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ABSTRACT
DILATION DUE TO AUSTENITE 

TRANSFORMATION IN STEEL AS A FUNCTION OF 
. TEMPERATURE AND COMPOSITION 

by
Horacio Fernando Palmero

Chairman: Richard A. Flinn

A great deal of research effort has been devoted to 
measuring the rate of austenite transformation as a func­
tion of composition and temperature, while relatively little 
attention has been given to systematic measurement of the 
dimensional changes accompanying transformation at differ­

ent temperatures and compositions. While the rate data are 
important for hardenability, the dilation data are equally 
important in controlling distortion, cracking, residual 
stresses and weldability.

In this work the length change due to transformation, 
"/ has been determined for a representative group of 
iron-carbon and iron-carbon-nickel alloys and AISI-SAE 
1050, 8640, 4140, 52100 steels over the complete range of 
transformation temperatures. An improved dilatometer 
constructed of fused silica, employing 0.020 in. (0.5 mm) 
thick samples with a high velocity quenching bath was

xvii



developed for this purpose.

The limits of the wide range of dimensional changes 
which were encountered are :

TRANSFORMATION 
PRODUCT

% C TEMPERATURE 
°F K

6^ x 104
(in./in.) or (m/m)

Ferrite and 
Cementite

0.2
1.1

1300
1300

977
977

35
12

Bainite 0.2
1.1

800
800

700
700

53
25

Martensite 0.2
1.1

500(Mf)
-60(Mf)

533
222

63
108

The data indicate that the carbon level was by far
the most important compositional variable affecting 6^.

The significance of the magnitude of these values 
may be demonstrated by recalling that a strain of 30 x IO-4 
can result in a residual stress of approximately 90,000 psi 

2 (620 MN/m ) or would be equivalent to a temperature change 
of 300°F (167 K) in austenite.

Next, the theoretical values of 6% for pure iron 
carbon alloys were calculated from the lattice parameters 
of austenite and its transformation products. These data 
were then compared with the dilatometer data and good 
agreement obtained in the pearlite and martensite ranges. 
The dilation data show consistent deviations in the bainite 
range from the 6 values calculated for transformation to 
ferrite and cementite and these deviations corroborate with 
recent data regarding the non-equilibrium structures of 
bainite.

xviii



I. INTRODUCTION, OBJECTIVES

The transformation of austenite has probably 
received more attention from metallurgists than any other 
topic because it governs the hardening and annealing of 
steel. However, most of the research has been focused on 
the rate of transformation because this governs the harden­
ability and strengthening. Relatively little attention 
has been given to the dilation (usually a pronounced expan­
sion) which accompanies the transformation. Very few 
designers are aware, for example, that a common transforma­
tion gives the order of 30 x 10 * in./in., an expansion 

equal to a temperature change of 300°F in a typical steel. 
Also it should be realized that an elastic strain of this 
magnitude is equivalent to 90,000 psi residual stress.

The average metallurgist associates quench crack­
ing with thermal stresses alone but a dramatic example of 
the importance of the stresses produced by transformation 
is given in commercial heat treatment. In treating austen­
itic manganese steel castings (12% Mn), the usual practice 
is to heat a container full of a variety of shapes and 
sections to 1900°F and then plunge into cold water. No 
cracking occurs because there is no phase change. The 
same experiment would actually be dangerous with plain 
carbon or low alloy steel castings. Aside from cracked 
parts, dangerously high levels of internal stress would be 
present.

1
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The temperature at which the transformation expan­
sion takes place is of equal importance to the magnitude. 

Many composite structures are being cast or fabricated by 
welding or powder metallurgy and,even if the part is cooled 
uniformlyftransformation may occur at a different time in 
different portions of the structure leading to distortion, 
cracking or residual stress. There are many cases on 
record in which a metallurgist has devoted a good deal of 
effort to obtain high hardness and strength (as measured 
in a test bar) only to have an actual component fail catas­
trophically because of the level of residual stress pro­
duced by neglected dilation due to transformation.

With these factors in mind the objective of this 
research is to provide a quantitative knowledge of the 
variation of the dilation due to transformation (usually 
an expansion) as a function of temperature over a wide 
range of iron carbon alloys and steels. The simplest 
m®fhod is by using a quenching dilatometer but correlation 
of the data with calculations of expansion from basic 
lattice parameter measurements is also accomplished.

For general reference and to call attention of 
design engineers to the transformation dilation the use of 
the simple symbol, 5, called the transformation coeffi­
cient (linear) and 6v, the volumetric transformation 
coefficient, is proposed* with dimensionless units 
(in./in.) or (in.^/in.^) respectively.



II. REVIEW OF THE LITERATURE

In preparation for this investigation it was 
necessary to review five divisions of the literature :

A. Dilatometer construction
B. Previous measurements of transformation length 

changes

C. Lattice parameter measurements of austenite 
and its transformation products

D. Previous calculations of transformation length 
changes from lattice parameter data

E. Related data on bainite and martensite 
transformation.

A. Dilatometer construction
The dilatometric technique has been used in 

numerous investigations as an accurate and simple experi­
mental apparatus to measure dimensional changes caused by 
a wide variety of physical phenomena in different materials. 
Thermal expansion or contraction, structural modifications 
in crystalline materials, magnetostriction, electrostric­
tion and piezoelectric effects are some of these phenomena.

Since the dimensional changes are different in 
magnitude and are produced under different conditions, the 
dilatometers that have been developed in each case have 
their own characteristics, e.g. principle of design, 
accuracy, range of temperature, type and dimension of

3
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specimen, etc.

The dilatometers used to study structural modifica­
tions of crystalline materials are of two types; the 
differential dilatometer and the non-differential or abso­
lute dilatometer. In the former, changes in length of the 
sample in study are compared with those of a standard 
sample of known behavior under the specific treatment, and 
the relative dimensional change is used to compute the 
elongation of the sample under study. The non-differential 
or absolute dilatometer measures directly the length change 
of the sample under study, without the^need of a reference 
sample.

With both types, quantitative length changes due to 
transformation can be determined over a wide range of con­
ditions of temperature and cooling rates.

The main characteristics of the dilatometers used 
for the study of structural modifications and for the deter­
mination of the coefficient of thermal expansion can be 
classified as follows : CODE 
A) TYPE OF DILATOMETER: 1. Non-differential or Absolute (A)

2. Differential (d)
B) ELONGATION READING DEVICE
1. Electronic or electric transducer (E)
2. Lever : I) Optical: a) With enlarger or microscope (LOE)

b) Without enlarger or microscope (LO)
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II) Mechanical- a) With enlarger or CODE

microscope (LME)
b) Without enlarger or 

microscope (lm)
3. Concentric fused silica tubes and gage (g)
4. Optical interferometer
C) ELONGATION, TEMPERATURE AND TIME RECORDING
1. Photographic or filming device (PF)
2. Electro-mechanical recorder X-Y type (emr)
3. Electronic recorder X-Y-Z type (ER)
D. SAMPLE
1. Shapeî a) Prism (p)

b) Cylinder 
c) Hollow cylinder (Hc^

2. Length (given in inches )
3. Sample-dilatometer connection

a) Hook (specimen in tension) (H)
b) Compression contact (specimen in 

compression) (DC)
E) ATMOSPHERE-SAMPLE INTERACTION
1. Protective atmosphere 

a) Inert gas (PAIG)
b) Vacuum (PAV)

2. Atmosphere used to incorporate some alloying 
elements (AA)

3. Atmosphere used as the heating or cooling medium (AHC)
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F) HEATING DEVICE CODE
1. Furnace (F)
2. Gas (G)
3. Molten metal (MM)
G)

1.
COOLING MEDIUM
Liquid quenching (LQ)

2. Gas (G)
H) SENSITIVITY OF THE ELONGATION READING INSTRUMENT

I)
1.

(given in angstroms) 
USES OF THE DILATOMETER
Study of allotropic transformations (AT)

2. Determination of the coefficient of thermal

3.
expansion
Other uses

(TE)
(0)

The characteristics of some dilatometers found in the
literature review are summarized in Table 1.

B• Previous measurements of transformation 
length changes

Since the mechanism, morphology and kinetics of forma­
tion of pearlite, bainite (upper and lower) and martensite 
are substantially different, it was expected that the trans­
formation mode would affect the length changes accompanying 
their formation. Due to the fact that some transformations 
require too long a time to be completed or that, at the TTT 
diagram nose the incubation time is sometimes so short 
that it does not allow a complete quench of the austenite
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Table 1. Summary of dilatometer characteristics 
in the literature search

A) Type of Dila­
tometer

Q < < Q C

8H Eh 
Ui

B) Elongation 
Reading Device
C) Elongation, 
Temperature and 
Time Recording
DI) Sample

Shape
D2) Sample 

Length
D3) Sample-Dila-
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k ft
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w
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H
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8

tometer Connect.
E) Atmosphere­
Sample Interac­
tion

F) Heating Device
G) Cooling Medium
H) Sensitivity of 
the Elongation 
Reading Instrument
1) Uses of the 
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to bath temperature, it is difficult to find complete 
series of measurements from the eutectoid temperature of 
an alloy down to its Mf. However, some series have been 
reported although for different purposes and in some cases 
not allowing complete austenite decomposition or reporting 
only measurements at widely separated temperatures which 
might lead to errors in interpolation.

Hehemann(21) in an attempt to define the tempera— 
ture at which bainite formation starts reports a series of 
dilatometric measurements on an AISI-SAE 4340 steel at the 
kainite range of temperature and most of the reported 

measurements do not include complete austenite decomposi­
tion.

Flinn, Cook and Fellows (2) report a series of 
length vs, time curves for isothermal quenches on a low 
carbon content low alloyed steel and on a carbon tool steel 
of the following compositions: Low Alloyed Steel: 0.30% 
Carbon, 1.63% Manganese, 0.49% Silicon, 0.44% Chromium 
and 0.33% Molybdenum (10 measurements between 1300 and 
300°F); Carbon Tool Steel: 1.04% Carbon, 0.29% Manganese, 
0.17% Silicon, 0.05% Nickel and 0.04% Chromium (5 measure­
ments between 1300 and room temperature).

c« Lattice parameter measurements of austenite 
and its transformation products

1. Pure Iron
Basinski, Hume-Rothery and Sutton (22) performed 
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x-ray diffraction measurements of the lattice parameter of 
pure iron at different temperatures up to delta iron 
tempe ratures. Both unfiltered Mn and Co radiations were 
used in the experiments and the calculations of the 
lattice spacings were made by standard measurement and 
extrapolation techniques. The results of this investiga­
tion are included in a later discussion and suggest that 
the forces responsible for ferromagnetism do not affect the 
interatomic distances by more than one part in 10000, in 
agreement with Esser and Muller (23) and in contradiction 
to Schmidt (24). The reported results are accurate to 

. . o
within 0.0002 A and show that the lattice parameter of 

at 20°C is 2.8606 A and that its mean coefficient of 
thermal expansion as a function of the temperature varies 
from 14-14.8 x 10 $(°C "5. Table 2 shows a summary of the 

mean coefficient of thermal expansion of otFe as determined 
by Basinski et al. (22), Nix and McNair (25) and Austin 
and Pearce (26).

Table 2. Summary of Mean Coefficient 
of Expansion of a-Fe

-F _ 1 Lt ” Lo , _6
temperature a - lo t *10

range Austin & Nix & Basinski(°C) Pearce (26) McNair (25) et al. (22)
0 to 300 13.1 13.3 14.0
0 to 400 13.7 14.0 14.2
0 to 500 14.4 14.5 14.4
0 to 600 14.7 14.9 14.6
0 to 700 14.9 15.0 14.7
0 to 800 14.9 — 14.8
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Straumanis and Kim (27) provided measurements of 
the lattice parameter of pure iron to ±0.00002 A. The 
reported equations for a and yFe are respectively: 
a(A) = 2.8759(1 + 14.79’10 (T-250)) for aFe and a(A) =
3.6566(1 + 21.5’10 ®(T-900)) for yFe, where T is the 

temperature in °C. A comparison between the thermal co- 
efVicient of aFe calculated from the lattice parameter and 
measured by dilatometry by Sounders and Hidnert (30) reveals 
a reasonable agreement as shown in Table 3. Finally, this 
work agrees with the one by Basinski et al. (22) in that 
there is no change of lattice parameter of aFe at the Curie 
temperature (768°C).

Table 3. Thermal coefficient of expansion 
of a-Fe (27)(28)

x 106(°C-1)

Temp, in °C 200 300 400 500 600 700 800
(X-ray (27) 14.8 14.8 14.8 14.8 14.8 14.7 14.7
( di 1atom.(28) 14.5 15.5 16.2 16.1 15.8 15.8 15.4

2. Iron-carbon Alloys
So far the effect of carbon upon the lattice para­

meter of alpha and mainly of gamma iron has not been con­
sidered. However, for the purpose of the present work 
these data together with equivalent data for cementite and 
martensite are critical since calculations of the transfor­
mation coefficient are performed at temperature and as a 
function of the carbon content. •
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Several papers by Ridley and Stuart, 1966 (11), 
1970 (31) and personal communication (33) deal with lattice 
parameters of ferrite, austenites and cementite. In their 
1966 paper (11), the lattice parameter and thermal coeffi­
cient of expansion of cementite are specifically studied and 
are reported together with similar data for ferrite and 
0.81% c austenite. The lattice parameter measurements were 
made on pure iron, on ferrite and cementite coexisting in 
situ in a 1.44% C alloy of high purity, and on cementite 
electrolytically extracted from the alloy. The equipment 
used was a modified Unicam S70 with a temperature control 
that at worst was ±2°C and in most cases considerably 
better. The camera was evacuated to improve temperature 
control and to reduce the exposure time. Cementite, pure 
iron, ferrite and 0.81% G austenite were exposed with Co-Ka 
radiation. The calculations of the lattice parameters of 
cubic materials were performed by the usual Nelson and 
Riley method (38) while the calculations for orthorhombic 
cementite parameters (a, b and c) were performed by the 
"least squares" method used by Cohen (39) and corrected 
with the systematic error correction of Nelson and Riley 
(38). The calculations in this latter case were performed 
by a computer using the Hoff et al. (40) method for ortho­
rhombic materials. This technique gave a reproducibility 
of ±0.0002 A for pure silver (used to measure temperature), 
pure iron, ferrite and 0.81% C austenite. The reproduci­
bility of cementite measurements was ±0.0005 A. These
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measurements do not include refraction corrections.

For the calculations performed in the present work 
only the lattice parameters of ferrite and cementite in 
situ in a 1.44% C pure Fe-C alloy were used. The results 
of these measurements are transcribed in Appendix I from 
the author's personal communication (33) of the numerical 
results. Ferrite and cementite lattice parameters are 
plotted later as function of the temperature.

Table 4 shows a summary of room temperature lattice 
parameters of cementite (as in Table III, page 712 of 1966 
Stuart and Ridley's paper) by Lipson and Fetch (15), Hume- 
Rothery (16), Jack (41), Belikov and Savinskaya (17) and 
Stuart and Ridley (11).

