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The effect of tempering temperature on mechanical
properties and microstructure of low alloy Cr and
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Two low alloy Cr and CrMo steels with similar levels of carbon, manganese and chromium

have been studied to determine the effect of tempering temperature on the mechanical

properties and microstructure. The quenching and tempering of steels were carried out

using a high-speed dilatometer. The steels were quenched at the average cooling rate of

30K s~1 in the temperature range from 1123 to 573 K by flowing argon and tempered at

673, 823 and 973K. The martensite of steels formed during quenching was of entire lath

morphology with 2 vol% retained austenite. It was found that after tempering at 973 K the Cr

steel contained only orthorhombic cementite, while the CrMo steel contained the cementite

and hexagonal Mo2C particles in the ferrite matrix. At the same tempering conditions, the

CrMo steel shows higher strength but lower ductility as compared to those of Cr steel. It is

shown that this difference results from finer prior austenite grain, substructure within matrix

and precipitate dispersion strengthening, primarily by Mo2C. Transmission electron

microscopy (TEM) bright- and dark-field micrographs as well as selected area diffraction

pattern analysis of orientation relationship showed that the cementite precipitated from the

ferrite matrix. Fractography analysis showed that the morphology fracture surface was

changed by increasing tempering temperature. Tempering at 973K obtained ductile fracture

by the microvoid coalescence mechanism.
1. Introduction
High-strength low alloy Cr and CrMo steels have
generally been used as structural components in
power generation, chemical, oil and petrochemical
industry [1, 2]. The main reason for these applications
is in their excellent hardenability, high strength, good
toughness and high resistance to corrosion. A typical
heat treatment for these steels involves quenching and
tempering. Considerable research effort has been di-
rected to determine the relationship between the
microstructure and mechanical properties in high
strength low alloy steels as the result of heat treatment
[3, 4]. Although significant advances have been made
in unravelling the process underlying the tempering
behaviour, a complete and satisfactory understanding
of the mechanisms of the structural changes involved
has not yet been obtained. It is known that this
process leads to the formation of a homogeneous
microstructure consisting of ferrite and precipitates.
However, the results published in literature showed
that the precipitates in the matrix caused by the heat
treatment are different. At equilibrium the carbide
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C [5]. Baker and Nutting [6]

were the first who investigated systematically the se-
quence of carbide precipitation during tempering of
2.25Cr—1Mo steel. By tempering at 953K for 6 h they
obtained Fe

3
C, Mo

2
C and Cr

7
C

3
in the ferrite matrix.

Murphy and Branch [7] studied normalized and tem-
pered 2.25Cr—1Mo steel and found evidence of M

3
C

and M
2
C with an occasional presence of M

23
C

6
. Pill-

ing and Ridley [8] also observed the rodlike precipi-
tates and indicated that they could be either M

23
C

6
or

M
6
C. Bis\ s and Wada [9] observed that the carbides

in the 1Cr—0.5Mo steel are cementite and Mo
2
C

particles, while Craig observed Fe
2
MoC carbides

in CrMo steel for tempering temperature above 923K
[10].

Since the effect of quench rate on the mechanical
properties of steels having martensite microstructure
is well defined [11, 12], it is necessary to quench steels
at constant cooling rate in order to obtain the
same base for tempering. Due to the well defined
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conditions it is possible to obtain the base using heat
treatment by dilatometry method. The low alloy Cr
and CrMo steels were chosen for consideration in this
test programme. The steels have the same composition
except molybdenum content. In this work the mech-
anical properties and microstructure of quenched and
tempered steel vary by tempering at 673, 823 and
973K. The effect of tempering temperature on mech-
anical properties and microstructure of steels was in-
vestigated by using series microstructural techniques.
In order to obtain the complete state of the effect of
tempering and microstructure on fracture in these two
steels, fractography tests were performed.

