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A comparison of common and new methods to determine martensite start
temperature using a dilatometer
A. Kamyabi-Gol a, D. Herathb and P. F. Mendezb

aDepartment of Materials Engineering, Ferdowsi University of Mashhad, Khorasan Razavi, Iran; bDepartment of Chemical and Materials
Engineering, University of Alberta, Edmonton, Alberta T6G 2V4, Canada

ABSTRACT
This paper analyses the start of the martensitic transformation in 4140 steel from the point of view
of six definitions, and discusses in detail the implications based on the better understanding of
progression of the transformation. The application of two relatively new techniques (cooling
curve analysis-CCA and dilation curve analysis-DCA) is among the methods studied. These new
techniques allow for a more rigorous quantification of microstructural constituents at each step
of the transformation. Experiments consisted of dilatometric analysis of 12 samples of 4140 steel
with prior austenite grain sizes from 16 to 44 µm that were rapidly quenched in the dilatometer
to form martensite. The results indicate that DCA and CCA are superior to traditional methods
used to determine the martensite start temperature. The practical choice of 10% martensite
fraction in CCA and DCA yielded Ms values statistically undistinguishable from ASTM A1033 or
the tangent method. The practical choice of 1% martensite fraction in CCA and DCA yielded Ms

values comparable to the offset method. The important implication of this finding is that Ms

values determined with empirical methods should not be confused with the temperature of first
appearance of martensite; instead, they correspond to martensite fractions of the order of 10%.

RÉSUMÉ
Cet article analyse le début de la transformation martensitique de l’acier 4140 du point de vue de six
définitions et discute en détail les implications basées sur une meilleure compréhension de la
progression de la transformation. L’application de deux techniques relativement nouvelles (analyse
de la courbe de refroidissement ou CCA et analyse de la courbe de dilatation ou DCA) sont parmi
les méthodes étudiées. Ces nouvelles techniques permettent une quantification plus rigoureuse
des constituants des microstructures à chaque étape de la transformation. Les expériences ont
consisté en une analyse dilatométrique de douze échantillons d’acier 4140, avec tailles de grain
antérieur d’austénite de 16 μm à 44 μm, rapidement trempés dans le dilatomètre pour former de
la martensite. Les résultats indiquent que la DCA et la CCA sont supérieures aux méthodes
traditionnelles utilisées pour déterminer la température MS. Le choix pratique d’une fraction de
10% de martensite avec la CCA et la DCA a produit des valeurs de MS statistiquement
indiscernables de celles de l’ASTM A1033 ou de la méthode de la tangente. Le choix pratique
d’une fraction de 1% de martensite avec la CCA et la DCA a produit des valeurs de MS

comparables à celles de la méthode de décalage. L’implication importante de cette trouvaille est
que l’on ne devrait pas confondre les valeurs de MS déterminées par les méthodes empiriques
avec la température de la première apparition de martensite; au lieu de cela, elles correspondent
aux fractions de martensite dans la gamme de 10%.

ARTICLE HISTORY
Received 20 July 2016
Accepted 28 November 2016

KEYWORDS
Martensite kinetics; Ms;
cooling curve analysis;
dilation curve analysis; AISI
4140; dilatometry; SteCal

Introduction

Dilatometry is one of the most reliable and popular
methods for quantifying phase transformations, especially
in steels; however, even using the exact same dilation data,
researchers or practitioners often disagree on the start and
finish of transformations in a given transformation. A
recent example of significant disagreement based on the
same data is [1], where a maximum discrepancy of 46 K
is reported on the martensite start temperature in hyper-
eutectoid 1 wt-% carbon steel grades. The determination

of transformation start temperature is clearly a pressing
problem with important practical consequences. For the
case of martensite, the proper determination of its start
temperature (Ms) during cooling is crucial in the design
of heat treatments, welding consumables [2,3], or inside
predicting formulas such as the well-known Koistinen–
Margurger (KM) equation and its many successors [1,4,5],

At the root of the problem, is the lack of an unam-
biguous definition of the start of a transformation. The
definitions used in theoretical analysis typically are
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very different than the definitions used in the practical
analysis of data, with each group often seeing their defi-
nition as the only possibility, despite the large differences
implied.