Table 4. Summary of room temperature lattice 
parameters for cementite

Investigator
ÔLattice Parameter (A) Density, 

g/cm3a b c
Lipson and 
Fetch (15)

4.5235 5.0890 6.7433 7.67*

Hume-Rothery 
et al. (16)

4.5246 5.0876 6.7403 7.67*

Jack (41) 4.5255 5.0885 6.7431 7.67*
Belikov and 
Savinskaya (17) 4.5246 5.0870 6.7428 7.67*
Stuart & Ridley 
(23 = C) (ID

4.5246 5.0884 6.7423 7.67

♦Calculated from the lattice parameters given by these 
workers
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Table 5 is a summary of the (three directional, the 
volume and the mean linear) expansion coefficients for 
cementite as reported by Stuart and Ridley (11).

Table 5. Summary of expansion coefficients for 
cementite (x 10-6 °C-1) from Stuart 

and Ridley (11)
Temp, 
range 
°C

Direction Mean Expansion Coefficient
a b c Volume Linear

23-100 7.46 1.28 8.86 17.60 5.87
23-200 7.87 2.44 9.64 19.95 6.65
23-300 8.30 3.55 10.44 22.29 7.43
23-400 8.79 4.90 11.41 25.10 8.37
23-500 9.31 6.80 12.50 28.61 9.54
23-600 10.04 9.06 13.70 32.80 10.93
23-700 11.23 11.73 14.94 37.90 12.63

In another paper by Ridley and Stuart (31), aus­
tenite lattice parameter measurements were repeated and 
extended to five pure Fe-C alloys supplied by BISRA 
(0.32-0.62-0.86-1.02-1.17 and 1.44% C respectively.) Most 
of these measurements were performed with the Unicam SI50 
high-temperature x-ray camera that can work up to 1400°C 
but is limited to only 1200 °C because of the quartz capil­
laries) . The camera was evacuated during use and cali­
brated against spectrographically pure grades of silver 
(99.99%) and iron (99.986%) by means of the lattice para­
meter relationships reported by Hume-Rothery and Reynolds 
(42), by Basinski et al. (43) and by Goldschmidt (36).
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A few measurements were performed with the modified Unicam 
S70 setting as reported by the same authors in their 1966 
paper (11). As in the previous work, Co-Ka radiation was 
used to expose the 0.5 mm diameter thin—walled evacuated 
quartz capillaries containing stress relieved filings that 
passed through the 200—mesh British Standard sieve but were 
retained in a 350-mesh. Lattice parameter calculations 
were performed from the high Bragg-angle lines using the 
extrapolation methods of Taylor and Sinclair (37) and 
Nelson and Riley (38). The reproducibility attained was 
±0.0002 A and the temperature control was ±2°C (K). The 
numerical results are summarized later in Appendix 1.

The following are linear equations reported by 
Ridley and Stuart for the lattice parameter of austenite 
as a function of the carbon content and at given tempera­
tures :

*25°c(A) = 3.5735 + 0.0316 wtr%C 
^727 = C^^ = 3.6300 + 0.0296 wtr%C 
^!2OO°C^ = 3-6681 + 0.0282 wtrIC 

It should be emphasized, however, as Ridley et al. pointed 
out (32), that these lattice parameter equations are the 
result of linear extrapolation from high temperature 
lattice parameter measurements and should not be confused 
with the equation reported by Roberts (13) for the retained 
austenite lattice parameter :

aRT (A) 3.555 + 0.044 wtr%C
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3. Martensite
The data presented up to this point are sufficient 

for the calculation of the transformation coefficient of 
austenite to ferrite + cementite. To perform the calcula­
tion for martensite transformation it is necessary to know 
the lattice parameters(a and c) of tetragonal martensite or 
the expanded "a" parameter of cubic martensite at the tem­
perature and for the carbon content the transformation 
coefficient is to be calculated. Due to the high speed at 
which martensite tempers, it has not been possible to find 
as accurate data for martensite as for ferrite, cementite 
and austenite lattice parameters. This is demonstrated by 
the scatter presented in Roberts report (13) of the lattice 
parameter of tetragonal martensite at room temperature as 
a function of the carbon content of the alloy. Part of 
the scatter can be due to elastic stresses as well as to 
the difficulty in obtaining virgin martensite. Roberts’ 
report summarizes the following papers : (measurements 
between 0.5 and 1.8% C) Hagg (44), Ohman (45), Honda and 
Nishiyama (46), Seijakov, Kurdjumov and Goodtzov (47), 
Lipson and Parker (49), Mazur (50), Arbuzov (51) and 
Fletcher (52). Without considering the Seijakov et al. 
data, because it is too low as compared to the other 
results, the martensite parameters at room temperature as 
reported by Roberts can be described by the following 
equations :
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a(Kx) = 2.861 - 0.013 wt-%C 
c(Kx) = 2.861 + 0.116 wt-%C 

The maximum scatter seems to be within ±0.01 Kx. As men­
tioned before, this paper reports the lattice parameter of 
retained austenite at room temperature as a function of the 
carbon content of the Fe-C alloy (not necessarily the same 
as the carbon content of the retained austenite) as :

a__(Kx) = 3.548 + 0.044 wt-%C

In this case, the scatter is approximately ±0.005 Kx. 
Roberts’ summary report on martensite also presents two 
graphs of the volume percent of retained austenite as a 
function of the carbon content after room temperature and 
liquid nitrogen quenches of pure Fe-C alloys as reported by 
Roberts, Averbach and Cohen (53), Esser and Bungardt (54) 
and Averbach, Castleman and Cohen (55).

Fasiska and Wagenblast (9) have measured the dila­
tion of aFe caused by interstitial carbon as a function of 
the atomic percent carbon in solution. The measurements 
were performed by dilatometry at 719°C and by x—ray dif­
fraction (diffractometry and Debye-Scherrer methods) 
measurement of the lattice parameter at room temperature. 
With both methods the result was the same, (29 ±3)10 */ 

(at. % C) and is temperature independent within experi­
mental error. The carbon contents tested ranged up to 
0.11 at. % C and were obtained by carburization of thin 
specimens. Their equation for the lattice parameter of
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BCC iron at room temperature is :
^RT(A) = (2.8664 + 0.0001) + (8.4 + 0.8)10~3 at. % C

Magee and Davies (56) used this equation in their calcula­
tions to extrapolate the lattice parameter of BCC martensite 

up to 0.8 wt % C.
The thermal coefficient of expansion of martensite 

has not been reported although it is probably close to that 
ferrite. The experimental difficulty in measurement is 

the tempering which occurs on heating even at lower 
temperatures of martensite formation.

D• Literature search on calculations of 
transformation coefficient from lattice 

parameter data
in previous work a few calculations of the trans­

formation length change have been made for simple cases. 
Also the growth during heat treatment has been investi­
gated. First the transformation coefficient of the a-y Fe 
phase change in pure iron may be considered. The results 
of several investigators are summarized in Table 6. There 
is a reasonable agreement among the last four values.

Lement (59) presents a series of calculations 
using lattice parameters to determine size changes at room 
temperature for different carbon contents in the hardening 
and tempering heat treatments of tool steels. The trans­
formation coefficients as defined in the present work could 
be calculated at room temperature from his summary graph of
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at 910°C

Table 6. Summary of Transformation Coefficient 
(x 10 ) of the a-y Fe Phase Change

Souders & 
Hidnert 
(1922) 
(28)

Sato 
(1925) 
(58)

Smith & 
Thompson 
(1952) 
(57)

Basinski, 
Hume—Rothery 
& Sutton 
(1954) (22)

Straumanis 
& Kim** 
(1969) (27)

Ridley & 
Stuart* 
(1966-70) 
(11)(31)

1.6 28.2 38.7 35.4 31.3 37.0
Extrapolated to 0% C from calculations performed at carbon 
contents from 0.32 to 1.44% C using equations derived in 
present work from (33).
♦♦Calculated from the lattice parameter equations reported 
tor a and y Fe extrapolated to 910°C.

the specific volume of austenite, ferrite + cementite aggre­

gate, ferrite and epsilon carbide aggregate, low carbon 
martensite and epsilon carbide aggregate and martensite. 
However, since the accurate high temperature austenite lat­
tice parameter measurements performed by Ridley and Stuart 
(11,31) were not available to Lement in 1959, he uses 
Roberts (13) lattice parameter summary equation for retained 
austenite. Because of this the transformation coefficient 
of low carbon content alloys would have a positive error 
both for pearlite and martensite transformation coefficients. 
This error would give a slight decrease of the martensite trans­
formation coefficient with increased carbon content as cal­
culated from the specific volumes in contradiction with 
Magee and Davies (56). It should be emphasized, however, 
that Lement calculations of dimensional changes (not trans­
formation coefficients) are not affected because the lattice 



19

parameter of retained austenite is used correctly.
Magee and Davies (56) have reported transformation 

coefficient calculations for tetragonal martensite from 
Ridley and Stuart and Roberts and for cubic martensites 
from Fasiska and Wagenblast (9) data for Fe-C alloys. As 

is shown later these calculations have been performed at 

room temperature presumably assuming 100% transformation 
from austenite to martensite, not taking into account the 
rather large amounts of retained austenite that would 
result even with very low temperature quenches. It is 
reported that the major factor in establishing the magni­
tude of the martensite transformation coefficient is 
whether or not the austenite phase of the given alloy 
exhibits Invar behavior. However, only highly alloyed 
steels exhibit Invar behavior. Magee and Davies’ calcu­
lations for alloys containing up to 5% Cr, 5% Mn or 10% Ni 
do not show any appreciable difference from pure iron 
alloys, while alloys with Invar behavior (with up to 25% 
Ni-30% Co) do not exhibit the large volume changes calcu­
lated for non-Invar alloys of the same carbon content.

E. Related topics 
Other data regarding austenite transformation which 

are used in the analysis of the results are as follows : 
Flinn, Cook and Fellows, in the previously reported 

paper (2), also describe a simple technique to determine 
the Ms temperature from dilatometric data. Since it is
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going to be discussed further later, it is not described
here. It is only to mention that the same principle for 
determining Ms temperature has been extended in the present 
work to determine Mf.

Hehemann(21) also reports a dilatometric contrac­
tion curve that describes the transition from epsilon car­
bide to Fe3C. This is of interest mainly for the temper­

ing of martensite, but it can be of significance in under­
standing the transformation mechanism of lower and perhaps 
upper bainite. It is also reported that Si delays this 
transformation. It is also stated that incomplete trans­
formation can occur in bainite formation and that in hypo­
eutectoid steels the carbon content of the untransformed 
austenite tends to increase, while in hyper-eutectoid 
steels the carbon content of the remaining austenite tends 
to decrease.

Fletcher and Cohen (60-62) present data on dimen­
sional stability of tool steels. In the first part (60), 
dilatometric measurements were made of the length changes 

occurring during subatmospheric treatments after oil or 
water quenching to room temperature as a function of the 
tempering time at room temperature. In other words, the 
degree of austenite stabilization is measured quantita­
tively both by dilatometry and x-ray diffraction. The 
second part of the work (61) shows that when martensite is 
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produced in a quench to room temperature and then tempered, 
this treatment stabilizes the retained austenite so that it 
does not transform with refrigeration later. The third 

part of the work (62) deals with austenite and martensite 
decomposition at room temperature as a function of the 

tempering temperature and time after either RT or sub- 
atmospheric quenching. From this research, it can be con­
cluded that the faster the quench to the desired martensite 
transformation temperature, the smaller the degree of 
austenite stabilization. In other words, if a stepped 
quench is performed in a total period of a few minutes, 
there is no danger of large amounts of austenite stabiliza­
tion. Therefore any untransformed austenite resulting 
from a fast quench to a given temperature can be considered 
as normal retained austenite.

As mentioned earlier, the carbon content of the 
metastable retained austenite may not be the same as the 
carbon content of the alloy and this fact would varv its 
lattice parameter. However, even if the carbon content 
does not vary, the lattice parameter of austenite can be 
altered by elastic stresses from what would be expected 
from extrapolation of high temperature measurements. This 
fact is clearly illustrated by Yershov and Olson’s paper 
(14). The lattice parameter of austenite of alloyed 

steels of relatively high hardenability was measured every 
20 or 30 C at the upper and lower bainite and in the
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martensite temperature ranges. When the quenching speed 
was high enough to avoid high temperature transformation, 
the plot of the lattice parameter of austenite vs. tempera­
ture was a straight line from the austenitizing temperature 
down to the Ms temperature. Below Ms, coherency between 

martensite and austenite expanded the austenite unit cell 
with respect to the mentioned straight line. Later, at 
about 30 to 50% martensite formation, Coherency between 
the network of martensite and retained austenite was dis— 
rupted with further cooling as evidenced by the return of 
the lattice parameter contraction to the extrapolated line. 
Coherency can also be destroyed by a tempering of a 
structure with 30 or 50% martensite plus the stressed 
austenite, at some higher temperature, as shown by another 
series of lattice parameter measurements. The lattice 

parameter of untransformed austenite than follows the 
original "free" austenite line on a subsequent quench. 
However, if the original quench from austenitizing tempera­
ture is not fast enough to avoid high temperature trans­
formation , the austenite lattice parameter line of hypo­
eutectoid steels is shifted upwards (lattice parameter 
expansion) and parallel to the original line revealing an 
increase in the carbon content of the untransformed 
austenite.

Therefore, Yershov and Olson’s paper is in contra­
diction to Roberts equation of the lattice parameter of 
retained austenite. The former have measured even positive
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or at most no deviations from a linear extrapolation 
while the latter has summarized the data of other authors 
and predicted a negative deviation for carbon contents up 
to 1.45% C. As suggested by Ridley et al, this is a 
matter of controversy and there is further work in progress 
to test whether fast quenches can avoid the negative 
deviation observed especially in low carbon alloys, by 
avoiding possible carbon segregation or even precipitation 
as epsilon or Fe^C in the high density network of lattice 
defects generated in retained austenite as martensite forms. 
This would lower the retained austenite carbon content with 
respect to the overall carbon content of the alloy and 
explain the lower lattice parameter measured at low carbon 
contents (refer to Ridley, Stuart and Zwell (32) , Fig. 1) .

In conjunction with this matter, it is interesting 
to compare the previous discussion regarding carbon con­
tent in retained austenite during martensite transforma­
tion with the carbon content of untransformed austenite 
in bainite transformation. According to Hehemann as stated 
before, in hypo-eutectic steels untrans formed austenite 
would have a tendency to increase in carbon content with 
respect to the overall carbon concentration and vice versa 
for hyper-eutectoid steels. This could be due to a) a 
lower density of lattice defects in bainite than in mar­
tensite , b) a longer transformation time, therefore allow­
ing more time for the carbon concentration of austenite 
to go to the a+y-y line and c) the higher temperature that 
would favor carbon diffusion.



III. EXPERIMENTAL PROCEDURE

This section is divided into five parts :
(1) Description of materials and specimen 

preparation.

(2) Equipment and conduct of the experiments. 
(3) Explanation of dilation curves(schematic). 
(4) Experimental problems.
(5) Experimental errors.

