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Standard Practice for
Quantitative Measurement and Reporting of Hypoeutectoid
Carbon and Low-Alloy Steel Phase Transformations !

This standard is issued under the fixed designation A 1033; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope ey, = Ad/d, = (d; — dy)/d,

1.1 This practice covers the determination of hypoeutectoid 3.1.2 hypoeutectoid steeta term used to describe a group
steel phase transformation behavior by using high-speedf carbon steels with a carbon content less than the eutectoid
dilatometry techniques for measuring linear dimensionakomposition (0.8 % by weight).
change as a function of time and temperature, and reporting the 3.1.3 longitudinal linear engineering strai-the strain, ei-
results as linear strain in either a numerical or graphical formather thermal or resulting from phase transformation, that is

1.2 The practice is applicable to high-speed dilatometrydetermined from a change in length as a result of a change in
equipment capable of programmable thermal profiles and wittemperature, or over a period of time, and which is expressed
digital data storage and output capability. as follows:

1.3 This practice is applicable to the determination of steel e = AllLy= (I, — I/l

. . . 0 1 o/fto
phase transformation behavior under both isothermal and
continuous cooling conditions.

1.4 This practice includes requirements for obtaining met
allographic information to be used as a supplement to th
dilatometry measurements.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is théhereof.

responsibility of the user of this standard to establish appro- 3.15 volur_netrlc engneering stramthg strain, ¢|ther ther;
priate safety and health practices and determine the applica[nal or resulting from phase transformation, that is determined
bility of regulatory limitations prior to use from a change in volume as a result of a change in temperature,

or over a period of time, and which is expressed as follows:
2. Referenced Documents 8y = AVivy = (v — Vp)ivg
2.1 ASTM Standards? e, ~ 3¢~ 3¢,
E 3 Practice for Preparation of Metallographic Specimens 3.2 Symbols
E 112 Test Methods for Determining Average Grain Size i
E 407 Practice for Microetching Metals and Alloys

3.1.4 steel phase transformatienduring heating, the crys-
tallographic transformation from ferrite, pearlite, bainite, mar-
ensite or combinations of these constituents to austenite.
uring cooling, the crystallographic transformation from aus-
tenite to ferrite, pearlite, bainite, or martensite or a combination

e_= longitudinal linear engineering strain
e, = diametrical linear engineering strain
3. Terminology e, = volumetric engineering strain

Al = change in test specimen length

31 Defmltlon_s of erms Sp_ecmc_ to Th|s_ Standard_: . [, = test specimen length at specific temperature or time, or
3.1.1 diametrical linear engineering strairthe strain, ei- both
ther thermal or resulting from phase transformation, that is |, = initial test specimen length

determined from a change in diameter as a result of a changeAd = change in test specimen diameter

in tempera'ture, or over a period of time, and which is expressed d, = test specimen diameter at specific temperature or time,
as follows: or both

d, = initial test specimen diameter

This practice is under the jurisdiction of ASTM Committee AOL on Steel, AV =change in test specimen volume
Stainless Steel and Related Alloys and is the direct responsibility of Subcommittee v; = test specimen volume at a Speciﬁc temperature or time,
A01.13 on Mechanical and Chemical Testing and Processing Methods of Ste%r both
Products and Processes. N .

Current edition approved March 1, 2004. Published March 2004. Vo= initial test specimen volume

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or  AC, = the temperature at which austenite begins to form on
contact ASTM Customer Service at service@astm.org.Afotual Book of ASTM heating
Standards/olume information, refer to the standard’s Document Summary page on
the ASTM website.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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Ac; = the temperature at which the transformation of ferritecal composition can result in variability in strain, and can affect

to austenite is complete on heating the results of strain determinations, especially determination of
M, = the temperature at which the transformation of austevolumetric strain. Strains determined during cooling are sen-
nite to martensite starts during cooling sitive to the grain size of austenite, which is determined by the