2. Experimental procedure
2.1. Material and heat treatment
The low alloy Cr and CrMo steels were prepared by
melting in an induction furnace and casting in ingots.
The ingots were hot rolled to tube using normal indus-
trial conditions. The chemical composition of steels is
given in Table I. Cylindrical specimens 4.8mm in
diameter and 30mm length were cut from the tubing
parallel to the rolling direction. The heat treatment
(quenching and tempering) of specimens was carried
out using a high-speed dilatometer. The temperature
level, heating rate and duration at the level in seconds
were chosen on the programmer. When the program-
mer was linked to the temperature controller, the
furnace was subjected to the desired heating pro-
grammes. Two thermocouple wires are welded on the
gauge length of specimen using welder supplied with
the dilatometer. Temperature sensing was performed
by a chromel/alumel thermocouple (73 to 1643K)
linked to a temperature amplifier, and then to the
x-axis of the recorder. The temperature was controlled
by means of a linear heating programme. The set
voltage was compared to the voltage transmitted by
the measurements thermocouple. The difference be-
tween the two voltages was applied to a high-gain
amplifier which controls the intensity of the heating
current of the furnace so that, at any moment, the
difference between the voltage and the thermocouple
voltage was close to zero. For a given specimen the
hold temperature, heating rate and cooling rate were
uniform over the gauge length. Heat from radiation
furnace was radiated by two tubular quartz lamps
with tungsten filaments at the focal point of a double
elliptical polished aluminium reflector, and was fo-
cused on the gauge length of specimen centred on
a common focal axis. During the heat treatment the
specimens were protected from oxidation by vacuum
of 0.13332Pa. The specimens were heated with the
heating rate of 0.5K s~1 up to 1123 K and aus-
tenitized for 600 s. Quenching was performed by blow-
ing argon through a perforated tube into the sealed
chamber and over entire gauge length. The average
cooling rate was measured using the suitable openings
of the argon inlet valve, time base of recorder and
timer which automatically marks time above the
cooling curve from austenitizing temperature
(1123K) to 573K. To eliminate the diffusion-control-
led transformations the average rate of 30K s~1 in the
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TABLE I Chemical composition of steels investigated, wt %

Steel C Si Mn P S Cr Mo Al Cu V

Cr 0.44 0.38 0.80 0.017 0.027 1.11 0.11 0.04 0.08 0.01
CrMo 0.41 0.26 0.87 0.015 0.020 1.01 0.70 0.04 0.06 0.01

temperature range from 1123 to 573K was used. Im-
mediately after quenching the specimens were tem-
pered in range temperature from 673 to 973K for
2400 s, followed by air cooling.

2.2. Mechanical properties and
metallography

After heat treatment the specimens were used for ten-
sile testing. Mechanical properties were determined
using an Instron tensile machine type 1196 at strain
rate of 2.5] 10~5 s~1. Hardness measurements were
made using a Vicker’s pyramid hardness tester and
a load of 30 kg.

The microstructure of steel was studied using op-
tical microscopy (OM), scanning electron microscopy
(SEM), X-ray diffraction (XRD) and transmission elec-
tron microscopy (TEM). Samples for OM and SEM
were polished mechanically to 1000 grit with SiC
papers, then with 0.5lm alumina powder, to obtain
a mirror surface. The prior austenite grain boundaries
of steels were revealed with etchant developed by
Enomoto et al. [13]. Samples for the SEM were etched
in nital solution. Microstructural examination was by
SEM, operated at 50 kV. Fractography was performed
using SEM on fresh fracture surfaces from the tensile
specimens broken at room temperature.

Thin foils for TEM were obtained by mechanical
grinding to 0.2mm thickness and then by chemical
thinning in a mixed solution of hydrofluoric acid and
hydrogen peroxide. The foils were electrolytically
etched for 3 h. Subsequently foils were examined by
TEM Jeol JEM 2000FX operated at 200kV equipped
with a facility for energy dispersive X-ray spectro-
metry (EDXS).