A) Description of materials and specimen preparation 
The materials listed in Table 7 fall into three 

groups. High purity Fe-C alloys were investigated first 
and specimens were obtained from BISRA and the U.S. Steel 
Research Laboratory materials. These were vacuum melted, 
carbon deoxidized materials.

When it became evident that some transformation 
was encountered during quenching with the lower carbon 
alloys, a new series was planned with nominally 5% Ni. 
These alloys were melted under argon and cast at the 
General Electric Research and Development Center. The 
ingots were homogenized at 1000°C in dry argon for 24 hr, 
the hot rolled in an argon atmosphere from a 0.56 x 2 in. 
(14 x 51 mm) cross section to 0.100 in. (2.5 mm). The 
samples were then cold rolled to 0.080 in. (2.0 mm), 
annealed at 1832°F (1273°K) for 30 minutes in dry argon 
and mechanically straightened.

24
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Table 7. Summary of chemical composition and heat 
numbers of the alloys used

Heat 
No. Chemical Composition in wt % Source

Pure "Fe-C" Alloy Series
1 0.16% C USS Co.
2 0.31% C USS Co.
3 0.36% C BISRA
4 0.42% C All heats were vacuum USS Co.
5 0.55% C melted and carbon de- BISRA
6 0.61% C oxidized. All other USS Co.
7 0.76% C elements concentration BISRA
8 0.64% C is <0.01. BISRA
9 1.10% C BISRA

10 1.28% C GE

Pure "Fe-C-5% Ni" Alloy Series
11 0.23% C~4.55% Ni All other GE
12 0.44% C-4.58% Ni elements concen- GE
13 0.72% C-4.63% Ni tration is GE
14 1.13% C-4.70% Ni <0.01. GE

AISI-SAE Steel Series
NO. C Mn Cr Ni Mo Si

15 4140 0.38 0.93 0.93 — 0.16 — M&M Dept.
16 4140 0.39 0.86 0.99 — 0.22 0.28 USS Co.
17 8640 0.40 0.84 0.49 0.54 0.22 — M&M Dept.
18 8640 0.38 0.89 0.61 0.62 0.21 0.31 USS Co.
19 52100 0.99 0.36 1.47 0.11 0.02 0.27 0.07 Cu
20 1050 0.49 0.40 <.01 <.01 <.01 <.01 M&M Dept.
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Fig. 1. Overall view of the dilatometer
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The third group of samples was composed of repre­
sentative AISI-SAE steels.

In all cases the samples were machined to 0.060 in. 
(1.5 mm) with a shaper and then carefully surface ground 
(wet) to 0.030 x 1/2 x 4-1/2 in. (0.76 x 12.7 x 114 mm). 
The distance between the furthest edges of the holes 
(contact points) was 4 in. (102 mm).

B) Equipment and conduct of the experiments
Basically the apparatus used in the present work 

consists of four parts, Fig. 1:
(1) Dilatometer
(2) Austenitizing furnace
(3) Quenching pot
(4) Recording device.
Before describing the details of the equipment, the 

conduct of a typical run may be discussed. The sample is 
first placed in the dilatometer at room temperature. The 
austenitizing pot, at 1650°F (1172 K) , for example, is 
raised to cover the specimen, Fig. 1A. After the sample 
is fully austenized, the austenitizing pot is lowered 
quickly and the quenching pot is swung over and up around 
the specimen, Fig. IB. The movement of the dial gage is 
recorded with a movie camera at 16-64 f.p.s. The critical 
portion of the quench, that is, the immersion of the spec­
imen in the quenching pot, takes less than 1 sec.
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(A) Dilatometer
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Once the specimen attains the quench bath temperature, 
recording of specimen length and time are taken by single 
frame exposures.

As one indication of the completeness of isothermal 
transformation, especially in the ferrite-pearlite range 
of hypoeutectoid steels, the quenching pot is lowered and 
the sample (in place at the dilatometer) is cooled to room 
temperature and then reheated by raising the quenching pot. 
If this causes an increase in length, the isothermal trans­
formation was incomplete and the run is rejected.
(1) Dilatometer. The quenching dilatometer was designed 
to provide a very rapid quenching rate and is a modification 
of an earlier design (1). The outer fused silica tube, 
Fig. 1,2A, is anchored to the supporting fixture. The 
specimen is hung from a fused silica hook at the bottom of 
the outer tube and then the inner tube is hooked into the 
lower hole of the specimen, placing the sample in tension. 
This is a key feature because in this way thin samples can 
be used which would buckle if loaded in compression. The 
dial gage is then fastened to the top of the inner tube 
and the spring loaded tip of the gage contacts a platform 
attached to the outer tube. The dial gage and timer are 
photographed at 16 frames/second for the initial stages of 
a run. The tubes are separated by the three beads of silica 
fused to the inner tube.

Another important feature is that the dilatometer 
is stationary and the moving units to perform the heat 
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treatment are both the austenizing and quenching furnaces. 
This allows more stable dilation readings to be obtained.

The dial gage sensitivity is 0.0001 in. (2.5 ym) and 
the range or maximum displacement is 0.400 in. (10.2 mm) . 
The same dilatometer support is used to hold the timer 
close to the dial gage. The smallest scale reading of the 
timer is 0.1 seconds.
(2) Austenitizing pot. The austenitizing furnace is 
a 15% chromium, 12% nickel steel crucible, 3 in. (76.2 mm) 
diameter and 8 in. (203.2 mm) height containing commer­
cially pure lead. It is heated with a chromel (grade A) 
wire winding (9 0 volts - 15 amps for the maximum power 
output). The maximum operating temperature, 1750 to 1800°F 
(1227-1255 K) is set by the danger of generating excess­
ive lead vapors. The oxidation of lead is reduced with a 
layer of cocoanut charcoal* Lead oxides react with the 
fused silica tube forming a low melting point yellow 
glass which interferes with the proper operation of the 
dilatometer. The charcoal layer also prevents, at least 
partially, the escape of lead vapors. The whole furnace is 

supported by a triangular platform that allows the furnace 
to move up and down as illustrated in Fig. 1.

The advantage of using lead as the heating medium 
is that lead does not dissolve carbon and iron does not 
dissolve lead. Therefore neither decarburization nor lead 

contamination of the specimen can occur. Specimens used 
*An oxidi zed bath would decarburize the specimen surface. 
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for a number of long time, high temperature runs were 
examined for decarburization metallographically and no 
signs could be found even in hypereutectoid alloys.
(3) Quenching pot. This furnace is very similar to the 
austenitizing furnace but it is of larger size [diameter: 
3.5 in. (89 mm) and height: 10 in. (254 mm)] to minimize 
the rise in bath temperature when the hot sample and lower 
portion of the dilatometer enter the bath, Fig. 2-B.

The minimum temperature of operation was 630°F 
(605 K) when operating with pure Pb or 400°F (477 K) when 
operating with the Pb-Sn eutectic alloy. The upper temper­
ature of operation was the eutectoid temperature of the 
alloy tested when operating with lead and about 630 °F 
(605 K) when the Pb-Sn alloy was used.

To maximize the quenching speed, a stirrer has been 
developed to generate a circular horizontal flow on a cross 
section of the furnace as is portrayed in Fig. 2-A. Ori­
ginally the quench was performed without stirring but the 
quenching speed proved to be too slow. A second try was 
made with stirring using a regular hélicoïdal propeller 
that generated a vertical current. Although some improve­
ment was obtained, faster quenches were required. The 
problem of hélicoïdal propellers was that the stirring 
action was effecient only at a short distance. If the 
propeller was at the bottom of the quenching pot no appre­
ciable stirring action was obtained at the top and vice 
versa. addition, in order to increase the heat transfer 
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between the specimen and lead, a faster relative speed 

was desired.
Four design modifications were performed in order 

to increase relative speed and increase its uniformity. 
1) The fastest speed of rotation was used (500 rpm); 
2) a horizontal circular flow was created by a propeller 
with vertical blades ; 3) the length of the blades (6.5 in. 
(165 mm)] was made longer than the specimen itself ; and 
4) a shield was used to concentrate the stream toward the 
specimen. The maximum quenching speed obtained with this 
arrangement is 2800(°F/sec)[1556(K/sec)].

The quenching pot and the stirrer are both supported 
by a horizontal platform held in position by a vertical 
case hardened shaft with a concentric helicoidal spring. 
Two ball bearings facilitate either rotation or transla­
tion of the platform, furnace and stirrer with respect to 
the shaft. A groove and pin mechanism allows rotation of 
the quenching pot only when it is in the down position, to 
one side and below the dilatometer, Fig. 1-A. The same 
groove pin mechanism allows upward translation of the 
quenching pot only when it is directly below the sample 
ready for the quench. At this time the compression 
spring is released and raises the pot, Fig. 1-B.

*This is the maximum recorded speed. The actual speed 
for any volume of the specimen is higher because of the 
time for immersion of about 0.5 sec.
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(4) Recording. Dilation and time readings are recorded 
during each run by means of a 16 mm movie camera. Con­
tinuous recording is done during quenching with the camera 
set at 16-64 frames per second, which provides adequate 
accuracy considering that the smallest scale division of 
the timer is 0.1 seconds. Frame by frame recording is 
performed during austenitization and transformation.

C) Explanation of dilation curves (schematic)

In order to explain other details of procedure such 
as problems in quenching and estimation of errors it is 
necessary to discuss briefly the type of data obtained.

First the method of reporting specimen length should 
be considered. As mentioned earlier the distance between 
dilatometer contacts is 4 in. (102 mm). Also the original 
dial reading is merely a starting point and the important 
data are the changes in dial reading. For easy comparison 
of data from different runs and to show differences in 
dimensionless terms, all the data are considered as though 
the specimen was exactly 1.0000 in. (25.4 mm) long at 
austenitizing temperature, to give a "relative length." In 
other words, consider the following experimental data:

Temperature Dial 
reading Measured 

difference
Measured 
difference/4

Relative 
length

1650°F .3207 — — 1.0000
1250°F .2019 .0198 0.0049 0.9951
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Therefore the "relative length curve" is a graph of the 
relative length changes observed after austenitization as 
a function of the logarithm of the time.

Next the two types of experimental conditions should 
be considered, Figs. 3-A,B. 1) No transformation occurs
during the quench and then isothermal transformation takes 
place at temperature. 2) Some (unavoidable) transformation
to martensite takes place during the quench. In some cases 
the balance of the austenite is allowed to transform iso- 
thermally to bainite and in others the specimen is subjected 
to further cooling to transform additional austenite to 
martensite.

A schematic graph of relative length vs. time in 
the first case is shown in Fig. 3-A. The specimen begins 
with a relative length of 1.0000 (25.4 mm) at point A in 
the austenitizing furnace. The following periods can be 
recognized in each isothermal transformation run: 
Period A-B. Austenitizing Period

The sample is at the austenitizing temperature, in 
the y-Fe field of the equilibrium phase diagram, to allow 
complete solution of carbides. 
Period B-C. Air Cooling Period

The austenitizing furnace is removed at point B and 
the sample starts to cool slowly in the air as revealed by 
a slight contraction in the relative length curve.
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Period C-D. Lead Quench Period
The sample is now quenched to the desired trans­

formation temperature.
Period D-E. Incubation Period

No length changes can be seen in the dilation curve 
during this period because the sample is still austenite. 
The length of this period depends mainly on the transforma­
tion temperature and analysis of the alloy and is of great 
importance since it should be long enough to allow the 
measurement of the relative length, , before trans­

forma ti on.
Period E-F. Transformation Period

At point E transformation begins. During this 
period the fraction of austenite decreases and the fraction 
of the product phases increases as the transformation goes 
to completion. Although the temperature is constant, the 
reference length curve shows an expansion due to the trans­
formation . In some cases, contraction due to transformation 
can also occur as discussed later. Point F defines the end 
of the transformation period and the final relative length 
reading, "SL^. The linear transformation coefficient can 

be calculated now by

(in./in.) (1)

When martensite is formed during quenching, Fig. 3-b, 
the minimum reading "D" is not characteristic of 100% 
austenite but of an austenite martensite mixture. It is 
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possible, however, to calculate the value D* which would 
have been obtained if no transformation took place. From 
the quenches to temperatures above Ms an accurate relation 
between contraction and quench bath temperature is developed. 
This curve is then extrapolated to give the expected con­
traction of 100% austenite, establishing point D' giving 
(calculated). The transformation coefficient is calculated 
as : 6% = - JL.

It should be recognized that at point E, when quench­
ing between Ms and Mf, the sample will contain a mixture of 
martensite and retained austenite. The transformation 
coefficient in this case is therefore not the result of 
isothermal transformation, but still has practical engineer­
ing value in estimating distortion. These points are dis­
cussed further in considering the results.

D) Experimental problems
To obtain accurate data for the transformation 

coefficient two types of potential errors have to be over­
come . 1) Spurious dilation at high temperatures, 2) stabi­
lization of retained austenite at low temperatures.

Spurious dilation at high temperatures can be 
caused by four effects: a) transformation to high temper­
ature products during the quench, b) creep, c) tempering of 
bainite, d) sluggishness of the reaction towards the end of 
some transformations.
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(1) If the incubation time at the nose of the 
TTT curve is less than one 
second, it is difficult to avoid transforamtion during a 
quench into the bainite range. In pure low carbon alloys 
this difficulty was encountered and necessitated the 
production and use of the 5% Ni series. It is easy to 
determine if this effect is occurring because the first 
reading, £ , at bath temperature will be higher than the 
reading calculated from the normal graph of contraction vs. 
bath temperature. In other words, if the coefficient of 
expansion.calculated from the quench data is less than 
11 x 10 ^/*F (19.8 x 10 6/ K) the run is suspect and repeated 

or rejected if the problem persists.
Creep is encountered at high transformation tempera­

tures especially with specimens thinner than standard used 
only when faster quenches were desired. The effect was 
minimized by counterweighting the inner member of the dila­
tometer .

The "tempering" of bainite is not really a spurious 
* effect but must be recognized. In some cases after the 

specimen transformed to bainite a small contraction took 
place due to structural changes. This point is discussed 
further under Results. Some temperatures,especially those 
close to the eutectoid temperature of the alloy and at 
pronounced bays of the TTT diagram lead to incomplete 
transformations, which makes it difficult to assess when 
the transformation finished. However, it has been observed 
♦Usually at the lower bainite range, Fig. 13.
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from the experiments that in transformations shorter than 

10,000 seconds the end reading, is sharp and easily
obtained.

(2) Stabilization of austenite at low temperatures. 
In runs in which it was necessary to cool below the original 
quench temperature the amount of transformation during 
cooling is reduced if the cooling is not done promptly. To 
avoid this well known effect it was necessary to quench to 
the lower temperatures rapidly with prepared baths. In 
some cases it is not possible to obtain complete trans­
formation even with liquid nitrogen and this point is dis­
cussed further under Results.

E) Experimental errors

In addition to the problems discussed in (4), the 
errors associated with the instrumentation are summarized 
in Table 8. To determine these values the dial gage was 
checked against standard gage blocks. The standard cell 
of the potentiometer was checked against a precision 
standard and the Chromel-Alumel thermocouples were cali­
brated against a Bureau of Standards Pt-10% Pt Rh 
thermocouple.