. heating cycle. The most consistent results are obtained when
4. Summary of Practice austenite grain size is maintained between ASTM grain sizes of
4.1 This practice is based upon the principle that, during to 8. Finally, the eutectoid carbon content is defined as 0.8 %
heating and cooling of steels, dimensional changes occur asfar carbon steels. Additions of alloying elements can change
result of both thermal expansion associated with temperatungis value, along with Ag and Ag temperatures. Heating
change and phase transformation. In this practice, sensitivg/cles need to be employed, as described below, to ensure
high-speed dilatometer equipment is used to detect and meaemplete formation of austenite preceding strain measurements
sure the changes in dimension that occur as functions of botturing cooling.
time and temperature during defined thermal cycles. The ) )
resulting data are converted to discrete values of strain fof- Ordering Information
specific values of time and temperature during the thermal 6.1 When this practice is to be applied to an inquiry,
cycle. Strain as a function of time or temperature, or both, camontract, or order, the purchaser shall so state and should
then be used to determine the beginning and completion of onfarnish the following information:
or more phase transformations. 6.1.1 The steel grades to be evaluated,
L 6.1.2 The test apparatus to be used,
5. Significance and Use 6.1.3 The specimen configuration and dimensions to be
5.1 This practice is used to provide steel phase transformarsed,
tion data required for use in numerical models for the predic- 6.1.4 The thermal cycles to be used, and
tion of microstructures, properties, and distortion during steel 6.1.5 The supplementary requirements desired.
manufacturing, forging, casting, heat treatment, and welding.
Alternatively, the practice provides end users of steel and- Apparatus
fabricated steel products the phase transformation data required7.1 This practice is applicable to several types of commer-
for selecting steel grades for a given application by determingially available high-speed dilatometer apparatus, which have
ing the microstructure resulting from a prescribed thermakertain common features. These include the capabilities for:
cycle. heating and cooling a steel specimen in vacuum or other
5.1.1 There are available several computer models designegntrolled atmosphere; programmable thermal cycles; inert gas
to predict the microstructures, mechanical properties, andr liquid injection for rapid cooling; continuous measurement
distortion of steels as a function of thermal processing cycleof specimen dimension and temperature; and digital data
Their use is predicated on the availability of accurate andtorage and output. The apparatus differ in terms of method of
consistent thermal and transformation strain data. Strain, botépecimen heating and test specimen design.
thermal and transformation, developed during thermal cycling 7.1.1 Dilatometer Apparatus Using Induction Heating
is the parameter used in predicting both microstructure andhe test specimen is heated by suspending it inside an
properties, and for estimating distortion. It should be noted thaihduction-heating coil between two platens as shown schemati-
these models are undergoing continued development. Thisally in Fig. 1. Cooling is accomplished by a combination of
process is aimed, among other things, at establishing a diregbntrolled reduction in heating current along with injection of
link between discrete values of strain and specific microstrucinert gas onto the test specimen. Dimensional change is
ture constituents in steels. This practice describes a standargreasured by a mechanical apparatus along the longitudinal
ized method for measuring strain during a defined thermahxis of the test specimen, and temperature is measured by a
cycle. thermocouple welded to the surface of the specimen at the
5.1.2 This practice is suitable for providing data for com-center of the specimen length. For this apparatus, only Type R
puter models used in the control of steel manufacturingor S thermocouples should be used.
forging, casting, heat-treating, and welding processes. Itis also 7.1.2 Dilatometer Apparatus Using Resistance Heating
useful in providing data for the prediction of microstructuresThe test specimen is supported between two grips as shown
and properties to assist in steel alloy selection for end-usechematically in Fig. 2, and heated by direct resistance heating.
applications. Cooling is accomplished by a combination of controlled
5.1.3 This practice is suitable for providing the data needededuction in heating current along with injection of inert gas
for the construction of transformation diagrams that depict thento the test specimen or internal liquid quenching. Dimen-
microstructures developed during the thermal processing dfional change is measured along a diameter at the center of the
steels as functions of time and temperature. Such diagramsst specimen length, and temperature is measured by a
provide a qualitative assessment of the effects of changes in
thermal cycle on steel microstructure. Appendix X2 describes—————
construction of these diagrams_ 3 The sole source of supply of the apparatus known to the committee at this time

5.2 It should be recognized that thermal and transformatioff Pynamic Systems Incorporated, Postenkill, NY. If you are aware of alternative
suppliers, please provide this information to ASTM International Headquarters.

Stl’&il’)g which de_VeIOD in steg_ls during the_rmal cyc_:ling, ar.e{our comments will receive careful consideration at a meeting of the responsible
sensitive to chemical composition. Thus, anisotropy in chemitechnical committeé, which you may attend.
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FIG. 1 Schematic of Transformation Testing Using Induction Heating
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FIG. 2 Schematic of Transformation Testing Using Resistance Heating

thermocouple welded to the surface of the specimen at thesed for all thermal cycling conditions. The hollow specimen
center of the specimen length. Dimensional change can bghown in Fig. 5 may also be used for all thermal cycling
measured by either mechanical or non-contact (laser) dimergonditions. The hollow specimens will achieve the highest
sion measuring apparatus. Temperature measurement can dmling rates when quenching is employed.

made using Type K, Type R, or Type S thermocouples. 8.2 Sampling—Test specimens may be obtained from any
) . ) steel product form, including steel bar, plate, and sheet and
8. Test Specimens and Sampling of Test Specimens strip products. Care should be exercised to avoid the effects of

8.1 Test SpecimensThe test specimens to be used with metallurgical variables, such as chemical segregation, in deter-
each type of test equipment shall be selected from those shownining where test specimens are obtained from a product form.
in Figs. 3-5. Procedures have been designed that offer the advantage of