Most definitions of Ms can be grouped in two cat-
egories: those based on thermodynamics (used in Refs
[6–10]). and those based on empirical measurements
(e.g. ASTM and KM). The most important difference
between these two groups is that Ms definitions based on
thermodynamics aim to identify the first appearance of
martensite, while the empirical definitions aim to identify
an arbitrary, measurable, small amount of martensite that
can be considered as Ms in practice. As a consequence of
this difference, thermodynamic-based definitions typically
report higher temperature values than empirical
definitions.

The experimental determination of the first appear-
ance of martensite during cooling is challenging, and
limited by the resolution of the instrument and the
behaviour of the alloy. Occasionally, the slope variations
in the dilation curves are so shallow that identifying an
Ms with any method can lead to appreciable errors.
Experiments show that the evolution of martensite frac-
tion during cooling has a relatively smooth start, yielding
a sigmoidal curve. In contrast, the KM equation assumes
a sharp start of martensite evolution, with a clearly deter-
mined Ms. Typically, the determination of Ms by match-
ing the KM equation to empirical data results in Ms

temperatures corresponding to measurably greater than
zero martensite fractions. This Ms temperature obtained
by fitting the KM equation is clearly below theMs temp-
erature corresponding to the thermodynamic equili-
brium of martensite.

Six definitions or methods for the determination of
Ms are considered in this paper: (1) ASTM A1033 [11],
(2) the tangent method, (3) the offset method [12], (4)
cooling curve analysis (CCA) [13–17], (5) dilation
curve analysis (DCA) [15,17,18], (6) SteCal V3.0 soft-
ware [19]. It is worth mentioning that four out of six
of these methods can be used with any dilation data
and not only restricted to martensite formation. The
other two methods (offset method and SteCal) have
been specifically tailored for the formation of martensite
in steels.

The example considered in this paper aims to com-
pare techniques on a well-known problem that covers a
range of responses of the material. The Ms temperature
has been determined using the six techniques in AISI
4140 steel with a range of prior austenite grain sizes.
This example serves not only as a comparison of tech-
niques, but also as further validation of the CCA and
DCA techniques developed by the authors in recent
years [13–18]. In the example chosen, the austenite
grain size has a direct effect on phase transformation
during heat treatment and will indirectly influence the
final mechanical and physical properties of the steel.
Extensive studies have been conducted on the depen-
dence of austenite grain growth on austenitising temp-
erature and time in low alloy steels [20–26]. The size
of the austenite grains will also affect the subsequent
martensite start and finish temperatures; several studies
have looked into this effect [27–30]. Multiple qualitative
explanations of the effect of austenite grain size on mar-
tensite formation and start temperature exist in the lit-
erature. Some examples of these explanations can be
found in Ref [27,31,32].

The study presented here applies the six aforemen-
tioned methods to determine Ms in twelve 4140 steel
martensite samples with varying initial austenite grain
sizes. The methods are compared and the advantages
and limitations of each method are discussed.

Experimental procedure

Twelve cylindrical dilatometry samples of AISI 4140
were prepared using a mini-lathe. The composition of
the AISI 4140 steel was determined using ICP-MS and
is given in Table 1. The samples were all 5.0 ± 0.1 mm
in diameter and 10.0 ± 0.1 mm in length. K-type thermo-
couples (0.38 mm in diameter) were spot welded to each

Table 1. Chemical composition of AISI 4140 steel used in this research (wt-%, Fe balance).
Element C* Mn Cr Mo Ni Cu P Al

Amount 0.41 0.73 0.82 0.17 0.06 0.13 0.011 0.022

*Nominal value of carbon in AISI 4140 steel.