The retained austenite content was measured by
X-ray diffraction using Miller’s technique of rotating
and tilting the specimen surface about an incident
beam CoKa radiation. The combination of (2 1 1)a,
(2 2 0) c and (3 1 1) c peaks was chosen for the analysis.

The phase identification of steel samples tempered
at 973 K was performed by XRD method using
a counting technique with the application of CuKa

radiation. The obtained diffractographs were analysed
by the comparison method with the use of JCPDS
data [14].

3. Results and discussion
3.1. Mechanical properties and

microstructure of steels
in rolled condition

Mechanical properties of steels in rolled condition are
shown in Table II. The mechanical properties re-
ported are the average of three determinations. The



TABLE II Mechanical properties of low alloy Cr and CrMo steel
in rolled condition

Steel Yield Tensile Reduction Hardness
strength strength of Area (H

VÊÒ
)

(MPa) (MPa) (%)

Cr 962 1110 15 375
CrMo 1103 1236 12 399

Figure 1 Prior austenite grain boundaries of steels investigated: (a)
low alloy Cr Steel, (b) low alloy CrMo steel.

value of mechanical properties and hardness were
reproducible within 2%. Tensile strength and hard-
ness of CrMo steel were 10% higher than those of Cr
steel. It is due to the beneficial effect of molybdenum
which improves hardenability of steel and decreases
prior austenite grain size [15, 16]. Fig. 1 shows prior
austenite grains of Cr and CrMo steel. As can be seen,
the CrMo steel has a fine austenite grain size corres-
ponding to an ASTM grain size of 12 (7lm average
grain size), while the Cr steel has a coarser grain size
corresponding to an ASTM grain size of 10 (14lm
average grain size).

The high values of mechanical properties of steels in
rolled condition resulted from the bainite microstruc-
ture obtained by continuous cooling with finish roll-
ing temperature of 1153K. It is known that the bainite
is the most complicated microstructure of steel and
it represents a mixture of ferrite and cementite
[17]. Based on studies of the morphology of bainite,
Habraken et al. [18] have proposed that the bainite
formed during continuous cooling of CrMo steel is
very different from that expected during isothermal
transformation and hence has been termed as ‘‘non-
classical bainite’’. The mechanism of bainite forma-
tion, which in turn influences its morphology, depends
strongly on the rate of cooling in the temperature
range from 1023 to 773K. Accordingly, the continu-
ous-cooling transformation (CCT) diagram is divided
into three regions: formation of carbide-free acicular
bainite; ‘‘granular’’ bainite consisting of ferrite with
high dislocations density which contains marten-
site—austenite islands and a mixture of polygonal fer-
rite and bainite, which is sometimes referred to as
‘‘pseudo pearlite’’ [19]. Microstructure of Cr steel
shown in Fig. 2a corresponds to the microstructure
described as ‘‘pseudo pearlite’’ because of its lamellar

Figure 2 Scanning electron micrographs of low alloy Cr (a) and
CrMo (b) steel in the rolled state.
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appearance. In 2.25Cr—1Mo steel this microstructure
has often been improperly identified as pearlite [20];
in another work this lamellar product was shown to
be bainite because of the temperature range in which it
had been formed [21]. However, the SEM micrograph
of CrMo steel (Fig. 2b) revealed that the bainite micro-
structure was composed of packets which consisted of
ferrite laths separated by regions of martensite or
cementite or austenite in a prior austenite grain, but
no clear regions of blocks were delineated by the
present etching procedure. Taking into consideration
the hardness of steels in Table II (374 and 399 HV

30
for Cr and CrMo steel, respectively) the bainite cor-
responds to the cooling curves passing through the
ferrite-pearlite-bainite range of CrMo steel CCT
diagram [22].

