot number on stress develop-
ment for through hardening of cylinders made
of the bearing steel SAE 52100 (Ref 24). Figure
23(a) shows the temporal development of axial
surface stresses for different Biot numbers
(defined according to Eq 13). All curves are
qualitatively similar. The largest quantitative
difference occurs between the start of the trans-
formation at the surface (at approximately the
maximum tensile stress) and at the core (mini-
mum of the curves).
Figure 23(b) shows the residual-stress distri-

bution in the radial direction. For a smaller Biot
number, a continuous increase from compres-
sive stresses in the core to tensile stresses at
the surface was found. For higher Biot number
values, a stress maximum near the surface is
formed. Further increase of the Biot number
moves this maximum to deeper regions of the
cylinder, and the surface stresses become nega-
tive. Consequently, there must be a critical Biot
number for zero stresses at the surface (here:
between 2 and 8).
Figure 24 shows the residual stresses at the

surface as a function of the Biot number for dif-
ferent combinations of surface and volume.
First, it can be seen that the concept of a Biot

number also works here. The curve is practi-
cally independent from the values of character-
istic length and heat-transfer coefficient. Only
the value of the Biot number is important. Sec-
ondly, Fig. 24 shows that a critical Biot number
exists (here: approximately 2.75). To produce
compressive residual stresses at the surface of
the cylinder under the given conditions, a mini-
mal value of 2.75 is necessary.
Up until now, the final microstructure of all

presented results in this section consisted of
martensite and 12% retained austenite. How-
ever, what happens when the austenitizing con-
ditions and therefore the martensite-start
temperature and the martensite-formation rate
are changed? To answer this question, Rath per-
formed systematical variations of these two
parameters by using the Koistinen-Marburger
law to calculate martensite formation. (For
details, see the article “Modeling and Simula-
tion of Quenching, Residual Stress, Distortion,
and Quench Cracking Formation” in this Vol-
ume.) Figure 24(b) shows that for larger values
of Ms, comparably small critical Biot numbers
(Bicrit) result that are practically independent from
the Koistinen-Marburger parameter (k). With
decreasing martensite-start temperatures, Bicrit
increases, and a strong influence of k occurs.
Other material properties also influence the

development of stresses. According to the
investigations of Rath, the thermal expansion
coefficient has the largest influence on the criti-
cal Biot number (Ref 25). Furthermore, the

elastic properties of both phases and the ther-
mal expansion coefficient of martensite also
have significant influence.
Quenching processes resulting in larger Biot

numbers are called intensive quenching. Many
investigations concerning this topic were done
by Kobasko and Aronov and are presented in
the Division “Quenchants and Quenching Tech-
nologies” in this Volume.

Avoidable Size and Shape Changes

In practice, it is impossible to approach the
ideal conditions mentioned in the hypothetical
experiment in the previous section. However,
what are the important points if the real condi-
tions must be taken into account?

Distortion Potential

Figure 25 shows some examples of real
conditions. In general, heat treatment of
crown wheels leads to enormous distortion
(Fig. 25a). Therefore, such parts normally are
hardened in quenching presses. What is the
main reason for this result? It easily can be seen
that in the regions of the tooth, the surface is
larger and the volume is smaller compared to
the lower part of the wheel. Consequently, the
tooth cools down much faster, and thermal
stresses rise between the upper and lower parts.
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This can cause a tilting of the complete gear,
even if all other influencing parameters are as
perfect as assumed in the theoretical experi-
ment. The reason for this shape change is the
asymmetry of mass distribution of the crown
wheel—its geometry.
In the Fig. 25(b), the ball is no longer spher-

ical but ellipsoid after hardening. After cutting
it in the direction of the longest axis of the
ellipsoid, an inhomogeneous, asymmetric distri-
bution of microstructure was found. This asym-
metry results from an asymmetric distribution
of the chemical composition, known as segrega-
tion. These two distributions cause complex inter-
actions during heat treatment. The differences in
the microstructure result in local differences of
volume change during austenitizing, and there-
fore, transformation stresses occur. Furthermore,
variations in the chemical composition provoke
an asymmetric, position-dependent transforma-
tion behavior and therefore complex distributions
of stress and strain development.
After heat treatment, the ring in Fig. 25(c)

exhibits a large third-order amplitude in the
Fourier spectrum of its roundness plot. The dis-
tribution of residual stresses measured by x-ray
after machining shows a triangularity similar to
the roundness plot after heat treatment. It
results from the interaction of clamping and
turning during the machining process. During
heating, these stresses are reduced by plastic
deformations that give the resulting size and
shape changes. More details are provided in
Ref 27.
Following these examples, it can be con-

cluded that not only the visible asymmetry or
inhomogeneity of the mass distribution causes
distortion, but also the invisible asymmetries
of other properties can create distortion by
complicated interactions during heat treat-
ment. If a component inhibits such asymme-
tries, it contains a potential for distortion that
will be set free during heat treatment and
cause measureable size and shape changes.
This potential is called the distortion potential
of a component and cannot be measured. Mea-
surable quantities are the carriers of the distor-
tion potential.