The correction for fused silica contraction requires 
separate discussion. The dilation which is transmitted to 
the dial gage when the temperature is decreased is made up 
of specimen contraction plus the contraction of the 4 in. 
(102 mm) length of fused silica which is immersed in the
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bath. To obtain the true contraction of the specimen it 

necessary to subtract the silica contraction. This 
correction has been made and is of the order of 2.5 x 10 
for a quench into the bainite range.

is

4



IV. RESULTS

In this portion of the thesis the data are reviewed 
and discussed in the following sections:

A) Measurements of ô& using the quenching 
dilatometer.

B) Calculation of 6^ and 6& from lattice para­
meter measurements of Ridley and Roberts.

C) Comparison of measured and calculated
values of 6^.

D) Significance of the values of 6^ and the 
effects of composition and temperature.

43
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(A) Dilatometric measurement of 6

From the experimental data it is possible to describe 
the effects of both composition and temperature upon the 
transformation coefficient, 6 %. The discussion begins with 
samples of typical data showing these effects. Next the 
data are grouped into three divisions for discussion accord­
ing to the transformation mode :

The ferrite-pearlite-carbide range 
The upper and lower bainite ranges 
The martensite range.

Finally the overall behavior of 6 as a function of com­
position and transformation temperature is summarized.

It should be realized at the outset that it is 
theoretically possible to obtain data for 6^ at all temper­
atures for all the alloys. However, due to experimental 
difficulties such as rapid transformation near 1000°F, all 
transformation modes have not been studied for all three 
groups of alloys. For example, the Fe-C-5% Ni group of 
alloys is useful to show the effect of carbon content upon 
the pearlitic, upper bainitic and martensitic transforma­
tions . However, due to the high Ni concentration, the 
lower bainite and the pearlite transformations close to 
the eutectoid temperature have not been studied in this 
group of alloys because of the extremely long transforma­
tion times required. On the other hand, pure Fe-C alloys
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can be used to determine the effect of carbon at the upper 
range of pearlite transformation temperatures but not at 
the lower range because of the rapid transformation. Fe-C 
alloys can also provide data for the irregular behavior 
observed in the upper to lower bainite transition. The 
selected group of AISI-SAE steels permits complete measure­
ments at both pearlite and bainite temperature ranges 
(AISI-SAE 52100 steel) and shows the effect of carbon in 
high temperature pearlite transformations (by comparing 
AISI-SAE 52100 with 1050). Finally, by the comparison of 
AISI-SAE 52100 steel, Fe-1.12% C-5% Ni and Fe-1.12% C 
alloys together with AISI-SAE 4140, 8640 and 1050 steels, 
Fe-0.44% C-5% Ni and Fe-0.55% C alloys, it is possible to 
indicate the effect of alloying elements at different 

carbon levels. The data are summarized in Table 9.
1) Samples of experimental data showing overall 

effects of temperature and composition.
The most comprehensive data, Figs. 4, 5 and 6 were 

obtained for the 5% Ni alloys with carbon varying from 
0.23% and 1.12% C because it was possible to measure the 
dilation at practically all temperatures. The actual data 
are shown for the 0.23, 0.72, 1.12% C levels.

Beginning with the 0.23% C material, Fig. 4, it is 
seen that 6for bainite is greater than for the reaction 
to ferrite and pearlite.

The 0.76 and 1.12% C alloys, Fig. 5 and 6, show
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progressively lower values of 6. for the pearlite and 
upper bainite regions. The martensite region requires 
special discussion later because of retained austenite. 
From basic data of this type transformation coefficients 
for a variety of analyses and temperatures of transforma­
tion were calculated as shown in Table 9. These data may 
now be compared.

2) The ferrite-pearlite-cementite range
In discussing these higher temperature transforma­

tion data, first the pure Fe-C alloys, then the Fe-C-5% Ni 
alloys and finally the AISI-SAE steels may be considered 
in the range of 1300-1000°F (977-811 K).

In the pure Fe-C alloys satisfactory data were 
obtained over a wide range of temperatures with the 0.95% 
and»1.1% C materials, Fig. 7. At lower carbon contents 
the coefficient could only be obtained for a few runs 
above the nose temperature. Even with the best quenching 
procedures some austenite transformed during the quench in 
runs attempted at lower temperatures. However, the satis­
factory data show a trend toward higher transformation 
coefficients at lower carbon contents, Fig. 11.

The Fe-C-5% Ni data are practically complete over a 
wide range of carbon contents, Figs. 8-A,B,C,D, and con­
sistent with the findings for Fe-C alloys. The martensite 
range in these figures is discussed later in part 4). In this
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case the transformation coefficient decreases with 
increased carbon content, Fig. 11. These series also 
show an increase of the transformation coefficient with 
decreased transformation temperature.

The AISI-SAE steels exhibit effects similar to 
the preceding alloys in Figs. 9 and 10. However, the 
transformation coefficients measured for 4140 and 8640 
are somewhat lower than the ones for other alloys of 
similar carbon content. This may be attributed to the 
low austenitizing temperature used, which although 
adequate to put Fe^C in solution in y-Fe, may have been 
too low to dissolve MOgC. This would decrease slightly 
the volume fraction of the austenite.

The effects of the carbon content and temperature 
in the pearlite range are summarized in Fig. 11. Despite 
the large range of alloy content, the data follow the 
same trend at both 1000 and 1200°F (811 and 922 K).

3) The bainite range 
in general the values of the transformation coeffi­

cient follow the same trend in the bainite region as in 
the pearlite range, especially in the upper bainite range* 

Figs. 7-10. A deviation from this behavior is observed at 
the transition temperature between upper and lower bainite 
Fig. 12. The transformation coefficient for some alloys 
shows, with falling temperature, a slight dip followed by

*Approx. 800-1000°F (700-811 K)
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a sharp rise (Fe-0.94% C and AISI-SAE 4140 and probably 
Fe-1.1% C, Figs. 12-A,B and C). However, other alloys 
do not exhibit any dip but rather show a continuous 
increase in transformation coefficient (AISI-SAE 52100, 
Fig. 12-D).

In all the materials with high carbon content for 
which the transformation coefficient has been measured in 
the lower bainite range, the results show a sharp 

increase above the curve extrapolated from the pearlite 
range. Another effect is that all these alloys, when 
transformed in the lower bainite range, show a small slow 
contraction after the maximum transformation expansion is 
attained, Fig. 13. The transformation coefficient reported 
in all cases is the maximum. In one run the experiment 
was continued for 20 hr (Fe-1.1% c at 520°F, Fig. 12-B 
and Fig. 13, and the data show a contraction from 41 to 
35 x 10 (in./in.) or (m/m) and the specimen was still 
contracting when the run was stopped.

As discussed later this irregular performance in the 
bainite range is believed to be due to ferrite supersatura­
tion and later "tempering." The dip observed in some cases 
is suspected as due to the change in carbon content of the 
last fractions of untransformed austenite, leading to 
austenite stabilization.
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4) The martensite range

To avoid misinterpretation it may be well to begin 
this section by reviewing the differences in dilation to 
be encountered in austenite to martensite transformation 
compared with the isothermal data just discussed.

These differences arise from the fact that when a 
specimen is quenched below the Ms temperature, it will 
reach the bath temperature partly transformed to marten­
site. In other words, since it is not possible to suppress 
martensite transformation when quenching to below Ms, the 
length change which would be expected from austenite con­
traction is lessened by an expansion due to the trans­
formation.

To illustrate this effect the data from quenching 
the iron carbon nickel alloys are given in Fig. 14. The 
overall change in length, in./in. (m/m), which is obtained 
during the quench,is plotted against the temperature of 
the quenching bath used. In the region of the graph above 
650°F (616 K) the length change is due simply to austenite 
contraction as measured in each run before isothermal 
transformation starts and the graph gives a slope of 
12.4 x 10 /°F (22.3 x 10~6/K) as expected for austenite.

However, consider the effect of a quench to point A 
which is below the Ms temperature for this alloy. If only 
austenite contraction took place during the quench the 
overall contraction would be 15.0 x 10~3 (in./in.) or (m/m), 
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point B. However, due to the expansion caused by marten­
site transformation as the specimen is cooled below the Ms 
as well as the lower coefficient of contraction of this 
martensite, the overall length change was only 10.0 x 10 $ 

(in./in.) or (m/m), point A.
As this specimen was quenched to lower temperatures 

further transformation took place until the Mf was reached. 
In this range the expansion due to transformation was 
greater than the contraction at the austenite-martensite 
mixture due to cooling so that the specimen continued to 
expand with decreasing temperature until the approximate 
Mf was reached. Finally upon cooling below Mf, contraction 
was obtained. The slope of the graph below Mf was less 
than for austenite because the structure was martensite. 
(It is recognized also that some retained austenite 
probably existed below the approximate Mf.) The value 
of the linear coefficient of expansion of martensite as 
measured from the data shown in Fig. 14 is 3.8 x 10~^/°F 
(6.8 x 10'6/K).

With this backgroundthe data of Figs. 8-A,B,C,D 
may now be discussed. It was decided to concentrate this 
portion of the work on the Fe-C-5% Ni alloys because of 
the slow rate of bainite formation in these materials so 
bhat the austenite marten site reaction could be isolated 
for study. In contrast the superimposed bainite reaction
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in 4140 is shown in Fig. 15. Since the martensite forma­
tion in these materials occurs only by reducing the 
temperature rather than isothermally, it was possible to 
obtain the transformation characteristics for a number of 
bath temperatures in a single run. In this procedure the 
sample was quenched in a lead-tin bath at just above the 
Ms temperature for example and the normal austenite con­
traction was obtained. Next the dilatometer was quenched 
in a bath of water at 200°F (below Ms) and the dial road­
ing noted. Following this other baths of cooler water, 
chilled acetone and finally liquid nitrogen were used. 
Due to the effect of time on austenite stabilization the 
procedure was done rapidly and the time recorded.

The value of the linear transformation coefficient 
only represents full austenite to martensite transforma­
tion at temperatures below the Mf. Therefore at tempera­
tures just below Mf the transformation coefficient 
represents only the difference between the length of the 
sample if it were austenite at the bath temperature 
(calculated value) and the actual length. Below the Mf 
the value of 6^ continues to increase because the coeffi­
cient of expansion of martensite is less than austenite. 
A small amount of retained austenite may also transform 
since the approximate Mf temperature is not for 100% 
martensite.

Fig. 8-D illustrates the contraction due to tempering. 
Further discussion of this point is made in part C, page 113
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In comparing the data for the martensite transformation 
coefficient, Fig. 8-E, in different carbon concentrations, 
it is found that the results fall in a relatively narrow 
band. This was not expected because it would be predicted 
(as shown in Part B) that the higher carbon austenite would 
transform to more voluminous martensite. Probably the 
effect which reduces the transformation coefficient for the 
higher carbon materials is the greater amount of retained 
austenite in these alloys. It is interesting that this 
effect has the result of giving about the same 6^ at all 
carbon levels.

5) Summary of experimental dilatometer data
The transformation coefficient, 6&,varies greatly 

depending on the analysis, mainly carbon content and 
transformation temperature, Fig. 16.

In the pearlite range, 1300 to 1000°F (977 to 811 K) 
increases from 12 to 17 x 10~4 (in./in.) or (m/m) for 

a 1.1% C alloy and from 35 to 42 x 10~4 (in./in.) or (m/m) 

for a 0.23% C-5% Ni alloy.
In the bainite range, from 1000°F (811 K) to Ms, 6 

increases from 17 x 10-4 (in./in.) or (m/m) at 1000°F 
(811 K) to about 42 x IO-4 (in./in.) or (m/m) at 500°F 

(533 K) for a 1.1% C Fe-C alloy. The 0.23% C-5% Ni alloy, 6 
increases from 42 x 10~4 (in./in.) or (m/m) at 1000°F 
(811 K) to about 51 x 10-4 (in./in.) or (m/m) at 700°F 

(644 K).
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Finally, in the martensite range, 5 % varies from 
102 x 10 * (in./in.) or (m/m) for the 1.13% C-5% Ni alloy 

to 68 (in./in.) or (m/m) for a 0.23% C-5% Ni alloy if the 
measurement is performed at the observed Mf temperature. 
However, if the comparison is made at liquid nitrogen 
temperature [-320°F, (78 K)], 6^ increases first from 
125 x 10 4 (in./in.) or (m/m) for 0.23% C-5% Ni alloy to 

-4 134 x 10 (in./in.) or (m/m) for 0.72% C-5% Ni alloy 
and then decreases to 125 x 10 4 (in./in.) or (m/m) for 

1.13% C-5% Ni alloy. Therefore, the most important effect 
of the carbon content is in controlling the temperature 
range at which austenite decomposition occurs.
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(B) Calculation of volumetric expansion 
coefficient, 5^, from lattice parameter data and 

comparison with dilatometer data

Since the dilatometer provides a relatively simple 
and flexible method for determining the transformation 
expansion, it was considered important to compare these 
data with independent basic data obtained from high tempera­
ture x-ray diffraction measurements of the lattice para­
meter. The x-ray data are more difficult to obtain and 
the method is not as flexible as the dilatometer and it 
was considered that if agreement could be obtained for 
some simple cases, the dilation method would thereby be 
validated.

In this comparison the lattice parameter data will be 
used first to calculate the volume change due to trans­
formation and then converted to 6^ for comparison. First 
the 6V to be expected in going from austenite to mixtures 
of ferrite, pearlite and carbide will be discussed and 
then the 6V for austenite to martensite.

The transformation coefficient can be expressed as 
the difference between the specific volume of austenite 
and product phases for the given alloy at the temperature 
at which the transformation occurs. Since all common 
phases that exist in steels and Fe-C alloys are crystal­
line, the specific volume of a given phase can be
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computed from the knowledge of its lattice parameter :

_ AN •
Vi = Tna • AWa + nbAwb...)

V± = specific volume of the "ith" phase

AN = Avogadro's Number
- unit cell volume of the given phase 

calculated from its lattice parameter
n = number of atoms of type a per unit

cell of the phase
AWa = atomic weight of the type a atoms, etc.

Therefore the volumetric transformation coefficient
can be expressed by : 

where

6V = volumetric transforamtion coefficient of a 
given transformation

= specific volume of the initial phase, 
austenite

vp - specific volume of the product phase or 
aggregate of phases resulting from the given 
transformation.

In general, when two or more phases result from austenite 
decomposition the specific volume of the product is com­
puted from the weight fractions of the individual resulting 
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phases, and from the specific volumes, v.: 

n .
VP - 5.).

Therefore this type of calculation is limited to 
cases where all these data are available both for the 
alloy chemistry and for the temperature at which the 
transformation takes place.

This type of calculation has been performed by means 
of a digital computer for pure Fe-C alloys assuming 
different conditions depending on the transformation modes 
and repeated for all carbon contents and transformation 
temperatures. Detailed description of the assumptions, 
computer program used, sample calculations, etc. is given 
for each case in Appendix II-A,B,C.

The most recent accurate high temperature lattice 
parameter measurements for ferrite, cementite and austenite 
have been performed by Ridley and his associates (11,32, 
33) who generously provided a copy of their original data, 
Appendix I. These were used for transformations in the 
pearlite and bainite ranges. In the martensite range it 

was necessary to add the data of Roberts for the lattice 
parameters of martensite.