Table 2. Times and temperatures for the applied heat
treatments.

Sample
Heatingrate
(K s−1)

Holding
temperature(K)

Holdingtime
(s)

Coolingrate
(K s−1)

1 10 1173 30 400
2 10 1173 60 400
3 10 1173 300 400
4 10 1173 600 400
5 10 1223 30 400
6 10 1223 60 400
7 10 1223 300 400
8 10 1223 600 400
9 10 1273 30 400
10 10 1273 60 400
11 10 1273 300 400
12 10 1273 600 400
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sample. The 12 samples were subjected to heat treat-
ments shown in Table 2 using a Linseis RITA L78
high-speed quenching dilatometer. To ensure all the
samples started off with the same parent phase, each
sample was heated to 1173 K, held for 5 min, and cooled
at 400 K s−1 to obtain nearly 100% martensite, before
being subjected to the appropriate heat treatment in
Table 2. This way, the austenite grain size was varied
depending only on the austenitising temperature and
time.

The samples were then mounted, polished, etched
with 5% nital solution and optical micrographs of the
microstructure were obtained for each sample using a
Nikon Eclipse MA200 Inverted Microscope. All the
microstructures consisted of martensite laths. Hardness
testing was also performed using a Tukon 2500 Auto-
mated Vickers Hardness Tester to obtain the Vickers
hardness of the samples (shown in Table 3) to ensure
the final microstructure was martensite in all the
samples. After hardness testing, the samples were re-
polished and etched using a saturated aqueous picric
acid solution to reveal the prior austenite grains. Optical
micrographs of the prior austenite grains were taken at
different magnifications, and the size of these grains
was measured according to Abrams three-circle tech-
nique described in ASTM E112 [33].

Measurement of prior austenite grain size

Figure 1 shows the microstructure of Sample 1 after etch-
ing with 5% nital (Figure 1(a)) and picric acid (Figure 1
(b)) to reveal the martensite and prior austenite grains,
respectively. The microstructure of Sample 12 after etch-
ing with 5% nital and picric acid is illustrated in Figure 2.

To obtain the average prior austenite grain diameter
as shown in Table 3, the Abrams three-circle technique
was employed following the procedure described in Ref
[33]. The second and third columns of Table 3 show
the number of micrographs required to obtain an

acceptable level of accuracy [33], and the total number
of grain boundary intersections that were counted as a
result, respectively. The 95% confidence interval as
instructed in Ref [33]. was used to show the accuracy
of the austenite grain size measurements. The increasing
trend of prior austenite grain size with holding tempera-
ture and time is clearly seen in Table 3.

Determination of Ms and Mf

Martensite start temperature was measured using six
methods and as shown in Table 4. Values of Mf are
also included for all techniques except the offset method,
which does not apply to Mf.

Based on the ASTM A1033 definition in Ref [11], the
martensite start temperature was chosen as the point on
the dilation curve where the contraction of austenite
changed to expansion due to the formation of marten-
site. This point was chosen as the local minimum point
(local maximum for Mf) in the region of martensite for-
mation on the dilation curve (see Figure 3).

For the tangent method, a tangent to the dilation
curve was plotted by picking two points on the dilation
curve before the apparent martensite start temperature.
These two points were chosen to represent the slope of
the dilation curve. Similarly, two points after the marten-
site start temperature were manually selected and a tan-
gent was plotted to represent the slope of the dilation
curve in this region. The intersection of these two tan-
gents was selected asMs.Mf can be determined in a simi-
lar manner.

The first step in the offset method, according to Ref
[12], is to fit a line to the contraction of austenite in
the fully austenitic region of the dilation curve. This
proved to be a delicate task for the AISI 4140 steel
studied in this research. Prior to the smooth start of
the martensite formation, the fitted line to the austenite
contraction had to be chosen in a region close to Ms.
Similar vigilance in choosing the right region has also

Table 3. Average austenite grain size measured using Abrams three-circle technique as per Ref [33].