Carriers of Distortion Potential

The carriers of distortion potential are the
distributions of:

� Mass (geometry)
� All relevant alloying elements
� Microstructure, including grain size
� Stresses and residual stresses
� Mechanical history
� Temperature

From the viewpoint of process chain simula-
tion, these carriers, with the exception of geom-
etry, are the distributions of the state variables
at the end of a process within the manufacturing
chain and must be given as initial conditions for
the simulation of the next process. However, to
understand distortion generation, the interac-
tions of the state variables during the processes
must be analyzed. This can be done by process
chain simulations (Ref 28– 30).
In the following sections, the carriers of dis-

tortion potential are discussed.
Mass Distribution. Geometry/mass distribu-

tion plays a particular role. On the one hand,
asymmetries in mass distribution can result in
distortion even under perfect conditions, as dis-
cussed for the crown wheel in the section “Dis-
tortion Potential” in this article. For this reason,
a considerable amount of distortion potential is
often created during the design phase of a com-
ponent. According to Ref 31, this amount
already reaches approximately 60% of the total
potential of case-hardened gears.
On the other hand, distributions of the state

variables are defined only in the corresponding
volume and the process parameters, such as
working stresses as well as heat and mass fluxes
(e.g., carbon flux), acting over the surface of
this volume. Furthermore, geometry plays an
active role in distortion generation because the
stress and strain distributions depend on it. In par-
ticular, the stress component normal to the surface
must be zero. Therefore, a given geometry has
something similar to a transfer function. This
function defines the reaction of the geometry to
deviations in the carriers from homogeneity. For

bearing races with a rectangular cross section,
development of the corresponding transfer func-
tion is given in Ref 27 and 32.
Distributions of All Relevant Alloying Ele-

ments and Microstructure, Including Grain
Size. The distributions of the alloying elements
and the distributions of microstructure and
grain size are closely linked. Depending on
the local curve, regions with higher amounts
of alloying elements can form more martensite.
Therefore, in many cases a bandedmicrostructure
can be used as an indicator for corresponding var-
iations of alloying elements. Nevertheless, if the
cooling rate everywhere is larger than the highest
critical cooling rate, then no banded microstruc-
ture will result. This is the reason why, in general,
the alloying elements and microstructure of the
carriers must be analyzed individually.
These distributions cause complex interac-

tions during heat treatment. The differences in
the initial microstructure result in local differ-
ences of volume change during austenitizing,
and therefore, transformation stresses occur.
Furthermore, variations in the chemical composi-
tion provoke position-dependent transformation
behavior and therefore complex distributions of
stress and strain development. If these distribu-
tions have the same symmetries as the mass
distribution of the components, only the size
changes will be influenced. However, if asym-
metries occur, then additional shape changes
can result.
A detailed analysis of this topic is presented

in the article “Distortion Engineering” in this
Volume.
Distribution of Stresses and Residual

Stresses. The role of symmetric stress distribu-
tions during a heat treatment process was dis-
cussed in the section “Systematization of
Unavoidable Size and Shape Changes and
Corresponding Stress Evolution” in this article.
If one of the following occurs, then the plastic
deformations also will become asymmetric:

� Asymmetries in other carriers, which have
consequences for the degree of symmetry
of stress distribution

� Nonsymmetrical distribution of residual stres-
ses after forming or machining processes

� Dead load acts in an asymmetrical way on
the component.

Consequently, additional shape changeswill occur.
Dead Load and Friction. Figure 26 shows

roundness plots of thin-walled rings (145 mm
diameter by 133 mm diameter by 26 mm, or
6 by 5 by 1 in.) made of SAE 52100. These plots
are oriented parallel to the linear supports used
during heat treatment. This behavior results
from friction between the rings and the support
tools, which generates small stresses in the
rings during the heating process. The plastic
deformations result from creep and transforma-
tion plasticity during the formation of austenite.
These mechanisms were identified by heat treat-
ment simulations that took into account the con-
tact between ring and support (Ref 27, 33).