8.1.1 Dilatometers Apparatus Using Induction Heatirg equivalency of strain determination using specimens from both
The specimens to be used with this type of apparatus are shovtypes of apparatus described in 7.1.1 and 7.1.2. For equiva-
in Fig. 3. The solid specimens may be used for all thermalency of strain, the orientation of the longitudinal axis of test
cycling conditions. The hollow specimens may also be used fospecimens for induction heating apparatus should be at 90
all thermal cycling conditions. The hollow specimens will degrees to the longitudinal axis of specimens for resistance
achieve the highest cooling rates when gas quenching iseating.
employed. 8.2.1 Example Sampling for Steel Bar Product Forms

8.1.2 Dilatometer Apparatus Using Resistance Heatihg Where material thickness permits, a selected test specimen
The specimens for use with this type of apparatus are shown ishould be machined from the mid-radius position. Where
Figs. 4 and 5. The specimen with the reduced center sectiamaterial thickness is insufficient to permit machining a selected
(Fig. 4) allows for internal cooling of the specimen ends bytest specimen from the mid-radius position but sufficient to
either liquid or gas. The solid specimen shown in Fig. 5 may bg@ermit machining the test specimen from the mid-diameter
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L=8 mm, 9 mm, or 10 mm D=3 mm,4 mm, or5 mm
Tolerance = +/- 0.13 mm Tolerance = +/- 0.025 mm

Solid Test Specimens

Hollow Test Specimens

o, I0,O

n P D,=4 mm,D, =3 mm
L =8 mm, 9 mm, or 10 mm . or )
Tolerance = +/- 0.13 mm D, =5mm,D,=4 mm
or

D, =6 mm, D, =5 mm
Tolerance = +/- 0.025 mm

Note—All machining surface finishes being 0.8 um RMS
FIG. 3 Test Specimens for Induction Heating Apparatus
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Note—All machining surface finishes being 0.8 um RMS

Test Specimen Dimension Guide Table

Specimen Length, Specimen Half Length, Reduced Section Length, Reduced Section Diameter, OD at Grip End, ID at Grip End,  Grip End Drill Depth,
L1 + 0.10 (mm) L2 * 0.05 (mm) L3 + 0.025 (mm) D3 * 0.025 (mm) D1 *+ 0.025 (mm) D2 * 0.025 (mm) L4 * 0.05 (mm)
90 45 6 6 10 6.3 40
84 42 6 6 10 6.3 37
84 42 5 5 10 6.3 37

FIG. 4 Test Specimens with Reduced Center Section for Resistance Heating Apparatus

position, the test specimen may be obtained from the midaxis of the test specimen perpendicular to the rolling direction

diameter position. In all cases, material thickness must bef the bar. Fig. 6 shows example orientations.

sufficient to permit machining a fully dimensioned test speci- 8.2.1.2 Dilatometer Apparatus Using Resistance Heating

men. The test specimens are to be machined with the longitudinal
8.2.1.1 Dilatometer Apparatus Using Induction Heatirg  axis of the test specimen parallel to the rolling direction of the

The test specimens are to be machined with the longitudindar. Fig. 6 shows example orientations.
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Solid Test Specimens

o O

D=6 mmor 10 mm

L =71 or 86mm Tolerance = +/- 0.025 mm
Tolerance = +/- 0.8 mm

Hollow Test Specimens

1 o 10O

< g D, =6 mm, D, =4 mm
: or
L =71 or 86 mm D,=10mm, D, =8 mm
Tolerance = +/- 0.8 mm Tolerance = +/- 0.025 mm

Note—All machining surface finishes being 0.8 pm RMS.

Test Specimen Dimension Guide Table
Specimen Length, Specimen Half Length, Reduced Section Length, Reduced Section Diameter, OD at Grip End, ID at Grip End,  Grip End Drill Depth,

L1 = 0.10 (mm) L2 = 0.05 (mm) L3 + 0.025 (mm) D3 * 0.025 (mm) D1 = 0.025 (mm) D2 = 0.025 (mm) L4 = 0.05 (mm)
90 45 6 6 10 6.3 40
84 42 6 6 10 6.3 37
84 42 5 5 10 6.3 37

FIG. 5 Test Specimens for Resistance Heating Apparatus

Rolling Direction

Orientation of

Specimens for Radius Orientation of

Induction 1S{pﬁfllmens for
Heating esistance
Heating

FIG. 6 Machining Orientations for Bar Steel Product Forms
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9. Calibration 10.2 Test Specimen PreparatieriTest specimens are to be

9.1 Apparatus and Componentdndividually calibrate the machined from s;eel_ product stock to_ the dimensions and
temperature, time (sampling rate), and length change signaiglerances shown in Figs. 3-5. Test specimens must be properly
according to appropriate manufacturer's recommendations. Prepared and thermocouples must be properly attached to the