In all calculations the lattice parameter of 
austenite, a&, is obtained by a quadratic extrapolation 
down to the desired temperature of Ridley and Stuart’s 
(32,33) high temperature data by means of the following
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equation, derived as explained in Appendix 1.

aA(A) = 3.5814 + 1.709 • 10~2 • (wt%C) + 7*97 • 10~3 • (wt%C)2 

+ 6.7 • 10 5 • T + 6.2 • 10“9 • T2(±0.0010 A)

where C is the carbon content in weight percent and T the 
temperature in °C.

Ferrite-Pearlite—Cementite range
As discussed in Appendix 1, the lattice parameters of 

ferrite and cementite have been calculated from Ridley and 
Stuart's data (11,33) for a 1.44% c pure Fe-C alloy measured 
in situ. The following equations were used:

a(A) = (2.8655 + 3.36 • IO-5 • T + 12.2 • IO-9 . t2) 

± (0.0001 A) for ferrite, and
a(A) = (4.5239 + 3.18 • IO-5 • T + 19.3 • 10~9 • T2)(±0.0004A)

b(A) = (5.0889 - 1.23 • IO-5 • T + 86.5 • IO-9 • T2)(±0.0004^

c(A) = (6.7409 + 5.04 • 10~5 • T + 65.4 • IO-9 • T2)(+0.0005A)

for cementite. The inverse lever rule applied to the equi­
librium Fe-Fe^C phase diagram has been used to compute the 
weight fractions of ferrite and cementite. The carbon con­
tent in. the ferrite has been assumed to follow the equili­
brium concentrations reported by Stanley (85) and is given by 

(wt % C)*= exp (-8.58 + 6.4 . t • IO-3)

The carbon content of Fe3C has been taken as stoichiometric 
(6.68 wt %) .
♦Equation obtained by regression of Stanley (85) data.
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The results of these calculations are shown in Fig. 
17-A and B. It is to be emphasized that these calculations 

assume formation of ferrite and cementite (Fe3O. There­
fore the values are not significant below Ms or if other 
such phases such as epsilon carbide and supersaturated 
ferrite are obtained in the bainite range? The calcula­
tions indicate two important relations: 1) The coefficient 
6V decreases with carbon content and becomes negative at 
higher temperatures and carbon contents; 2) the coefficient 
increases with decreasing temperature.

2) Bainite range

It is generally agreed that the calculations for 
"equilibrium" transformation hold also for the upper bainite 

range, Fig. 17A#B> However, there are some data (21) indicat­
ing that in the lower bainite region the ferrite is super­
saturated with carbon or that the carbide is not Fe3C. 
Precise calculations cannot be made of these effects. It 
would be anticipated therefore that the dilation measure­
ments would not agree exactly in the lower bainite range.

3) Martensite range

The values of the lattice parameters of tetragonal 
martensite are not as precise as the data for ferrite and 
carbide. The equations for the "a" and "c" parameters of 
tetragonal martensite at 25°C are from Roberts (13).
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a#(A) - 2.867 - 0.013(wt % C)

cM(Â) = 2.867 + 0.116 (wt % C)

The experimental scatter shown is approximately ±0.01 A.

Moreover, no data were found for the coefficient of 
expansion of martensite. In order to calculate the marten­
site transformation coefficient at lower and higher temper­
atures , the volume coefficient of expansion of martensite 

was assumed to be the same as the ferrite coefficient, 
obtained from Ridley and Stuart data (33).

The results of the calculations are shown in Fig. 18- 
A and B. It is to be emphasized that these are theoreti­
cal because the values to the right of the line marked Mf 
would not be obtained during transformation in actual 
experiments because it is not possible to complete the 
martensite reaction above the Mf temperature as explained 
in Part A of the discussion.

Another point which requires care in interpretation 
is comparison of of martensite for different carbon 

contents. This is quite different than, for example, 
comparing the transformation coefficients for different
carbon contents in the isothermal range because Mf tempera­
tures are different. Therefore, the difference between the 
coefficient of expansion of ferrite (or martensite) and
austenite comes into play, which leads to an increased 
difference in specific volume, Fig. 18. This is shown by
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the following example ;

Consider first the transformation to martensite in a 
0.5% carbon alloy, Fig. 18-A. On cooling, martensite will 

start to form at point A, Fig. 18-A, and finish at point B 
giving of 325 x 10-4 (in.3/in.3) or (m3/m3) at 20°C 

(293 K). In a 0.8% carbon alloy the transformation will 
not be complete until C giving 6^ of 370 x IO-4 (in.3/in.3) 

3 3or (m /m ) at -100°C (173 K). One effect leading to the 
larger 0^ for the 0.8% carbon alloy is the effect of 
temperature of measurement. If the 0.5% C alloy is cooled 
to -100°C (173 K), point C, the apparent 5^ would be 340 x 
10 4 (in.3/in.3) or (m3/m3), a value closer to the 0.8% C 

alloy. However, this calculation shows that there is also 
a real effect due to carbon alone.

Therefore it can be concluded that the carbon concen­
tration increases in two ways : by lowering the Ms-Mf 
range and by the effect of carbon in expanding the marten­
site unit cell.

Summary of calculations of lattice 
parameters

The values of 0^ which were calculated for trans­
formation at different temperatures and carbon contents are 
summarized in Figs. 19-21.

In general for isothermal transformation in the 
pearlite and bainite ranges the coefficient increases as the 
temperature is lowered. At a given temperature the lower
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the carbon the higher the coefficient.
For martensite transformation also the transformation 

coefficient is higher as the temperature is lowered. How­
ever, the higher the carbon content, the higher the 
coefficient due to the expansion of the martensite unit 
cell by carbon and indirectly to the lower Ms-Mf range.

Because of these opposing effects it is shown in Figs. 
19-21 that the higher the carbon content, the greater 
the difference between the transformation coefficients 
for pearlitic and martensitic transformations. An impor­
tant consequence of this difference is that it would be 
expected that when the martensite is fully tempered it 
assumes the dimensions of the ferrite + carbide equilibrium 
structure. Therefore, the difference between the 
"equilibrium" and "martensite" curves is an index of the 
contraction due to tempering and is highest for higher 

3 3carbons. This contraction would vary from 0 (in./in. ) 

if 0% martensite could be formed in pure Fe-C alloys to 
3 3260 (in. /in. ) [or 0.9% by length] for the tempering of 

a 1.5% C virgin martensite.
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(C) Comparison of dilation data 
and results of lattice parameter calculations

in this section first the comparison between cal­
culations and the dilatometric results of the present work 
is performed. Then the comparison is made with measure­

ments and calculations from other investigators. Then 
"basic questions" concerning bainite formation are discussed 
in three points. Finally, martensite transformation is 
discussed and compared with other investigators' calculations.

In this comparison the linear transformation 
coefficients, 6^, are calculated from the volumetric 
transformation coefficients, 6^, of section B. The assump~ 
tion that isotropic length changes occur leads to the 
following relation:

= 3 6% + 3( + (6p3

For the range of 5^ values obtained, the square and cubic 
terms can be neglected. Therefore, the calculation of 6^ 
is :

" T 6V

Figures 20 and 21 show the results of the calcula­
tion for the transformation of austenite to ferrite + cemen­
tite and to martensite (obtained from Figs, 17 and 18 by 

1 means of ÿ 6V).

Next, to simplify the comparison, Figs. 22-27 show 
the same dilatometric measurements discussed in section A,
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Summary of Fe-C Alloys 
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AISI -SAE Steels 
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(See text

Comparison of measured and calculated values 
of 6£ for AISI-SAE 52100 and 1050

pages 65, 86, and 111-112 for bainite discussion.)
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AISI-SAE Steels 
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Fig. 25. Comparison of measured and calculated 

of ô£ for AISI-SAE 4140 and 8640 
(See text pages 65, 86, and 111-112 for bainite 

values
discussion.)
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Figs. 7-12, together with a line labelled. Calc., that 
represents the calculated values of G & for the same car­
bon content of the alloy. Since the lattice parameter 
calculations are valid only for pure Fe-C alloys, a 
broken line has been used for Fe-C-5% Ni alloys and AISI- 
SAE steels. However, the data show that the effect of 
alloying elements is very small compared to the effect of 
the overall carbon content.

This comparison reveals a good agreement for the 
ferrite-pearlite-cementite and upper bainite regions. 
The effects of both temperature and carbon content are 
consistent as revealed by Fig. 26. The dilatometric data 
at the lower portion of the upper bainite and lower bainite 
temperatures exhibit negative and positive deviations 
(respectively) from the calculations for equilibrium 

transformations, as summarized in Fig. 27. 
Finally, reasonably good overall agreement is obtained 
for martensite transformation when each alloy is con­
sidered separately as a function of the temperature. 
However, the effect of the carbon content cannot be com­
pared accurately because the retained austenite and 
tempering effects are not taken into account in the 
calculations due to the lack of quantitative data» Fig. 28.

A summary of all these effects is given in Fig. 28 
indicating the results of both the measurements and calcu­
lations (for the range 0.23 to 1.1% C). This shows a 
reasonable agreement both for the equilibrium and martensite



106

Z 
UJ 
5 
t
S

40

30

60

50

10

0.5 .0

Measured 
Calculated

CARBON CONTENT (wt % C)

Fig. 26. Comparison of measured and calculated values of 
6£ vs % C at 1000°F (811 K) and 1200°F (922 K). 
Data for "measured" curve from Fig. 11.

Both measurements and calculations show an important 
effect of the % C upon 6^.
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in bainite region showing irregular behavior, 

oth positive and negative deviations are found in the 
This is probably due to ferrite supersatura­

tion with carbon and austenite retention respectively. (See 
text on pages 65, 86 and 111-112 for bainite discussion.J
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transformations except in the lower bainite range as 

mentioned earlier and discussed in pages 111-112.
Next it is of interest to compare at this 

point the results of dilatometric measurements performed 
by other investigators.

Flinn et al. (2)have reported a series of relative 
length curves from which the transformation coefficient 
can be computed. Figure 29 shows these calculations from 
the reported data for two steels, (Steel A: 0.3 C-1.63 Mn- 
0.49 Si-0.44 Cr-0.33 Mo, and Steel B: 1.04 C-0.29 Mn- 
0.17 Si-0.05 Ni-0.04 Cr), together with the overall area 
covered by the measurements performed in the present work. 
Also the results of the calculations from lattice para­
meters are included for 0.3 and 1.04% carbon.

Reasonable agreement is found in the pearlite and 
upper bainite regions. The lower bainite regions of both 
steels show positive deviations from the calculated lines 
in agreement with the findings of the present work.

Hehemann(21) has measured the transformation 
coefficient of an AISI-SAE 4340 steel at the bainite 
range. Figure 28 shows his results together with calcu­
lated and measured values of 6from the present work. 
Again in this case first a negative and then an positive 
deviation is found. The negative deviation occurs in the 
temperature range where Heheman reports incomplete trans­
formation, above 752°F (673 K) . At lower temperatures,
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however, complete austenite decomposition occurs and 
the transformation coefficient indicates a tendency 
toward the positive deviations.

Therefore the higher transformation coefficient 
values found in the present work at the lower bainite 
region are also revealed from an examination of the data 
of Flinn (2) and Hehemann(21) data.

Next,the differences between the 6^ values measured 
vs. calculated are greatest in certain portions of the 
bainite range. In addition the trends of the deviations 
are consistent and correlate qualitatively with recent 
investigations of the theory of bainite formation. First it 
may be helpful to review the present understanding of the 
structure of bainite as the isothermal transformation 
temperature is lowered to below the pearlite range.

1) Upper bainite formed adjacent to the pearlite- 
ferrite range has a different microstructural appearance 
(feathery) but the crystal structures of the phases are 
still ferrite and Fe^C (65-71).

2) Toward the lower end of upper bainite the trans­
formation time increases, the product becomes coarsely 
acicular and some austenite persists after very long 
isothermal transformation times (69, 72-82).

3) In the lower bainite field the product is 
finely acicular, similar in appearance to martensite. 
Supersaturated ferrite and another form of carbide



112

(epsilon) are reported (83,84). It is also stated that 
the epsilon carbide will transform to Fe^C with pro­
longed holding and cause contraction after and probably 
during the bainite transformation expansion (21).

Regarding point 1, the dilation measurements of 
6would be expected to correlate well with the calcula­
ted values and this is indeed observed * Figs. 22-25.

Regarding point 2, the dilation data for 6^ at 
the lower end of upper bainite formation are lower than 
expected in some cases. This would correlate with the 
presence of retained austenite which would lead to a 
lower than expected value of 6, Figs. 27-A,B and C.

Regarding point 3, the formation of supersaturated 
ferrite and e carbide would lead to larger than calcu­
lated values of 6& as obtained. Also the contraction 
accompanying the transformation of e carbide to Fe^C is 
observed in all cases but indicated only in Fig. 27-B.

As discussed under Future Work in D, it is 
suggested that it would be of theoretical interest to per­
form accurate determinations of retained austenite and 
to investigate the lattice parameter of bainite carefully 
to evaluate these indications.

Finally, Fig. 30 is included to show the effect of 
carbon content upon the dimensional changes found in 
martensite transformation. It is a summary of the extra­
polated measurements and lattice parameter calculations 
at room temperature. The extrapolation to room
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temperature of the measured transformation coefficients 
at Mf is performed by means of the slopes of the 6^ vs. 
temperature curves, between Mf and -320°F (78 K), Figs. 
8-A,B,C and D. These are the best data of the coeffi­
cient of expansion of martensite available.

The calculated line is taken from Fig. 18-A. 
Figure 30 also shows the results of Magee and Davies (56) 
calculations from the same source of lattice parameter 
data. The difference in slope between the calculated 
lines is probably due to the models assumed to fit 
Ridley and Stuart data of the austenite lattice para­
meter . An overall agreement is evident from Fig. 30. 
However, the slightly lower measured 5^ value for the 
1.13% C alloy is due to incomplete austenite decomposition.

The comparison of 6y at 20 °C illustrates the effect 
of carbon in expanding the martensite unit cell and 
isolates it from its effect on 6^ by lowering Ms-Mf range. 

However, this is true only at low carbon content levels, 
where the percent retained austenite is small. This 

effect is further explained by the contraction found in 
tempering of martensite*to an aggregate of equilibrium 
ferrite and cementite. Fig. 8-D. The difference between 
calculations of Fig. 21 and measurements of Fig. 8-D might 
be due to both incomplete martensite formation and incom­
plete tempering of it.
♦The contractions due to bainite tempering (Figs. 13 and 
27-B) also support this point. -----
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lated values. (Negative deviation at 1.13% C probably due 
to retained austenite.)
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(D) Significance of the data, 
applications, suggestions for future work

At this point it is interesting to consider both 
the engineering implications of the data as well as some 
of the interesting basic questions raised by the 
experiments.