Fig. 25 Real conditions and distortion potential. Courtesy of Wolfson Heat Treatment Centre, IFHTSE, and Maney
Publishing. Source: Ref 26
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Residual Stresses. Another important factor
is the distribution of residual stresses resulting
from processes before heat treatment. Figure 27
shows the results of tests with cold formed
rings. After the forming process, these rings
have residual stresses of �100 to �200 MPa
(�15 to �30 ksi) over the complete cross
section (Ref 34). After an annealing process
with a temperature between 300 and 700 �C
(570 and 1290 �F), roundness plots and residual
stress were measured. Figure 27(a) shows that
with increasing annealing temperature, radius
and ovality changes increase. Figure 27(b) indi-
cates the reason for this result: The average
residual stresses were reduced over the com-
plete cross section. Therefore, elastic strains
occur, and thus, a radius change results. The
ovality increase must be explained by an inho-
mogeneity in the residual-stress distribution
after cold forming that becomes smaller
during the heating process. The measurements
presented in Ref 34 show this effect principally,
but as discussed in Ref 27, many more measure-
ments or simulations are necessary to demonstrate
this mechanism unambiguously. Furthermore,
strain hardening during cold forming is increased.
Therefore, the mechanical history, as discussed
in the next section, also should play an impor-
tant role. However, these two effects can be
separated only by a coupled simulation of form-
ing and heat treatment.
Distribution of Mechanical History. The

role of mechanical history consists of the influ-
ence of plastic deformations on effects occur-
ring after the plasticization. One effect is the
strain-hardening behavior (Bauschinger effect).
Kinematic or isotropic behavior or mixtures
thereof are discussed in this section; more
details can be found elsewhere (Ref 35).
During forming processes, very high degrees

of deformation occur. In this case, recrystalliza-
tion effects must be taken into account. Finally,
the mechanical history can have an influence on
the transformation behavior.

Temperature Distribution. The very impor-
tant role of temperature already was highlighted
during the discussion of unavoidable size and
shape changes. The avoidable distortions, inho-
mogeneities, and asymmetries in the tempera-
ture distribution resulting not from mass
distribution but from heat-transfer conditions
and therefore from the process must be taken
into account. The imperfections in the tempera-
ture distribution resulting from these nonperfect
conditions must be added to the effects coming
from the geometry itself and causing mainly
additional shape changes.

Distortion—A System Property

Figure 28 shows schematically a typical pro-
cess chain for bearing race manufacturing and
some possible modifications of the carriers
along the process chain. The geometry and the
appropriate distortion potential were defined

previously in the design step. During casting,
the chemical composition of the melt and the
corresponding segregations result, and another
part of the distortion potential was inserted into
the component. Geometric modification during
the forming processes also changes the distribu-
tions of segregations. Furthermore, the first
changes of the mechanical history occur. Dur-
ing soft machining, residual stresses will be
generated, and the corresponding plastic defor-
mations modify the mechanical history. Addi-
tionally, there will be an interaction between
these two carriers of distortion potential. Simi-
lar effects happen during heating. The quench-
ing step releases the distortion potential of the
segregations and microstructure by phase trans-
formations, with strong interactions between
both carriers.
The message of these examples is that

modifications of the carriers of distortion poten-
tial can happen during the complete processing

Fig. 26 Characteristic roundness plots after heat treat-
ment of thin-walled bearing races by use of

linear loading tools. Courtesy of H. Surm. Source: Ref 33
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of a component from the design phase through
casting, rolling or forming, soft machining,
heat treatment, and hard machining. Therefore,
distortion is not a problem of heat treatment
alone. Distortion is a system property, and
distortion control during manufacturing pro-
cesses must follow a system-oriented approach.
The corresponding system is the complete
manufacturing chain. According to studies car-
ried out for bearing races in particular, there
are more than 200 parameters that may be
relevant (Ref 37). This is likely the reason that
a system-oriented view of component distor-
tion, emphasizing the relationships between
the individual production steps, can be found
only sporadically in the industry today (2014)
(Ref 26).

The Role of Heating, Austenitizing,
and Carburizing

In general, studies about the influence of heat
treatment on distortion focus on the quenching
process. However, it must be noted that heating,
austenitizing, and carburizing also can be respon-
sible, to a great degree, for the generation of
distortion. During these processes, the thermal
stresses are small in many cases. Therefore, in
general, yielding plasticity does not play a major
role, but transformation plasticity and creep can
have a nonnegligible effect (Ref 27). Further-
more, anisotropic effects, which result from seg-
regations, must be taken into account, especially
during heating (Ref 30, 38).
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HTM Z. Werkstofftech. Wärmebeh. Ferti-
gung, Vol 60 (No. 6), 2005, p 317–322

3. I.N. Bronstein and K.A. Semendjajew,
Taschenbuch der Mathematik, Vol 20, Ver-
lag Harri Deutsch, Thun und Frankfurt/
Main, 1981
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