9.2 Use of Standard Reference Matesialo ensure accu- SPecimens to ensure reliable and repeatable results. Care must
rate test results, a calibration procedure must be followe@!so be taken to properly install specimens in the dilatometer
which involves using the apparatus to measure strain as &Pparatus. Procedures for specimen preparation and installa-
function of temperature for a standard reference material. A tegton are described below.
specimen should be prepared from a standard reference mate-10.2.1 Dilatometer Apparatus Using Induction Heatirg
rial for which thermal expansion data has been documented.he test specimen must be degreased using a solvent such as
The test specimen should be heated to 1008°G°C, at a acetone or methyl alcohol. To achieve a proper connection of
nominal rate of 1°C/s, held at temperature for 60 s and thethe thermocouple to the test specimen, the surface of the test
cooled at a nominal rate of 1°C/s to room temperature. This ispecimen, at the point of thermocouple attachment, must be
to be followed by a second thermal cycle whereby the teslightly sanded using a 600 grit paper to remove any surface
specimen is heated to 1000°€ 5°C, at a nominal rate of oxide. Significant removal of metal must be avoided. The
10°C/s and then cooled at a nominal rate of 10°C/s to roontength and diameter of the test specimen must then be
temperature. The appropriate specimen dimension is to b@easured with a micrometer. The diameter must be measured
continuously measured during each thermal cycle. at a point away from the sanded region to avoid any error in

9.3 Standard Reference MaterialThe standard reference measuring actual diameter. These measurements will aid in
material recommended for calibration is high purity nickelverifying dimensional changes that occur during thermal cy-
(99.995 %). cling. The thermocouple must then be welded to the surface of

9.4 Calibration Curves—Curves of strain versus tempera- the test specimen. Sheathed thermocouple wires with a nomi-
ture are to be prepared from the dimension measurements faal diameter of 0.13 mm must be used. The thermocouple
both thermal cycles. Such curves must compare favorably witivires must be individually welded to the specimen surface at
an accepted strain-temperature curve for the selected refereng point of attachment, and separated from each other by two
material. A recommended strain-temperature curve for higlwire diameters. The welding procedure must result in a secure
purity nickel is shown in Fig. 7. The band describes an erromttachment of each wire, but must avoid excessive melting of
band of =3 % strain calculated at 800°C. The curves detereither wire. This will weaken the interface between unwelded
mined by the user of this practice must fall within this band. and welded sections of each wire, and could also cause metal
flow between the wires, which will result in an erroneous
voltage output from the thermocouple. The specimen must be

10.1 Test Environmenrt-All thermal cycles employed shall then placed between the holding platens in the dilatometer
be carried out under a vacuum ofxl 10 torr maximum. apparatus giving attention to achieving the best possible