Engineering applications
The data indicate that the expansion accompanying 

the transformation of austenite is generally of a magni­
tude which can contribute to distortion, residual stresses 
and cracking during cooling. For example, if a typical 
$£ 30 x 10 led to elastic strain of the same amount
this would be equivalent to a (unaxial) stress of 

2 
90,000 psi (620 MN/m ). It is recognized that this 
stress would not develop if an entire component trans­
formed at the same time but this is rarely the case.
The quench will usually lead to transformation at differ­
ent times in different regions of a part. Therefore if 
the transformation takes place in one region before 
another, some corresponding deformation is forced in the 
other. *In the case of a quenched bar, for example, these 
effects lead to circumferential tensile stress in the outer 
layer. These effects are well known but now that data 
are available for different
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analyses and temperatures, the effects of composition 
and quenching technique in actual cases can be estimated.

Another application of the data is in under­
standing the stress build-up in composites. These 
materials range from a simple carburized case hardened 
gear to centrifugally cast bi-metal pipes or rolls. In 
these cases it is important to know the as a function 
of both composition and temperature. Often,for example, 
a small expansion takes place due to pearlite transforma­
tion in the low alloy inner shell and a later very large 
expansion due to martensite in the outer layer. The 
final state of stress depends on the time and magnitude 
of the transformations and the plastic and elastic 
behavior of the materials.

Other cases involving a composition gradient 
include the use of hard facing materials in welding and 
assemblies of structures with different alloys. In 
addition there are many applications involving heating 
by braking or intermittent service at elevated tempera­
tures in which the dilation coefficient should be an 
important factor in evaluating materials.

There are many other steels and other alloys for 
which data should be obtained. Although a wide range 
of compositions was investigated, it should be realized 
that these covered only the low alloy steels. Additional 
data should be obtained for the high speed steels, 
special high strength alloys such as HY 130, HY 150, alloy 
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cast irons and maraging and precipitation hardening high 
alloy steels in order to understand distortion and residual 
stresses in these materials.

Basic questions
Finally the interesting correlation between con­

sistently abnormal values of 6^ in the bainite range with 
determinations of the accompanying changes in the fine 
structure of the bainite would be of theoretical interest.

Also, in the martensite range the correlation of 
quantity of retained austenite, lattice parameter measure­
ments of martensite and dilatometric measurements of 6% 
would be interesting.



V. CONCLUSIONS

1. Using an especially designed quenching dila­
tometer the transformation coefficient, 6^, has been 
determined for a wide range of Fe-C alloys and steels 
as a function of temperature.

2. The data indicate that substantial variations 

in & % occur depending upon carbon content, the type of 
transformation and temperature.

3. The differences in the effect of carbon in 
the higher temperature pearlite-ferrite range and in the 
martensite range are striking. In the pearlite range 
the higher the carbon content, the lower the value of 6^, 
while in the martensite range, increasing the carbon 
increases 6%.

4. Values of 0^ were calculated from basic 
lattice parameter data which were available for special 
cases of pure Fe-C alloys. Good general agreement with 
the measurements from the dilatometer was obtained.

5. In the bainite range consistent deviations 
between the measured and calculated values of 6 were 
found. These may be explained qualitatively on the 
basis of known differences in structure and probably 
chemistry between certain bainites and the ferrite and 
cementite structures used as a basis for the calculations.

118
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6. The calculations from lattice parameters show 
the unexpected result that high carbon-high temperature 
transformation of austenite can exhibit an overall con­
traction.

7. The values of 6% for the wide range of Fe-C 
alloys and commercial steels provide a basis for under­
standing the distortion, cracking and residual stresses 
encountered in commercial heat treatment and in inter­
mittent service at elevated temperatures.



APPENDIX 1. REGRESSION ANALYSIS

In order to calculate the transformation coeffi­
cients from the available x-ray data, an equation describ­
ing the lattice parameter temperature and carbon content 
dependence is required.

The equation estimate of this relationship is 
obtained by the least squares method. In all cases the 
model assumed for the data is both quadratic in temperature 
and carbon content,

a = a + o al T + a2 T (1)

or
a = a_ + a, C • o 1

2t a2 C + .a_ T + a. 3 4
2TZ (2)

where a is the lattice parameter value for the temperature
T in °C and the carbon content C in weight %, and a. are
the coefficients estimated by the least square method. If 
aC^) is the lattice parameter measured at the temperature 

and a^ is the estimate obtained from equation (1) , then 
the coefficients of this equation should be such that the 
following is true:

S = Z (&i - a(Tj)2 = 0 (3)

S = Z (aQ + a1Ti + a2T? - a(Ti))2 = 0 (4)

The derivative of S with respect to aQ, a^ and a2 
are also equal to zero and they give a set of three linear

120
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equations with three unknowns, aQ, ax and a^.

naoH (V ax + J (TJ) a2 = a(T.) '

I (T±) aQ + I (T^) a± + f (T?) a^ = (a^) TJ (5)

I (T?) aQ + 2 (T?) a± + I (T*) a2 = (a(T±) T?)

In the same way, calling aC^,^) the lattice
parameter measured at the temperature Ti for the alloy con­
taining weight percent carbon and a^ the estimate
obtained from equation (2), and going through the same 

arguments that lead to equations (3), (4) and (5), a set 
of five independent linear equations with five unknowns, 
ao# aj/ a2, 3g and a^, is obtained.

n a0*2;(Ci)at^(C^)a2H-S(Ti)a3+S(T2)a4 «EaCT^cp |

S(C1)a0»2(s2)a,^(c5)a2t3T1S1)a3^(T^C1)a4 = SCCj.a^,^)) 

S(C^)a0<-S(C^)a1'+S(C^)a2->'2(T.c2)a3+S(T2c2)a^ . [

S(T1)ao+S(IiC1)a1

S(Tf)a0-aTiC1)a1*2XT^)a2+2(T3)a3+aSA)a4 « XCl^aC^,^)^

A computer program was developed to solve the set 
of equations (5) or (6) and therefore find the solution to 
the coefficients of equations (1) and (2) from the set of 
"n" experimentally determined lattice parameters (Appendix 3).

This type of calculation was first applied to the 
data available from Ridley and Stuart from the personal 
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communication (33), Table 10, to obtain the coefficients 
of the quadratic equations for austenite,ferrite and 

cementite, Table 11.
For the case of austenite this calculation was done 

in two ways : a) using the quadratic model in the tempera­
ture (only) for the data available for each Fe-C alloy 
taken individually, and b) using the quadratic model both 
in the temperature and carbon content for all the data 
available for different Fe-C alloys, Table 11-A. Next the 
calculation is performed for the data of the two types of 
pure a-Fe and ferrite in a 1.44% C Fe-C alloy, by means of 
the quadratic model in the temperature, Table 11-B. 
Finally, the data for pure a-Fe, ferrite and both extracted 
cementite and cementite in situ (in a 1.44% C Fe-C alloy) 
have been regressed again using the quadratic model in 
the temperature, Table 11-C and D.
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Table 10. Lattice Parameter Data from

Ridley and Stuart (33)

(A) Lattice Parameter of a-Fe
1) Johnson-Mat they Spectrographically Pure Iron

Composition: O2 Mn.Si,Mg,Al,Cu,Ag
Wt%: 0.012 <0.02 total

Temp, °C
Lattice

1 Parameter 
R

Specimen 
Number

Temp. °C
Lattice

Parameter Specimen
Number

22 2.S66: 1 734 2.8967 n
78 2.8682 1 747 2.8974 2

159 2.3711 1 765 2.8979 2
223 2.8736 1 774 2.8979 2
376 2.8800 1 793 2.8984 2
5^9 2.8876 1 802 2.8988 2
66o 2.8930 1 810 2.8994 2
751 2.8975 1 822 2.8998 2
896 2.9037 1 23 2.8662 2

23 2.8663 715 2.8957 3
U+3 2.8830 2 831 2.9002 3
601 2.8903 | 2 842 2.9008 3
652 2.8927 2 858 2.9016 3| 677

i
2.8937 871 2.9021 3

668 2.891’4 2 888 2,9029 3
YOL 2.8953 2 23 2,8664 3
718 2.8960 2
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Table 10 (cont. )

Japanese Electrolytic Iron

Composition: Og C Si Co Mn, Pb, W, Nb, Alj Ni 

Wt^: O.OhO 0,006 0.016 0.010 <0.005 each

Mo, Ti, Sn, Où, Al, V Pb, E
---------- ----- ---------- --------- ----/ ------r----- v 

<0,002 each-----------------------<0.01 each

Temp. °C
Lattice 

Parameter 
A

Temp. °C
Lattice 

Parameter 
%

19 2.8660 758 2.8977

5b0 2.8871 780 2.8980

630 2.8914 799 2.8988

TOG 2.894Q 821 2.8997

7^ 2.8966 832 2.9002

7^0 
________________

2.8969 20 2.8662

a-Fe in Equilibrium with Fe^C in a 1.44% C Steel

Temp. °C Lattice Parameter

24 2.8664

127 2.8699

174

256

2.8717

2.8748

337
454

538

669

2.8782

2.8834

2.8372

2.8933

719 2.8960
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Table 10 (cont.)
(B) Lattice Parameter Data for Fe^C

1) Extracted Fe^C a) SPECIMEN 1

TEMPERATURE °C. ’a' 'b* *c*

23 1.5216 5.0861 6.7123
118 1.5290 5.0893 6.7195
267 1.5311 5.0921 6.7587
361 1.53 78 5.0953 6.768]
196 1.5112 5.1039 6.7827
565 

------------------------ —____ ;
1.5182 5.1098 6.7897

b) SPECIMEN 2
'TEMPERATURE °C. 'a* *b* •c'

23 1.5216 5.0883 6.7123
63 1.5259 5.0888 6.7153

211 1.5313 5.0911 6.7518
316 1.5361 5.0951 6.7656
123 1.5111 5.0988 6.7711

j_______ 657
1.5553 5.1235 6.8038

2) Fe3C in ferrite (1.44% C steel)

TEMPERATURE °C. ’a’ •b’
1 -

•o'

21 1.5216 5.0883 6.7121
127 1.5279 5.0887 6.7135
171 1.5298 5.O9OO 6.7519
256 1.5326 5.0916 '.7577
337 1.5371 5.0952 6.7655
4 51 1.5128 5.1016 •>.7779
53 U 1.5166 5.1081 6.7867
66* >

------------------- -----------------1
1.5556 j 5.1215 6,8053

i
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Table 10 (cont.)
(C) Lattice Parameters of Austenites

1) Fe-0.32% C
—

TL2 J’LP.ATURS °C LATTICEoPA}\Ai-lETER 
A

TEMP1SATURE
°C

LATTICE
PARAÎ-ZTE3

832 3.6473 1048 3.6650
86? 3.6503 1083 3.6682
922 3.6544 1140 3.6720
980 3.6593 1186 3.6764

2) Fe-0.62% C

temperature °C
LATTICE PARAMETER 

0 
A

TEMPERATURE
O 

U
LAITIL'E

PARAMETER

325 ■ 3.6555 1007 3.6688
870 3.6592 1067 3.6735
935 3.6636 1076 3.6741
986 3.6675

3) Fe-0.86% C

TEMPiTiATURE °C LATTICE P/diAKETi'^H 
% TEMPERATURE

°C
LATTICE 

PARAMETER

817 3.6610 987 3.6737
870 3.6660 1042 3.6781
940

;----------------------------------- 1
3.6693 1120 3.6842
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Table 10 (cent.)
4) Fe-1.02% C

TRIPL^ATUhV: ° J LATTIC ;A P/^A* TEI^ïRATUKï
1

LATTICE
A °C 1 PAEAMETEP

830 3.6657 955 3.6753
661 3.6694 1015 3.6307
8?0 3« 6696 1062 3.6839
908 3.6719 1111 3.6886

•— i

\o M
l

3.67^0 i
e» I I ■ ■ ■ il J

5) Fe-1.15% C

0
TEi4pj;:;<ATUH, c 

______________________

LATTICEOPAPAEPTEP 
A

T'Prwj'
°C L

920 3.6812 1065

-----—------------

3.692 J

951 3.6826 1096 3.69<3
960 3.6840 1124 3.6961

1002 3.6882 1189 3.7023

6) Fe-1.44% C

TEMPERATURE °C
LAÏTICE^PARA^EIFR 

A
TEMPERATURE

°C
LATTICE o

PAR,U^TER A

991 3.6945 1130 3.7063

1027 3.6979 1156 ‘ 3.7073
1089 3.7024 1185 3.7100
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Table 10 (cont.)

7) PURE IRON
oData of Basinski and of Goldschmidt Converted to A

BASINSKI (22] 
TEMPERATURE °C

LATTICE PARAMETER 0 A
GOLDSCHMIDT (36)

TEMPERATURE LATTICE o 
PARAMETER A

1 916 3.6468 912 3.6466
923 3.6471

950 3.64^ 926 3.6484 "*
107k 3.6596 999 3.6528
1104 3.6696 1113 3.6623
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Table 10. Lattice Parameter Data from

Ridley and Stuart (33)

(A) Lattice Parameter of a-Fe
1) Johnson-Matthey Spectrographically Pure Iron

Composition: O2 Mn,Si,Mg,Al,Cu,Ag
Wt%: 0.012 <0.02 total

Temp. °C
Lattice 

Parameter 
8

Specimen 
Number

Temp. °C
Lattice

Parameter Specimen
Number .

22 2.8663 1 734 2.8967 2
78 2,8632 1 747 2.8974 2

159 2.8711 1 765 2.8979 2
223 2.8736 1 77U 2.8979 2
376 2.8800 1 793 2.898b 2
5^9 2.8876 1 802 2.8988 2
66o 2.8930 1 810 2.899b 2
751 2.8975 1 822 2.8998 2
896 2.9037 1 23 2.8662 2
23 2.8663 2 715 2.8957 3

tts 2.8830 2 831 2.9002 3
6G1 2.8903 2 8^2 2.9008 3 |

652 2.8927 2 858 2.9016
!

3
677 2.8937 2 871 2.9021 3
688 2.89^ 2 888 2.9029 3
70^ 2.89^3 2 23 2.866t 3
718 2.8960 2
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Table 10 (cont.)