3.2. Microstructure and mechanical
properties of steels after
heat treatment

Fig. 3 represents dilatometric heating and cooling
curves of steels. Heating of steels up to 1123K was
accompanied by contraction in the temperature range
from 1023 (Ac

1
) to 1063K (Ac

3
) for the Cr and from

1033 (Ac
1
) to 1083K (Ac

3
) for the CrMo steel, respec-

tively. It corresponds to the change of the body cen-
tred cubic (a-Fe) into the face centred cubic lattice
(c-Fe). After austenitizing at 1123K for 600 s the steel
was quenched by flowing argon at the average cooling
rate of 30 K s~1 in the temperature range from 1123 to
573K. Because of a high cooling rate and hardenabil-
ity of steel, the diffusion-controlled transformations at
high temperatures (ferrite, pearlite and bainite) did not
appear, then only martensite occurred. On the cooling
curve, start (M

4
) and finish (M

&
) temperatures of mar-

tensite were located. The formation of the martensite
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Figure 3 Dilatometric curves on heating and cooling of low alloy Cr
(—) and CrMo (- - - -) steel. Heating up to 1123K and cooling to
room temperature was performed under vacuum at rates of
0.5 K s~1. Ac

1
, Ac

3
, M

4
and M

&
corresponding to the points of

inflection on the curves of heating and cooling.

(at 513 and 503K for Cr and CrMo steel, respectively)
was accompanied by increasing dilatation and prob-
ably it was formed by a shear mechanism [23]. During
further cooling below M

4
temperature there was very

little carbon diffusion and the austenite was trans-
formed mainly to martensite at M

&
(at 413 and 403K

for Cr and CrMo steel, respectively). Although the
bulk M

4
and M

&
temperatures of steels were above

room temperature (dilatometry cooling curves, Fig. 3)
the X-ray diffraction analysis revealed some amounts
(2 vol%) of retained austenite. This phase may be in
the form of a very thin and continuous film between
the martensite laths [24]. The existence of retained
austenite at room temperature in these steels may be
attributed to the high carbon content of the austenite
[25]. The formation of martensite is by diffusionless
Figure 4 Scanning electron micrographs of low alloy Cr (a) and CrMo (b) steel austenized at 1123K and quenched by flowing argon at the
cooling rate of 30 K s~1.



transformation, which was accompanied by the vol-
ume expansion, thus a certain austenite content may
be retained between martensite laths. Scanning elec-
tron microscopy analysis showed that there were no
major differences in the microstructure of steels after
quenching (Fig. 4). The microstructures are composed
of martensite packets containing laths. As can be seen
from the SEM micrographs the basic units are mar-
tensite laths aligned parallel in packets within aus-
tenite grain. Detailed characterization of CrMo steel
in the quenched state by TEM confirmed that the
morphology of martensite is basically dislocated lath
type (Fig. 5). The structure of lath martensite can be
characterized by its substructure of tangled disloca-
tions within laths. The width of laths which make up
packets of martensite is from 0.5 to 1lm. They are
fairly straight and parallel to each other.

Immediately after quenching, tempering of steels
was carried out at 673, 823 and 973K. A typical
TEM-bright micrograph of CrMo steel tempered at
973K is given in Fig. 6a. As can be seen, the carbides
are globularized and some rod shaped carbides are
present. The dark-field micrograph for the carbide
clearly show existence of cementite particles embed-
ded in the ferrite matrix (Fig. 6b). The corresponding
SAD pattern is given in Fig. 6c. The strong spots are
from ferrite and the weaker ones from cementite. In-
dexing of SAD patterns confirmed that the carbides in
this steel were orthorhombic cementite (Fig. 6d). The
zone axis is [2 2 0] for the ferrite matrix, and [11 1 1]
from the cementite, respectively. Thus, TEM bright-
and dark-field micrographs as well as SAD pattern
analysis of orientation relationship showed that the
carbides were precipitated from ferrite matrix. Analy-
sis by EDXS showed that the carbides are rich in iron
together with some chromium (Fig. 7). This spectrum
corresponds to the diagram of carbide stability for
2.25Cr—1Mo steel tempered at the same tempering
temperature [26]. The Fe/Cr ratios reported in litera-
ture for this type of carbide vary between 1.6 and 24.0
in dependence on the type of the investigated steel
and the tempering conditions [27, 28]. Low Fe/Cr
ratio demonstrates the incorporation of chromium in

Figure 5 Transmission electron micrograph of low alloy CrMo
steel austenized at 1123K and quenched by flowing argon at the
cooling rate of 30 K s~1. Morphology of martensite is dislocated
lath type.
the cementite already in the nucleation stage of this
carbide.