10. Procedure
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FIG. 7 Strain versus Temperature for High Purity Nickel
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alignment. For maximum accuracy, the length change measuspecimen to 650°G: 5°C, at a nominal rate of 10°C/s, holding
ing device, for example, the linear variable differential trans-the test specimen at 650°C for 10 min and then cooling to room
former (LVDT), must be adjusted so that it will not pass temperature at a cooling rate not exceeding 20°C/s. The test
through its natural zero point during thermal cycling. Once thespecimen must not be removed from the apparatus prior to
specimen is in place, the insulating sheaths on the therm@onducting dimensional measurements.
couple wires must be moved along the thermocouple wires 10.4 Determination of Critical TemperaturesThe critical
until they contact the specimen surface. This will prevent:[emperatures, Alcand AQi! shall be determined from a test
undesirable heat loss, and will avoid contact between the twgpecimen separate from those used for other transformation
thermocouple wires. Once the specimen has been subjectedffeasurements. The thermal cycle to be used is to heat the test
thermal cycling as described below, and has been removeshecimen to 700°G 5°C, at a nominal rate of 10°C/s. Heating
from the apparatus, the thermocouple sheaths may be movegust then be continued at a nominal rate of 28°C/h while strain
away from the test specimen surface, and the thermocouplg continuously measured until the Aand Ag, temperatures
leads cut away. The specimen diameter and length must then Bee identified. Strain increases with temperature unti isc
re-measured as described above. reached. Ag is the temperature at which austenite begins to
10.2.2 Dilatometer Apparatus Using Resistance Heating form on heating, and strain will begin to decrease with
The test specimen must be degreased using a solvent suchiasreasing temperature. Ads the temperature at which the
acetone or methyl alcohol. To achieve a proper connection dfansformation from ferrite to austenite is completed and strain
the thermocouple to the test specimen, the surface of the tegill again begin to increase with increasing temperature. Both
specimen, at the point of thermocouple attachment, must beritical temperatures can be determined from changes in the
lightly sanded using a 600 grit paper to remove any surfacslope of a strain versus temperature plot as shown in Fig. 8.
oxide. Significant removal of metal is to be avoided. The 10.5 Continuous Cooling Transformation Data Set§ach
diameter of the test specimen must then be measured with @ntinuous cooling transformation thermal cycle shall consist
micrometer. The diameter must be measured at a point away heating a test specimen to an austenitizing temperature of
from the sanded region to avoid any error in measuring actughc, + 50°C + 5°C at a nominal rate of 10°C/s. The test
diameter. These measurements will aid in verifying dimenspecimen shall be held at the austenitizing temperature for 5
sional changes that occur during thermal cycling. The thermomin and then cooled to room temperature at nominal rates of
couple must then be welded to the surface of the test specimep.05 to 250°C/s. Data must be sampled and recorded at the rate
Thermocouple wires with a nominal diameter of 0.2 mm musiof one dimension measurement per degree Celsius. Linear
be used. The thermocouple wires must be individually welde&ooling rates are to be utilized to the maximum cooling rate
to the specimen surface at the mid-span of the specimen arbssible. At cooling rates where linear control is not possible,
perpendicular to the longitudinal axis of the specimen. Thehe rate at 700°C is to be reported along with the cooling time
wires must be separated from each other by five wire diampetween 800°C and 500°C. A separate test specimen shall be
eters. A ceramic tube is used to cover each wire at the junctiogsed for each thermal cycle. At least twelve specimens must be
to minimize heat loss to the environment. The welding proceevaluated to completely characterize each steel composition
dure must result in a secure attachment of each wire, but must/er the range of cooling rates cited above. The specific
avoid excessive melting of either wire. This will weaken thecooling rates used may be selected at the discretion of the user
interface between unwelded and welded sections of each wirgf this practice. Replicate tests may be desirable if uncertainty
and could also cause metal flow between the wires, which willn one or more test results is encountered.
result in an erroneous voltage output from the thermocouple. 1g g |sothermal Transformation Data Set€ach isother-
The specimen must then be inserted into the jaws or grips qf,q) fransformation thermal cycle shall consist of heating a test
the apparatus, with the thermocouple located at the m'd'Spanecimen to an austenitizing temperature of#80°C + 5°C,
and aligned such that the thermocouple will not interfere withy¢ 5 nominal rate of 10°C/s. The test specimen shall be held at
the dimension measuring apparatus. The specimen must thgfy austenitizing temperature for 5 min and then quenched to
be tightened in the jaws or grips while maintaining alignmentie jsothermal hold temperature. A cooling rate of at least
of the thermocouple and positioning of the specimen. The jaw§75°c/s shall be employed. During the quench, the tempera-
or grips must be tightened evenly to avoid mechanical stressggre of the test specimen must not undershoot the isothermal
on the test specimen. The jaws or grips must allow for freég,o|d temperature by more than 20°C, and must be stabilized at
expansion and contraction of the test specimen during heatinge jsothermal hold temperature within 2 s. The temperature of
and cooling. Once the specimen has been subjected to thermflk specimen must be maintained withi%°C of the isother-
cycling as described below, and has been removed from th@a| hold temperature during dimension measurement. The test
apparatus, 'ghe thermocouple leads may be cut away. T@fpecimen is to be held at the isothermal hold temperature, and
specimen diameter must then be re-measured as describgfinension continuously measured until transformation is
above. 100 % complete. The specimen must then be quenched to room
10.3 Test Specimen StabilizatierRemove residual stresses temperature. Data must be sampled and recorded at a rate of at
and stabilize the position of the test specimen within thdeast five dimension measurements per second. Complete
apparatus. Carry out a preliminary thermal treatment of eactransformation is defined as the time at which maximum
test specimen prior to measuring dimensional change durindimensional change has occurred. A separate test specimen
thermal cycling. This treatment consists of heating the tesshall be employed for each thermal cycle. At least twelve
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FIG. 9 Strain versus Temperature for Continuous Cooling

specimens must be evaluated over a temperature range betwesteel composition. Specific isothermal hold temperatures may
Ac, and room temperature to completely characterize eache selected at the discretion of the user of this practice.
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Replicate tests may be desirable if uncertainty in one or morat constant temperature. It should be recognized that some steel
test results is encountered. The purpose of quenching from ttgrades might exhibit very rapid transformation kinetics at

austenitizing temperature is to avoid transformation of austeeertain temperatures, and partial transformation of austenite
nite prior to the isothermal hold temperature, and to permit

measurement of the start, progress, and finish of transformation
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FIG. 12 Example Isothermal Transformation Diagram

may occur during the quench. Under these circumstancesg|; = initial test specimen diameter, and
uncertainty in determining the start of transformation may bed, final diameter of the test specimen at corresponding
encountered. values of time and temperature.