2) Japanese Electrolytic Iron

Composition: 02 C Si Co

Wt%: O.OUO 0.006 0.016 0.010

Ko, Ti, Sn, Cul A1, V 

<0.002 each

Mn, Pb, W, Nb, Al^Ni 

<0.005 each 

^Fb, B, 

<0.01 each

Temp. °C
Lattice 

Parameter 
A

Temp, °C
Lattice 

Parameter 
X

19 2.8660 758 2.8977
540 2.8871 780 2.8980
630 2.8914 799 2.8988
700 2.8949 821 2.8997
734 2.8966 832 2.9002
740 2.8969 20 2,8662

3) a-Fe in Equilibrium with Fe3C in a 1.44% C steel

Temp, °C Lattice Parameter

24 2.8664

127 2.8699

174 2.8717

256 2.8748

337 2.8782

454 2.8834

538 2.8372
669 2.8933

719 2.8960
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Table 10 (cont.)
(B)

1) Extracted Fe^c
Lattice Parameter Data for Fe^C 

a) SPECIMEN 1
TEMPERATURE °C. •a’ *b* •c*

23 4.5246 5.0864 6.7423
lh8 4.5290 5.0893 6.7495
267 4.5341 5.0921 6.7587
364 4.5378 5.0953 6.7681
496 4.5442 5.1039 6.7827

• 565 4.5482 5.1098 6.7897

b) SPECIMEN 2
’ TEMPERATURE °C. ’a* ’b’ •c‘

23 4.5246 5.0883 6.7423
63 4.5259 5.0888 6.7453

214 4.5313 5.0911 6.7548
346 4.5364 5.0951 6.7656
423 4.5411 5.0988 6.7714
657 4.5553 5.1235 6.8038

2) Fe3C in ferrite (1.44% C steel)

TEMPERATURE °C. ’a* *b* •e’

24 4.5246 5.0883 6.7424
127 4.5279 5.0887 6.7485
174 4.5298 5.0900 6.7519
256 4.5326 5.0916 6.7577
337 4.5371 5.0952 6.7655
4 >4 4.5428 5.1016 6.7779
538 4.5466 5.1081 6.7867
669 4.5556 5.1245 6,8053
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Tabic LG (ccuiX.. )

CC) Lattice Parameters of Austenites
1) Fe-0•32% C

1--------  
IE?-FEATURE °C LATTICFoP/Jt^.IETER 

A
n^PJJEATURE 

°C
lattice 

PARAMETER

832 3.6173 lolb 3.6650
Û65 3.6505 1083 3.6682
922 3.6511 1110 3.672c
9Ô0 3.6593 1186 

------- ---------------------- -
3.676'1

2) Fe-0.62% C

TEMPERATURE °C
LATTICE P/U(AMETER

0 A
TEMPERATURE

0 
C PARAMETER

825 • 3.6555 1007 3•6688
870 3.6592 1067 3.6735
935 3.6636 1076 3.67I1
986 3.6675

3) Fe-0.86% C

TEMIJERATURE °C

1 - — ' — —— —« — - - - . — - _ 1.

TA1TI CE PARA^LTEd 
A

TEMPE 1 UiTURE 
°C

LATTICE, 
PARAMETER

817 3.6610 987 3.6737
870 3.666o 1012 3.6781
910 3.6693 1120 3.6812
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4) Fe-1.02% C
Table 10 (cont.)

TB4PLRATURF- °C LATTICE PARAMETER 
A

TEMPERATURE
°C

LATTICE
PARAMETER

830 3.6657 . 955 3.6753
861 3«669^ 1015 3.6807
8?0 3.6696 1062 3.6839
908 3.6719 1111 3.6886
925 3.67bo

5) Fe-1.15% C

T^PERATU^ °C LATTICEOPARAMETER 
A

TEMPERATURE 
°C

LATTICE o
PARAMETER A

920 3.6812 1065

VO 
C
J 

a

951 3.6826 1096 3.6943

960 3.6840 1124 3.6961

1002 3.6882 1189 3.7023

6) Fe-1.44% C

TEMPERATURE °C
LATTICEOPARAMETER 

A
TEMPERATURE 

°C
LATTICE o

PARAf'ÎETER A

991 3.6945 1130 3.7063

1027 3.6979 1156 '■ 3.7073
1089 3.7024 1185 3.7100
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Table 10 (cont.)

7) PURE IRON

Data of Basinski and of Goldschmidt Converted to A

BASINSKI (22 I LATTICE PARAMETER 
9 GOLDSCHMIDT (36)

temperature °C A TEMPERATURE LATTICE _
— - PARAMETER A

916 3.6468 912 3.6466
923 3.6471
950 3.6496 926 3.6484

107% 3.6598 999 3.6528
1184 3.6696 1113 3.6623
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Table 11, Regression analysis
(A) Austenites (for each carbon content separately)

* 2 eModel : a^ = aQ + a^T + a^T (A)

Ca
rb

on
 c

on
te

nt
 o

f 
a-
Fe
 (

wt
 %
)

u dP

U dP

U 
dP CM 
O

u dP IO 
00
O

U 
dP CM 
VO
O

u dP CM 
m
o

u dP 
o o
o 3.

63
00
1 

(1
)

3.
59
09
5 

(2
) 

3'
58
28
6 

3.
59
77
9 

3.
62
31
4 

3.
61
65
8 

3.
61
45
3 

3.
56
93
0

3.
64
70
2 

(3
) 

^)
 

(4
) 

(4
) 

(4
) 

(4
)

-3
.2
0 

(1
)

4.
20
 (

2)
 

7.
51
 

6.
76
 

2.
60
 

4.
64
 

6.
79
 

16
.6
5

-6
.2
3 

(3
) 

(4
) 

(4
) 

(4
) 

(4
) 

(4
) 

(4
)

5.
52
 (

1)
2 
nA
 

0.
31
1 

0.
31
0 

2.
55
 

1.
63
 

0.
47
4 

-4
.0
4

L1 
(4
) 

(4
) 

(4
) 

(4
) 

(4
) 

(4
)

6.
83
 (

3)

Cl on 
o 
o o
o +1
on ID 
o o 
o
o +1
on 
in o 
o 
o
O +1
on 
IO o 
o 
o
o +1
r­
o o 
o
o +1
xr 
on 
o 
c 
o
o +1

r-l CM on

œ ’f
m r-l Xf
o o oo o oo o o
o o o+1 +1 +1

9 
(1
)

5 
(2
) 

8 
7 

4 
9 

8 
6

4 
(3
)

o <d

in o

aF*

o

CM 
rd

D z Te
mp

er
at

ur
es

 i
n 

6C
; 

(1
) 

Fr
om

 B
as

in
sk

i 
an

d 
Go

ld
sc

hm
id

t 
da

ta
 t

og
et
he
r?
 

(2
) 

Fr
om

 B
as

in
sk

i 
da

ta
 a

lo
ne
; 

(3
) 

Fr
om

 G
ol

ds
ch

mi
dt

 d
at

a 
al
on
e;
 (

4)
 F

ro
m

Ri
dl
ey
 d

at
a 

al
on
e.



136

Table 11. (cont.)
(B) Austenites (for all carbon contents together - except 

points for pure iron)
2 7 oModel: aA = aQ + a^C + a2C + a^T + a4T (A)

C is the weight percent of carbon and T the temperature 
in °C.

ao = 3.58142
a1 = 1.709 • 10‘2

a2 = 7.97 • 10 3 a = ±0.00096
— 5a3 ® K* N = 44 (from Ridley data)

a4 = 6.2 * 10~9

(C) Ferrite
2 °Model: a_ = a + a,T + a-T (A) r O 1 Z

T is the temperature in °C.

Johnson Matthey Spectrographically 
Pure Iron

Japanese 
Electro­
lytic 
Iron

Ferrite 
in a 
1.44% C 
Fe-C 
AlloySpec.#1 Spec.#2 Spec.#3 Summary

ao 2.86523 2.86526 2.86542 2.86518 2.86530 2.86550

a^lO5 3.70 4.00 4.28 3.93 3.96 3.36

a2-109 7.14 3.02 -0.86 4.00 3.34 12.16

a ±0.00030 ±0.00039 ±0.00013 ±0.00038 ±0.00038 ±0.0001
N 9 17 7 31 9 12
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Table 11. (cont.) 
(D) Cementite

9 *Model : ac = aQ + a^T + a2T (A)
9 9bc = bQ + b^T + b2TZ (A)

2 °cC = % + C1T + c2T (A) 
T is the temperature in °C.

Extracted
Spec.#1

Cementite
Cementite 
in a 
1.44% C

Fe-C AlloySpec.#2 Summary

ao 4.52391 4.52511 4.52415 4.52391
a1-105 3.18 2.51 2.64 2.93
a2 •10^ 1.93 3.40 3.06 2.81
CT ±0.00025 ±0.00031 ±0.00049 ±0.00048
N 6 6 12 8

bo 5.08887 5.08948 5.08953 5.08942

in o -1.23 -2.25 -2.23 -2.00
b2 • 1°® 8.65 11.23 10.83 10.62
a ±0.00042 ±0.00100 ±0.00113 ±0.00087
N 6 6 12 8

% 6.74089 6.74223 6.74172 6.74136
cx • 105 5.04 3.57 4.14 4.65
Cg-lO^ 6.54 8.74 7.94 7.27
a ±0.00052 ±0.00108 ±0.00088 ±0.00041

N 6 6 12 8



APPENDIX 2
CALCULATION OF TRANSFORMATION DILATION FROM X-RAY 

LATTICE PARAMETER DATA

The volumetric transformation coefficient has been
defined as

where 6^ is the volume change per unit volume and AV is 
the total volume change due to the transformation of a 
volume V of the given material (Vf is the final volume 
and the initial).

Since the weight W of the material transforming 
does not change during transformation, it is possible to 
express in terms of the specific volumes of the phases.

Vf Vi 
W w 

vi 
w

Vi = n »AW +n, *AW.+... (3)
a a o d

where is the specific volume in (cm^/gm) of phase i, 

AN is the Avogadro1s Number in (number of atoms/mole), 
v^ is the unit cell volume in (cm3) and na is the number

(2)

where and are the final and initial specific volumes. 
The specific volume of materials having crystalline atomic 
arrangement can be calculated from the knowledge of their 
unit cell lattice parameters by the following equation: 

138
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of atoms of the "a" kind per unit cell with atomic weight 
AWa in (gm/mole). Therefore, the specific volume as 
defined by equation (3) has the dimensions of (cm^/gm).

Since phase transformations in steels involve only 
crystalline phases, their specific volumes can be com­
puted by means of equation (3), provided the lattice 
parameters of the initial and final phases are known at 
the temperature the phase transformation occurs and for 
the chemical composition of the alloy (basically its 
carbon content).

First, part A, the calculation of the transforma­
tion coefficient for pearlitic transformations has been 
performed. The assumption that equilibrium ferrite and 
stoichiometric Fe^C are the product phases of a pearlitic 
reaction is made.

In bainitic transformations only the product 
phases of upper bainite are known to be ferrite and 
cementite. Lower bainite product phases are known to be 
supersaturated ferrite and e carbide. It has also been 
shown that the transformation of e to Fe3C eventually 
occurs. However, the degree of carbon supersaturation 
is not well known. Moreover, no accurate data for the 
e carbide coefficient of expansion are found in the 
literature. Therefore the only data available are for 
upper bainite and are the same calculations performed 
for transformations in the pearlite range. In other 
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words the only difference between pearlitic and upper 

bainitic transformations is the morphology of their 
product phases #not in the unit cells involved.

The calculations of the martensitic transformation 
coefficients, part B, are performed assuming that trans­
formation goes to completion and that the product phase 
is virgin martensite (no allowance is made for tempering.) 

It is important to emphasize that these calcula­
tions are only valid for the conditions established by 
the set of assumptions described in each case.

Another important point to emphasize is that slight 
variations in the chemistry of the alloy during actual 
transformations, especially in the carbon content of the 
phases, might affect the comparison of dilation measure­
ments and calculations.

Finally, no allowance is made for (a) elastic 
strains that might affect the lattice parameter, or (b) 
for differences in the density of lattice imperfections 
between the initial and final phases, such as vacancies, 
dislocations, etc.

Although bainitic and martensitic transformations 
result in mixtures of equilibrium and non—equilibrium 
phases or mixtures of two types of non-equilibrium phases, 
the calculation of these two extreme situations is of 
great significance because it defines an upper and lower 
limit to the transformation dilation. Therefore, hybrid
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transformations should give volume changes between the 
values for complete equilibrium and those for complete 
non-equilibrium.

A) EQUILIBRIUM TRANSFORMATIONS (Ferrite, Pearlite, 
Cementite)
1) Computation Procedure

In this case the initial phase is austenite and
the final is an aggregate of ferrite and cementite.
Therefore, = V^.

(4)

where and Vf are the initial and final specific volumes, 
V Vp and Vc are the specific volumes of austenite, 
ferrite and cementite respectively, Vf is the final total 
volume of the weight W of the material undergoing trans­
formation, V_ and V_, are the volumes of ferrite and r L
cementite such that Vf = Vp + Vc, Wp and Wc are the 
ferrite and cementite weights such that W = Wp + W^, and 
finally fp and f^ are the weight fractions of ferrite 

and cementite. Therefore, from equation (2)

V V
sv - fp • — + Æ • — - 1 (6)
V F va C Vft



142

To solve equation (6), weight fractions of ferrite
and cementite and specific volume ratios of ferrite to
austenite and cementite to austenite should be computed

Assuming equilibrium conditions, ferrite and
cementite weight fractions can be computed from the lever
rule by:

fW _ 6.68 - C
F 6.68 - CF (7)

where C is the weight percent carbon of the Fe-C
FC is the carbon content of ferrite and 6.68 the

alloy.
weight

percent carbon in cementite as calculated from stoichio­
metry

2) Derivation of the equations of the specific 
volume ratio

By means of equation (3) the specific volumes of 
austenite, ferrite and cementite can be calculated as
follows :

A" - "A

nFe * ^Fe + nC • AWC

AN . VF

nFe ' AWFe * nC " AWC
(8)

AN . Vr V
nFe • A'^Fe * nC * AWC

£ -1 - $
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AN = Avogadro*s Number (# atoms/mole)
AWpe, AWC = Atomic Weights of Iron and Carbon (gm/mole)
V^, VF and Vc = Unit Cell Volumes of Austenite, Ferrite 

and Cementite (cm^)
anFe = 4 = # of Iron Atoms per Austenite Unit Cell
anc = # of Carbon Atoms per Austenite Unit Cell
FnFe = 2 = # of Iron Atoms per Ferrite Unit Cell

Fn^ = # of Carbon Atoms per Ferrite Unit Cell
rnFe = 12 = # of Iron Atoms per Cementite Unit Cell
Qn^ = 4 = # of Carbon Atoms per Cementite Unit Cell

The unit cell volumes of austenite, ferrite and cementite
can be calculated from their lattice parameters as follows:

3 3VA = aA= VF = aP» VC * aC ' bC ‘ °C 

where aA = lattice parameter of austenite 
3p = lattice parameter of austenite 
ac, bc and cc = lattice parameters of cementite.

F 
CNow an equation has to be derived to compute n

Aand nc« Taking 100 gm of material as the basis for the 
calculation, and knowing that the weight of a single 
carbon atom is given by the ratio of the atomic weight of 
carbon to Avogadro's Number

AW__C _ (gm C/mole) _ gm
AN (4 of atoms/mole) C atom 9

the weight percent of carbon can be calculated by
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c
C

AWn u
AN 100

100
If the unit cell is taken as the basis, then

°C
A^

AN 100

where
Wuc

is the unit
relation can be derived

cell weight in grams. A similar 
for iron.

%Fe Fe
nFe

A^Fe

AN 100
Wuc

Taking the ratio of the carbon to the iron percents

nc AWC

/ore Fe Fe AWFe

nC (C/Fe) • (AWFe/AWc) . npe (9)

By means of this equation, the number of carbon atoms in
austenite and ferrite unit cells can be calculated:

cA AWFe 
AWC

-C
C

Fe

^Fe
AWC

(10)

Now it is possible to go back to the equations of the

-2
F
F &

specific volume (8) and insert the corresponding values 
of the iron and carbon atoms per unit cell as in equation 
(10) :
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VA '
o , vA

4.AwFe
A"Fe

A?/, c

* AUFe [ ’ + ( )

AN . Vp

Fe
AN

AWC
2 . 