Sample
Total

fieldsobserved, n
Total counts(grain

boundaryintersections)
Average of themean

linealintercept, �l (mm−1)
ASTMgrain
size, G

Average graindiameter,d
(μm) ± 95% CI AverageHV ± σ†

1 7 497.5 0.01467 8.893 16.42 ± 1.68 692 ± 37.0
2 8 508.0 0.01653 8.549 18.51 ± 2.18 748 ± 56.8
3 10 523.5 0.02005 7.991 22.46 ± 1.78 719 ± 106.5
4 11 509.5 0.02303 7.593 25.79 ± 3.03 652 ± 27.6
5 7 522.0 0.01397 9.034 15.64 ± 0.90 701 ± 50.8
6 9 505.5 0.01907 8.136 21.36 ± 3.08 642 ± 41.7
7 12 528.5 0.02402 7.471 26.91 ± 2.35 694 ± 31.4
8 13 495.5 0.02776 7.053 31.11 ± 2.73 697 ± 16.3
9 13 508.5 0.02686 7.148 30.09 ± 2.19 705 ± 36.7
10 14 525.0 0.02820 7.008 31.59 ± 2.79 753 ± 49.7
11 15 511.0 0.03123 6.714 34.99 ± 3.05 704 ± 29.9
12 19 512.5 0.03930 6.051 44.04 ± 3.02 707 ± 23.7
†1 kg force and 15 s hold time.
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been reported elsewhere [34,35], The next step is to cal-
culate an offset strain corresponding to 1 vol.-% marten-
site based on the lattice parameters of the martensite and
austenite calculated from the composition of the steel
given in Ref [12]. The offset strain is added to the fitted
line to the contraction of the austenite and the intersec-
tion of this offset line with the dilation curve represents
Ms.

The steps taken to determine Ms and Mf using CCA
and DCA are explained and discussed elsewhere [13–
18]. CCA and DCA techniques are unique among the
techniques compared in the sense that they provide a
quantification of amount of martensite with tempera-
ture, without an arbitrary definition of Ms or Mf. This

feature allows the use of CCA or DCA for both the ther-
modynamic and experimental approaches. The exper-
iments showed that for all samples, the evolution of
martensite started smoothly without a sharp starting
point. A thermodynamic value of Ms can be determined
by the first appearance of martensite in the phase evol-
ution graph (Figure 4); this determination is affected
by experimental noise and the sensitivity of the instru-
ment, but in all cases, it is higher than theMs determined
with experimental techniques such as the tangent
method.

Comparison of Ms determined with the tangent
method indicated that it corresponds to an average mar-
tensite fraction of 13.4% with a 95% confidence interval

Figure 1. Optical micrographs of Sample 1 after etching with (a) martensite revealed after etching with 5% nital. and (b) prior austenite
grains revealed after etching with picric acid.
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of ±6.7% when measured with DCA, and 16.0 ± 5.3%
when measured with CCA. Based on these values, a prac-
tical value of 10% of martensite fraction measured with
DCA or CCA can be used to estimate anMs temperature
consistent with ASTM A1033 or the tangent method,
within the statistical errors; i.e. ASTM A1033, the tan-
gent method, 10% martensite fraction in DCA or 10%
martensite fraction in CCA are statistically
undistinguishable.

Comparison ofMs determined with the offset method
suggests that 1% of martensite fraction measured with
DCA or CCA is consistent with Ms temperature deter-
mined with the offset method. This comparison is not
robust, and can depart significantly from the intended
1% with slightly different choices of tangent for the

contraction of austenite in the offset method. Although
CCA and DCA also involve the manual choice of tan-
gents, the variations resulting from slightly different
choices are typically smaller than in the offset method.

Ms andMf values for all the 12 samples obtained from
all the methods are given in Table 4. The value for Ms

obtained for all 12 samples from SteCal V3.0 is 601 K.
As an example, Ms values for Sample 3 obtained from
all six methods are illustrated and compared together
in Figs. 3 and 4.