11.4 Determination of Thermal versus Transformation

11. Calculation . o .
Strain—Thermal strain is the strain developed only as a result

11.1 The dimensional changes measured for each value g (omperature change. Transformation strain results from

time and temperature recorded durir_lg th‘?fma' cy_cling are to bgr stallographic phase changes. Each type of strain can be
converted to values of average engineering strain as descr'b%@{ablished as follows:

below. .
11.2 Dilatometer Apparatus Using Induction Heatirg 11.4.1 Isothermal Transformation Measurement$hermal

Linear longitudinal engineering strain is calculated by theStrain occurs during the quench from the austenitizing tempera-
following equation: ture to the isothermal hold temperature. Thermal strain is
determined from the change in test specimen length or diam-

& = Alflg =1 =lollly @ eter, which occurs between the austenitizing temperature and
where: the isothermal hold temperature. At the isothermal hold tem-
lo = initial test specimen length, and perature, the transformation strain is determined from the
I, = length of the test specimen at corresponding values ofchange in test specimen length or diameter between the time at

time and temperature. which transformation begins and the time at which transfor-
11.3 Dilatometer Apparatus Using Resistance Heating mation ends.
Linear diametrical engineering strain is calculated by the 11 4 2 continuous Cooling Transformation
following equation: Measurements-Thermal strain occurs during the cooling from
& = Ad/d, = (d; — do)/dy (20 the austenitizing temperature to room temperature. The thermal

strain between any two temperatures is determined from the

where: change in test specimen length or diameter between the two

10
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temperatures. The transformation strain occurs over the tem- 12.1.7 Numerical time-temperature-strain data. A row and
perature range during which transformation takes place. Theolumn format is suggested to permit ease of entry into
transformation strain is determined from the change in tespredictive computer models and to permit construction of
specimen length or diameter between the temperature at whidhansformation diagrams. An example format is included with
transformation begins and the temperature at which transfothis practice as an appendix item. The format used, however,
mation ends. may be left to agreement between the person or organization
11.5 Volumetric Strair—Under certain circumstances it may conducting the test and the person or organization which
be desirable to estimate volumetric strain from linear straincontracts for the test.
Volumetric strain may be estimated as follows: 12.1.8 Photomicrographs obtained from metallographic ex-
e\/ — AV/VO — (Vl _ VO)/VO (3) amination.

e ~ 38 =~ 3 13. Reproducibility of Results
12. Report 13.1 Reproducibility of results obtained from the use of this

12.1 The report for each thermal cycle shall include thePractice will depend upon both test material variations and
following information (an appendix is attached to this practicevariations in equipment capability. This practice relates to the
which provides a suggested format for reporting the informameasurement of phase transformations in steel, which is not an

tion): isotropic material. It is subject to variations in chemical
12.1.1 Identification of the steel grade. composition within a given section of a product form, and
12.1.2 The chemical composition of the steel. these variations will affect measured results. The types of

12.1.3 Additional information regarding the condition of the high-speed dilatometer apparatus used in the testing described
steel at the time of testing if applicable. Such informationin this practice have evolved over several years. As a result,
should include prior austenite grain size, initial microstructure feproducibility of results will depend upon the response of

and processing information. temperature, time (sampling rate), and length change signals of
12.1.4 Type of thermal cycle used in measuring transformagdiven apparatus to changes in specimen test temperature and
tions, for example, continuous cooling or isothermal. dimension during thermal cycling.

12.1.5 Brief description of the apparatus used in the test.
12.1.6 Description of the test specimen used in the test ani*- Keywords
orientation relative to the steel product form. 14.1 dilatometry; phase transformations; steel; strain

SUPPLEMENTARY REQUIREMENTS

This requirement only applies when specified by the person or organization contracting for this
practice.

S1. Metallography tion of austenite and the amount of retained austenite in the microstruc-

S1.1 Test SpecimensFhe microsiucture oftes specimens U1, 1) e e o teernie e pror usenie g e cre
shall be documented. Practices E 3 and E 407 shall be fol; P )

| d. The details of th I hi S includ ethods E 112 as well as in other documents referenced at the end of this
owed. The detalls of the metallographic examination, inclu “practice. It may also be desirable to check the specimens for decarburiza-

ing the number, type (longitudinal, transverse, and so forth)ion if decarburization is detected in a specimen, a new specimen should
and locations (mid-thickness, quarter-thickness, and so forthje tested. It may be desirable to document the initial microstructure prior

of the specimens shall be as agreed between the purchaser afgerforming transformation measurement procedures using a separate
the testing organization. specimen that has not been subjected to transformation measurement

. . rocedures.
Note —In addition to documenting all of the products of transforma- P

11
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(Nonmandatory Information)

X1. SUGGESTED FORMAT FOR REPORTING DATA

X1.1 The following is a suggested format for reporting row 15: number Nb
transformation strain data as a function of time and tempera- row 16: number B

ture. It may be used as a guide or a template. row 17: number N
1] FILE NAMING. Tab delimited text with file names row 18: number Al
having the following structure: row 19: number O

<steel grade> _ <prior austenite grain size> _ <LABORA- Rows 20-21: Additional Material Information.
TORY NAME> _ <cooling rate in °C/s or isothermal hold row 20: number STEEL HEAT IDENTIFICATION
temperature in °C> _ <completion date in MMDDYY> _ <run NUMBER

number>.DAT row 21: number ASTM PRIOR AUSTENITE GRAIN
An example file name is as follows: SIZE NUMBER
1050_9 ABC_600_091102_3.DAT Use “NA” for “Not Applicable” if there is no entry.