M

2-AWpe

12 . AWpe + 4 . AWC

AN . Vc

4'AW^

Therefore the ratio of the specific volumes
Vc/VA Vc/Vp can be computed as follows :
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I> ll>' 
l> 

ll> 
l> 

l l>

AN . Vp

Fe

AN

(11)

AWC

AN

CA
vc

(12)
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3) Assumptions

During the derivation of these equations several 
assumptions have been made and these should be summarized: 
Assumption 1 : The carbon content of cementite has been 

calculated from stoichiometry.
Assumption 2 : Ferrite and cementite weight fractions 

have been calculated for the equilibrium conditions 
predicted by the Fe-C equilibrium phase diagram.

Assumption 3 : The carbon solubility of ferrite is taken 
from the experimental curve of the equilibrium 
phase diagram and is given by Cy = exp

Assumption 4 : Austenite decomposition goes to 100% 
completion.

Assumption 5: 100% solution of carbon in austenite
happened during austenitization.

4) Results

The lattice parameter equations have been obtained 
by a regression analysis of the x-ray data of Ridley (33), 
assuming that points fit a quadratic model both in their 
temperature and carbon content dependence (Appendix 1).

The austenite lattice parameter equation derived 
from x-ray data for all available carbon contents gives a 
more consistent extrapolation for lattice parameters at 
the low range of temperatures, below the eutectoid temp­
erature , where austenite decomposition takes place.
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Austenite Lattice Parameter Equation (Fig. 33 A and B)

aA(±0.001 A) =

= 3.5814 + 1.709 • C • 10“2 + 7.97 • C2 • 10-3 +

+ 6.7 • T • 10"7 + 6.2 • T2 • 10”9 (13)
o

The lattice parameter numbers obtained are in A, C is the 
carbon content in weight percent and T the temperature 
in °C.

Both the ferrite and cementite lattice parameter 
equations are based on ferrite and cementite in equili­
brium in a 1.44% C steel.

Ferrite Lattice Parameter Equation (Fig. 31) 
o 

ap(±0.000 A) = 2.8655 + 3.96 • T • 10-5 + 3.34 . T2- 10”9

(14)

Cementite Lattice Parameter Equations 
(Fig. 32-A,B and C)

ac(±0.000 A) = 4.5239 + 2.93 • T • 10“5 + 2.81 • T2 • 10*8

bc(±0.000 A) = 5.0894 - 2.00 • T • 10*5 + 10.62 • T2 10*8 (15)

Cc(±0.000 A) = 6.7414 + 4.65 • T • 10*5 + 7.27 •T2 10*8

A regression analysis has been performed to obtain
a single equation describing the transformation coeffi­
cient, ôy, as a function of temperature and carbon con­
tent from the volumetric transformation coefficient for 
equilibrium transformations :
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6 = (245.1 - 21.27 C - 54.4 C2 - 2.1101 T IO”1 +
+ 6.97 T2 10-5) 10“4 (16)

Figures 17-A and B show the values of 6 predicted 
from this calculation.

Figures 34, 35 and 36 are a summary of the calcu­
lation procedure. Figure 34 shows how the unit cell 
volumes of austenite, ferrite and cementite vary with 
the temperature. Both ferrite and austenite are almost 
linear while the curvature for cementite is quite 
pronounced.

A summary of the calculation procedure as a func­
tion of the temperature is shown in Fig. 35-A for a 0.1 
wt % C and Fig. 35-C for a 1.9 wt % C. This summary 
graph shows first the specific volumes of all phases 
(austenite, ferrite and cementite) and the specific 
volume of the product as obtained from

VP = fF ^F + fC VC (1?)

Then the difference between the specific volume of 
austenite and the aggregate of product phases is shown 
as obtained from

AV = Vp - VA (18)

Finally the transformation coefficient is calcu­
lated by 

6» = — (19)
V,
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Figure 36 is the same summary as a function of the 
carbon content for three temperatures.

4) Sample Calculation
To illustrate the calculation procedure, and to 

check the reported results, this sample calculation was 
performed for three carbon contents and three tempera­

tures each. An electronic calculator was used for the com­

putation. Lattice parameters were calculated by means of 
equations (13), (14) and (15) and the following table is 
a summary of their values for each carbon content and 
temperature, Table 12.

Table 12. Lattice parameters of austenite, 
ferrite and cementite for sample calculation

%c T°C aA aF aC bC cC

0.30 100 3.5940 2.8691 4.5271 5.0554 6.7467
0.30 400 3.6151 2.8815 4.5396 5.0979 6.7710
0.30 700 3.6373 2.8946 4.5576 5.1269 6.8096

1.10 100 3.6166 2.8691 4.5271 5.0884 6.7467
1.10 400 3.6377 2.8815 4.5396 5.0973 6.7710
1.10 700 3.6598 2.8946 4.5576 5.1269 6.8096
1.90 100 3.6494 2.8691 4.527115.0884 6.7467
1.90 400 3.6705 2.8815 4.5396 5.0979 6.7710
1.90 700 3.6926 2.8946 4.5576 5.1269 6.8096

In order to calculate the specific volume ratios 
by means of equations (11) and (12), it is necessary to
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calculate first the unit cell volume ratios Vp/V^ and 
VC/VA and (1 + CF/FeF), (1 + C^/Fe^) and the constant 

(3 + AWc/AWpe).

Table 13. Unit cell volumes and unit cell 
volume ratios (sample calculation)

%c T C VA VF vc VVF VVA VVA

0.30 100 46.4231 23.6177 155.4149 6.5804 0.5087 3.3478
0.30 400 47.2455 23.9252 156.6974 6.5495 0.5064 3.3167
0.30 700 48.1213 24.2530 159.1156 6.5607 0.5040 3.3066

1.10 100 47.3043 23.6177 155.4149 6.5805 0.4992 3.2854
1.10 400 48.1372 23.9252 156.6974 6.5495 0.4970 3.2552
1.10 700 49.0199 24.2530 159.1156 6.5607|0.4948 3.2459

1.90 100 48.6032 23.6177 155.4149 6.5804 0.4859 3.1976
1.90 400 49.4511 23.9252 156.6974 6.5495 0.4838 3.1687
1.90 700 50.3497 24.2530 159.1156 6.5607 0.4817 3.1602

Since the carbon solubility of ferrite (equilibrium) 
is only a function of temperature, the factor (1 + CF/FeF) 

is not a function of the carbon content, Table 14.

Table 14. Calculation of (1 + CF/FeF)

T C %C ( 1 + CF/FeF )

100 0.00035 1.00000
400 0.00238 1.00002
700 0.01624 1.00016
725 0.01906
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Since the carbon solubility of austenite does not 
depend on temperature but on the carbon content of the 
alloy, the factor (1 + CA/Fe^) is only dependent on the 

carbon content of the alloy, Table 15.

Table 15. Calculation of (1 + C^/FeA)

%c %Fe ( 1 + CA/FeA )

0.30 99.70 1.00301
1.10 98.90 1.01112
1.90 98.10 1.01937

The coefficient (1 + AW„/AW_ ) = 3.2151. A re
At this point the specific volume ratios can be 

computed for each carbon content and temperature of trans­
formation, Tables 16 and 17.

Table 16. Calculation of V^/V^

%c T C (1+CA/FeA) c
 

09
 

09

0.30 100 1.00301 3.34779 1.0444
0.30 400 1.00301 ' 3.31666 1.0347
0.30 700 1.00301 3.30655 1.0316

1.10 100 1.01112 3.28542 1.0333
1.10 400 1.01112 3.25523 1.0238
1.10 700 1.01112 3.24594 1.0208

1.90 100 1.01937 3.19763 1.0138
1.90 400 1.01937 3.16874 1.0047
1.90 700 1.01937 3.16021 1.0020
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Table 17. Calculation of V^/V^

%C T C (1+CA/FeA) (1+C^/Fe^) VVA 8j/ 8a

0.30 100 1.00301 1.00000 0.50875 1.0206
0.30 400 1.00301 1.00002 0.50640 1.0158
0.30 700 1.00301 1.00016 0.5Q399 1.0109
1.10 100 1.01112 1.00000 0.49927 1.0096
1.10 400 1.01112 1.00002 0.49702 1.0051
1.10 700 1.01112 1.00016 0.49476 1.0004
1.90 100 1.01937 1.00000 0.48593 0.9907
1.90 400 1.01937 1.00002 0.48382 0.9864
1.90 700 1.01937 1.00016 0.48169 0.9819

Ferait® and cementite weight fractions have been 
calculated from equation (7), Table 18.

Table 18. Calculation of f^ and f£

%C T °C 3
0.30 100 0.95514 0.04486
0.30 . 400 0.95543 0.04457
0.30 700 0.95742 0.04258
1.10 100 0.83537 0.16463
1.10 400 0.83563 0.16437
1.10 700 0.83737 0.16263
1.90 100 0.71561 0.28439
1.90 400 0.71582 0.28418
1.90 700 0.71731 0.28269
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Finally the volume change per unit volume due to 
the equilibrium transformation of austenite to ferrite 
and cementite can be computed from equation (6), Table 19.

Table 19. Calculation of 6V

%c T °C
v w v 

VA
6V

0.30 100 0.99755 0.04685 0.02167
0.30 400 0.97053 0.04612 0.01664
0.30 700 0.96786 0.04393 0.01178

1.10 100 0.84339 0.17011 0.01350
1.10 400 0.83989 0.16828 0.00817
1.10 700 0.83771 0.16601 0.00372

1.90 100 0.70896 0.28832 -0.00273
1 .90 400 0.70609 0.28552 -O.OO84O
1.90 700 0.70433 0.26326 -O.OI242
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B) MARTENSITE TRANSFORMATION

This calculation is performed in two steps. First, 
6v is computed as a function of C and T disregarding the 
fact that the range of temperatures of transformations 
is fixed. Therefore 6^ is calculated for all possible 
temperatures.

Second, from the knowledge of Ms and Mf, and from 
the calculations performed in (1), a single line can be 
drawn to describe 6V at Mf.

1) Basic Computation

In this case the initial phase specific volume
is also the austenite specific volume and the final is 
the martensite specific volume.

\ <20

Therefore from equation (2),

The specific volumes of austenite and martensite can be 
calculated from equation (3),

AN • V, A
A AnFe ' AWFe » nC • AWC

(22)
AN • M

nFe * » "c '



168

AN = Avogadro1s Number
V- = Austenite Unit Cell Volume = af 
A A
a^ = Austenite Unit Cell in (cm)

VM = Martensite Unit Cell Volume = a^ • cM

aM and cM = Martensite Unit Cell Lattice Parameters in (cm)

AWpe = Atomic Weight of Iron

AW^ = Atomic Weight of Carbon 
A nFe " Number of Iron Atoms per Unit Cell of Austenite = 4
Mnpe = Number of Iron Atoms per Unit Cell of Martensite = 2 
n£ = (CA/FeA) . (AWpe/AWc) • nA^

n“ = (CM/FeM) • (AWpe/AWc) • npe *

A ,C = Weight Percent of Carbon dissolved in Austenite
AFe = Weight Percent of Iron in Austenite 

= Weight Percent of Carbon in Austenite
FeM = Weight Percent of Iron in Martensite.

Assuming complete carbon solution in austenite, 
A C = C the carbon weight percent of the Fe-C alloy.

Assuming complete transformation of austenite to marten­
site, CM = CA if no aging happens during transformation. 

Therefore the specific volumes of austenite and martensite 
can be rewritten as,
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AN .

... / CA \
^'^ Fe • 1

AN « a,,J . Cj|

(23)

^Fe 

AWC

AN . aM * CM

A^Fe •

or since = CA and therefore Fe^ = FeA,

AN . . CM
(24)

FeA _

Therefore the specific volume ratio of martensite to
austenite can be given by,
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AN .

aM * CM
8?

Therefore the volume change
tion at a given temperature

2 . AWpe

(25)

during martensite transforma­
can be given by,

«V - 2 • — Ï* - 1 
aM

2) Assumptions

For the development of this equation the follow­
ing assumptions have been made:
Assumption 1: C = C or that 100% solution of carbon in 

austenite occurred during austenitization.
Assumption 2 : C = C or that during transformation there 

were no carbon atoms rejected out of the tetragonal 
martensite unit cell (no tempering effect).

(26)

AN .
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Assumption 3 : The volume coefficient of thermal expansion 
of martensite has been considered the same as the 
one for ferrite.

Assumption 4 : Austenite decomposition goes to 100% 
completion.

3) Results

The transformation volume change for martensite 
reaction has been performed by means of equation (26). 
Figure 18-B illustrates the dependence of the martensite 
transformation coefficient on temperature and Fig. 18-A 
its dependence on the carbon content of the Fe-C alloy. 
In both figures, lines showing the start of the martensite 
transformation and different percentages of completion 
have been included. The temperatures at which martensite 
starts transforming, Ms, have been calculated for each 
carbon content from the Bain and Paxton (85) equation for 
low alloy steels r . _______ . __ ____ .

Ms(C) = 561 - 474 (%C) - 33 (%Mn) - 17 (%Ni) 
- 17 (%Cr) - 21 (%Mo) (27)

The line defining the different percentages of 
transformation has been calculated from the Koistinen and 
Marburger (86) equation (empirically determined) that 
defines the volume fraction of retained austenite, 

= 1 - f, in terms of the number of degrees C of under­
cooling below Ms,



172

fA = 1 - f = exp [ a(Ms - Tq) ] 

where ot = -0.011 is the empirical parameter

(28)

Tg is the
quenching temperature and f is the volume fraction of
martensite formed at this temperature. According to
Magee (88) this parameter is given by

v ’ -nar—a - (29)

where V is the average volume of newly formed martensite 
Plates and AG^ a is the driving free energy favoring 

the formation of martensite. Brook et al. (89) have 
found that the slope

m = - (30)

a parameter equivalent to a , differed among iron alloys 
from 0.008 to 0.013 and that much of this variation could 
be directly correlated with the known values of

-------  for each alloy.

For the present calculation,a - -0.011 from Koistinen 
and Marburger,has been adopted because it fits experimental 
data for pure Fe-C alloys. The lattice parameter equation 
for austenite used in this calculation is equation (13) 
used before for part A.

The unit cell volume of martensite has been computed 
by means of
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+ (Vp * (31)

where

Vp = unit cell volume of ferrite at a temperature T 
RTVp = unit cell volume of ferrite at room temperature

— unit cell volume of martensite at room 
temperature.

RTVF and Vp are computed from ferrite lattice as in 
part A. V^Tcan be computed from Roberts (13) summary 

equations :
o

a^A) = 2,867 - 0.013 (wt % C)
0 (32)

Cjj(A) — 2.867 + 0.116 (wt % C)

(33)

Therefore equation (31) gives the unit cell volume of
martensite assuming that the volume coefficient of expan­
sion of martensite is the same as ferrite.
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