Discussion

ASTM A1033 is an empirical measurement that defines
the critical temperatures as ‘… strain will begin to

Figure 2. Optical micrographs of Sample 12 after etching with (a) martensite revealed after etching with 5% nital. and (b) prior aus-
tenite grains revealed after etching with picric acid.
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decrease with increasing temperature… ’ or ‘ … strain
will again begin to increase with increasing temperature
… ’ which is typically interpreted as defining Ms as the
temperature at which the dilation curve experiences a
minimum in the region of interest [11]. This definition
does not account for noise in the dilation curve, which
is typically small, but is observable in the data collected
using modern, highly sensitive dilatometers. During
cooling and before the dilation curve reaches a mini-
mum, some small amount of martensite is produced;
therefore, this method does not measure the first appear-
ance of martensite (thermodynamic definition of Ms),
which occurs at higher temperatures.

The tangent method is another empirical measure-
ment often embedded in dilatometer software packages.

This method definesMs as the temperature at which two
tangents to the dilation curve intersect. There are no for-
mal rules for the choice of the tangents, and they are cho-
sen based on ‘good judgement’, which involves a small
degree of subjectivity and variation based on the oper-
ator. Typically, the tangent method yields Ms values
similar to ASTM A1033, and lower than thermodynamic
methods.

The offset method was developed to systematically
identify from dilation curves a value of Ms close to the
thermodynamic data. A small value of martensite frac-
tion is arbitrarily chosen to determine Ms, typically
1 vol.-% [12]. This method requires the choice of a tan-
gent to the dilation curve that represents the contraction
of austenite. Similar to the tangent method, good

Table 4. Comparison of martensite start and finish temperatures obtained from the tangent method, ASTM A1033, cooling curve
analysis, dilation curve analysis and the offset method.

Sample

Ms from the
tangent

method (K)

Ms from
ASTM

A1033 (K)

Ms from the
offset

method* (K )
Ms from
CCA• (K )

Ms from
DCA•

(K )

Mf from the
tangent

method (K)

Mf from
ASTM

A1033 (K)

Mf from
CCA†

(K )

Mf from
DCA†

(K )
fMTan−DCA

◇

(mass%)
fMTan−CCA

‡

(mass%)

1 508.6 509.6 515.3 505.5 504.6 461 464.1 441.8 442.3 4% 8%
2 520.1 529.6 536.7 546.9 526.4 474 480.7 457.9 456.6 22% 24%
3 529.8 529.1 536.3 555.0 528.2 476 480.2 460.3 441.1 8% 22%
4 531.7 534.7 541.6 560.5 527.6 475 482.5 460.5 448.0 4% 21%
5 523.3 541.5 544.0 552.5 538.0 477 485.5 457.5 462.2 39% 23%
6 524.4 524.4 529.8 553.4 525.0 478 481.6 456.6 459.3 11% 24%
7 531.4 524.1 530.3 566.3 537.9 477 476.3 461.5 458.5 27% 24%
8 536.4 543.2 544.1 571.8 538.8 478 488.4 466.4 454.7 13% 26%
9 534.7 534.5 535.6 509.2 537.2 466 480.7 447.5 483.4 12% 2%
10 540.6⋆ 551.3 552.4 518.9 548.1 467 499.5 450.1 478.8 21% 5%
11 548.7⋆ 518.5 523.8 544.7 519.4 471 470.2 452.9 458.1 0% 9%
12 575.2⋆ 525.3 527.6 558.1 531.0 475 473.9 461.9 471.3 0% 4%

The value for Ms obtained from SteCal V3.0 is 601 K for all 12 samples.
∗ Refer to Ref [12]. for further details about the method.
• Based on 10 mass% martensite formation.
† Based on 90 mass% martensite formation.
◇ Equivalent mass% of martensite from the DCA method at the measured Ms temperature from the tangent method.
‡ Equivalent mass% of martensite from the CCA method at the measured Ms temperature from the tangent method.
⋆ Dilatometry curves were very shallow and Ms could not be measured accurately using the tangent method.