In this example, Laboratory ABC performed an isothermal Rows 22-26: Specimen Preparation Information.
test on September 11, 2002, and the file is for the third 600°C  row 22: remarks on material PREPARATION
run performed on that day. The material has a prior austenite  REMARKS
grain size of ASTM 9. Caps are used for the laboratory name  yow 23: transverse or longitudinal specimen
and the file extension, DAT. geometry TRANS or LONG

2] PEDIGREE. The pedigree must be in a fixed format with row 24: machining location QUARTER/MID
the same number of lines in each file. The format below isto  THICKNESS/ RADIUS

have two entries on every line. The first entry is the data g 25: machining source MACHINING SOURCE
specific to the test, while the second entry explains what the ;.\ 26 specimen type SOLID/HOLLOW

first entry is. The second entry should be typed in exactly the ;<o «NA” for “Not Applicable” if there is no entr
same way in the data files. There should be no blanks. Put NA ROWs 2729 Appargtpuls Infornl1ation ! Y-

for “Not Applicable” if there is no information to provide. )
Rows 1-2: File Name And Material Provider g)évsgirzﬁrggaws used for test  INDUCTION/

iga ; :ﬁgteea:}a?fsﬁlspﬂ2Tesgb'hEc'\E'AME row 28: test laboratory LABORATORY NAME
Rows 3-18: Material Chemical Composition In Weight rov‘Y 2?,: rerr:arks on platfor:n_ REMARKS
Percent. Use “NA” for “Not Applicable” if there is no e_ntry.
Each line should have two entries separated by a space. TheROWS 30733: Post-Test and Author Information.
first entry should be the number value of the weight percent of ~ roW 30: metallography - YES/NO
the element. The second entry should be the letter designation oW 31: metallography archive identification

(for example, C, Mn) for the element. If a given element is not IDENTIFICATION
present, type in a “0.0” for this element. There should be no ~ row 32: remarks on test performed TEST REMARKS

blanks. row 33: author of this file AUTHOR
row 3: number C Use “NA” for “Not Applicable” if there is no entry.
row 4: number Mn 3] DATA STRUCTURE. First line after the pedigree should
row 5: number Si be a single header that describes each of the columns. The
row 6: number Ni labels of each column, in order, should read exactly as follows
row 7: number Cr (do not use quotation marks or commas):
row 8: number Mo TIME (s) TEMPERATURE (°C) LINEAR STRAIN
row 9: number S STRESS (MPa)
row 10: number Co There should be four columns in total. Data should be
row 11: number Cu entered in each column. Dimension measurements should be
row 12: number P converted to linear engineering strain. To do this, simply divide
row 13: number V the dilatometer measurement by the original room temperature
row 14: number Ti specimen length or diameter as required.
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X2. GRAPHICAL ESTIMATES OF TRANSFORMATION PROGRESS AND CONSTRUCTION OF
TRANSFORMATION DIAGRAMS

X2.1 Estimates of the progress of transformation of austeamounts of various microstructure constituents once transfor-
nite can be made through the use of strain-temperature plots fonation is complete. This entire process is repeated for each
continuous cooling transformation conditions, and through theontinuous cooling cycle used to characterize a given steel
use of strain-time plots for isothermal transformation condi-grade in order to evaluate transformation behavior as a function
tions. It should be emphasized that graphical estimates aif cooling rate. It should be emphasized that the microstructure
transformation progress are of a qualitative nature only. Theonstituents formed will vary with cooling rate as well as with
discrete temperature-time-strain data are needed for computsteel composition. In some cases, only ferrite plus pearlite may
modeling. These estimates can be used however to construcrm, and in other cases only martensite may form, and so
transformation diagrams that exhibit the microstructures thatorth. Also, for some steel grades, transformation may not be
can be expected from various thermal cycling conditions.  continuous, but may halt for a temperature interval. Thus the

) ) position and magnitude of the inflection points on the cooling
X2.2 Progress of Transformation Under Continuous Cool- portion of the strain-temperature curve will vary.

ing Conditions—The progress of austenite transformation

under continuous cooling conditions can be estimated from X2.3 Construction of Continuous Cooling Transformation
plots of strain versus temperature. Each continuous cooling tegliagrams—Continuous cooling transformation diagrams may
carried out as described in 10.5 results in discrete correspon@de constructed from strain-temperature plots, and the associ-
ing values of time, temperature, and strain. Strain is plottechited temperature-time cooling curves. All of the cooling rates
versus temperature for each continuous cooling cycle using thgsed to characterize a given steel grade are plotted as tempera-
strain and temperature data as described in 12.1.7. An exampigre versus time curves on a semi-logarithmic graph as shown
of the resulting graph is shown in Fig. 9. As can be seen in Figin Fig. 10. The cooling curves should commence at the vertical
9, strain increases with temperature during heating until theis from the Ag temperature to eliminate any variability in
Ac, temperature is reached. Strain then decreases duringoling time due to differences in austenitizing temperature.
austenite formation until the Atemperature is reached, where From the strain-temperature curve for each cooling rate (see
upon strain then increases with temperature. During cooling 0k2.1), the start and finish temperatures for the formation of
the austenite, strain decreases approximately linearly untéach microstructure constituent are marked on the correspond-
transformation starts. Once begun, the start and finish of thiag temperature-time curve. The locus of points representing
formation of various microstructure constituents can be estithe start and finish of the formation of the same microstructure
mated from inflections in the slope of the cooling portion of theconstituent are joined together by a single line. The resulting
strain-temperature plot. These are shown as points A, B, and @iagram, shown in Fig. 10 describes the range of cooling rates
in Fig. 9. In this example, the continuous transformation ofover which a given microstructure constituent is formed.
austenite to several different constituents is shown, and the

constituents are annotated along the top of the figure. The X2.4 Progress of Transformation Under Isothermal
progress of austenite transformation may be estimated in eac@onditions—The progress of austenite transformation under
strain-temperature plot using a method involving the construcisothermal conditions can be estimated from plots of strain
tion of constant percent transformation lines such as the 10 %ersus time and temperature versus time. Each isothermal test
50 %, and 75 % transformation lines shown in Fig. 9. Thecarried out as described in 10.6 results in discrete correspond-
method makes the assumption that the progress of transformiarg values of time, temperature, and strain. Both strain and
tion is linearly dependent on strain. The austenite cooling curvéemperature are plotted versus time for each isothermal cycle
is first extrapolated to low temperatures, as shown by theising the strain, temperature, and time data as described in
dashed line extending from Point Ain Fig. 9. At each of severall2.1.7. An example of such a graph is shown in Fig. 11. A
temperatures, the difference in strain between the heating cunatable value of strain and temperature is exhibited during
and the extrapolated austenite cooling curve is calculated. Theustenitizing. Both temperature and strain rapidly decrease
difference is multiplied by a selected percentage and added @uring the quench to the isothermal hold temperature. Both
the value of strain shown by the extrapolated austenite coolintemperature and strain are stabilized at the isothermal hold
curve. This gives a value of strain at each temperaturéemperature, and strain then increases while temperature re-
representing the selected percent of austenite transformed. Thigins constant as transformation proceeds. The start and finish
results in a locus of points representing a constant percent aff transformation can be estimated by drawing horizontal lines
austenite transformed. This series of calculations can btangent to the point of minimum and maximum strain respec-
repeated for any desired percentage of transformation. Thively. The example shown is for the formation of a two
progress of transformation can be estimated by tracing theicrostructure constituents as indicated by an initial increase in
cooling curve across the constant transformation lines. Istrain, a short period of stable strain, and a second increase in
should be noted that the lines are an estimate of the perceatrain. If multiple constituents are formed, additional inflec-
austenite transformed, and do not necessarily indicate the fingibns in the strain time plot will be observed between the start
volume fractions of microstructure constituents. Metallo-and finish of transformation. The progress of austenite trans-
graphic analysis is recommended to determine the relativéormation can be estimated by taking the difference between
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the strain at the end of transformation and the strain at thand time. It should be emphasized that the microstructure
beginning of transformation, and multiplying this difference by constituents formed will vary with steel composition. Thus the

a selected percentage. The resulting value is then added to thesition and magnitude of the inflection points on the strain-

strain at the start of transformation. The strain value obtainetime curve will vary.

represents the percent austenite transformed. Fig. 11 shows thexz_5 Construction of Isothermal Transformation

50 % transformation of austenite as a horizontal line betweeﬁ)iagrams—lsothermal transformation diagrams can be con-
the start and finish of transformation. The progress of transforgircted from plots of strain versus time and temperature versus
mation can be estimated by tracing the strain-time curve acroggne taken from all of the isothermal cycles used to character-
the constant transformation lines. It should be noted that thge g given steel grade. The start and finish times for each
lines are an estimate of the percent austenite transformed, afglcrostructure constituent at each isothermal temperature are
do not necessarily indicate the final volume fractions ofpjotted as points on a semi-logarithmic temperature versus time
microstructure constituents. Metallographic analysis is recomgraph as shown in Fig. 12. The locus of points representing the
mended to determine the relative amounts of various microstart and finish of the formation of the same microstructure
structure constituents once transformation is complete. Thigonstituent are joined together by a single line. The resulting
entire process is repeated for each isothermal cycle used thagram, shown in Fig. 12 describes the range of transforma-
characterize a given steel grade in order to evaluate transfotion times over which a given microstructure constituent is
mation behavior as a function of transformation temperaturéormed at various temperatures.
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