Figure 3.Martensite start temperature (Ms) measured using six different methods for Sample 3 (solid line is the dilation curve obtained
from the dilatometer).
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judgement is used to choose the tangent. For alloy and
dilatometer combinations where martensite presents a
smooth start during cooling, small variations in the
choice of the tangent can result in appreciable differences
in Ms [34]. The offset method involves important
approximations such as assuming martensite has a
cubic crystal structure, assuming martensite has two
iron atoms in the unit cell (for the AISI 4140 steel used
in this research, there are many other substitutional
atoms), and the equation used to calculate the martensite
lattice parameter does not include all the elements in the
composition of the steel (e.g. copper is not included)
[12]. In addition to the manual choice of a slope, these
assumptions could also play a role in the Ms values cal-
culated in this study.

CCA and DCA were developed to quantify as accu-
rately as possible micro-constituent fraction evolution
from common experiments such as free cooling or dilat-
ometer experiments. These techniques allow for the
detection of small amounts of martensite, with the
lower limit given mainly by signal noise. It is possible
to relate the definition of Ms of other techniques to the
actual amount of martensite present in the microstruc-
ture measured using CCA or DCA. DCA typically yields
lower Ms values than CCA because DCA dilation corre-
sponds to the whole sample, but temperature measure-
ments are local to the surface of the sample; thus,
transformations that occur at the centre of the sample
are assigned the lower temperatures corresponding to
the surface (the difference is relatively small, as analysed
in Ref [15]). CCA is likely a better measurement since it
measures local transformations in the vicinity of the
thermocouple; an in-depth comparison of these tech-
niques is presented elsewhere [17,36], Both CCA and

DCA require good judgement in the choice of tangents,
but in contrast with other techniques, these tangents are
part of a deeper analysis that can account for smooth
variations in thermal expansion coefficient or cooling
conditions. The choice of tangents in these methods is
more robust than the tangent method or the offset
method.

SteCal software uses empirical formulas for Ms that
relate the steel composition to empirical values of Ms.
Initial austenite grain size is not taken into account in
this software when calculatingMs orMf. On average, Ste-
Cal V3.0 predictions are approximately 75 K higher than
that measured with other techniques.

Conclusions

Twelve samples of AISI 4140 steel with varying austenite
grain sizes were rapidly quenched to form martensite.
The martensite start and finish temperatures were
measured using six different methods: (1) ASTM
A1033, (2) the tangent method, (3) the offset method,
(4) CCA, (5) DCA, (6) SteCal V3.0 software. Analysis
of the experiments with the ASTM A1033 and the tan-
gent method resulted in statistically undistinguishable
empirical values of Ms and Mf. These recorded values
were lower than those measured with the offset method
(which aims at determining a thermodynamic value of
Ms), and lower than the first martensite detected in
CCA and DCA.

The practical choice of 10% martensite fraction in
CCA and DCA yielded Ms values statistically undistin-
guishable from ASTM A1033 or the tangent method.
The practical choice of 1% martensite fraction in CCA
and DCA yielded Ms values comparable to the offset

Figure 4. Martensite start temperature measured for Sample 3 using CCA and DCA methods. The martensite start temperature is
defined as the temperature where the mass fraction of martensite is equal to 10%. Points A and E are illustrated in Figure 3. Points
ATh and ETh, respectively, represent the thermodynamic value of Ms from DCA and CCA.
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method. The important implication of this finding is that
Ms values determined with empirical methods should
not be confused with the temperature of first appearance
of martensite; instead, they correspond to martensite
fractions of the order of 10%. The practical choice of
90% martensite fraction in CCA and DCA yielded Mf

values statistically undistinguishable from ASTM
A1033 or the tangent method.
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