The X-ray diffraction analysis showed that Cr steel
contained only orthorhombic cementite, while CrMo
steel contained the cementite and hexagonal Mo

2
C

particles (Fig. 8) in the ferrite matrix at the same
tempering temperature (973K). In addition to 0.11%
Mo in Cr steel (Table I), the absence of Mo

2
C in ferrite

regions of Cr steel in the quenched and tempered
condition can be explained on the basis of the fact that
the driving force for the precipitation of the carbides is
considerably lowered by the reduction in the Mo :C
concentration ratio [8]. On the other side, for CrMo
steel, Mo

2
C particles may be nucleation at isolated

dislocations within the ferrite as reported for
Fe—C—Mo alloy in the temperature range from 748
to 898K [29]. Baker and Nutting [6] observed also
that at 823K for water-quenched and tempered
2.25Cr—1Mo steels acicular Mo

2
C carbides were

precipitated.
The mechanical properties and the Vicker’s hard-

ness of Cr- and CrMo-steel in heat treated condition
are summarized in Table III. The high mechanical
properties of both steels may be attributed to interac-
tion solid—solution hardening. This effect attributed to
the strengthening due to the simultaneous presence in
solution of substitutional and interstitial atoms with
an affinity for each other (e.g. carbon and chromium
or carbon and molybdenum). As a result of this strong
attraction, atom pairs or atom clusters form and sub-
sequently interact with dislocations to form atmo-
spheres [30]. It is found that interaction solid-solution
hardening effects have been attributed to carbon—mol-
ybdenum interactions in 2.25Cr—1Mo steel with
a polygonal ferrite microstructure and to carbon—
chromium interactions in the bainitic condition [31].
As can be seen (Table III), the mechanical properties
decrease with increasing tempering temperature as
a consequence of the increasing tempering temper-
ature and microstructural changes. The decrease in
strength is consistent with the work of Winter and
Woodward [32], who showed that above 773K the
CrMo steel shows the spheroidization and coarsening
of carbides, and the recovery and recrystallization of
the cell structure (Fig. 6).

The CrMo steel compared with the Cr steel at the
same tempered condition showed the higher strength
but lower ductility (Table III). The reason for this is
because of the microstructural features: finer prior
austenite grain size (Fig. 1b), the substructure within
the matrix (Fig. 6) and precipitate dispersion strength-
ening, primarily by Mo

2
C (Fig. 8). The high affinity of

molybdenum atoms for carbon atoms results in the
formation of Mo—C clusters, which gradually grow
and eventually transform into coherent M

2
C precipi-

tates. These precipitates introduce intense strain in the
ferrite lattice leading to strengthening of steel. The
strengthening of CrMo steel could be attributed to
continued precipitation of Mo

2
C carbides. Based on

the available data on crystal lattice parameters, it is
reasonable to conclude that the difference between the
specific atomic volume of h.c.p. Mo

2
C (17.7] 103nm3)

and of the b.c.c. ferrite (11.8] 103nm3) surrounding
399



Figure 6 Transmission electron micrographs of low alloy CrMo steel austenized at 1123K and tempered at 973K. (a) Bright-field image, (b)
dark-field image of cementite, (c) selected area diffraction pattern in (a) with the cementite orientation spot, (d) analysis of the SAD pattern in
(c).
it, is very high, leading to elastic distortion of the
host lattice and the precipitate. The coherent nature
of the interface between Mo

2
C and ferrite not only

reduces the surface free energy, but also sets in co-
herency strain in the matrix, which in turn is re-
sponsible for the observed strengthening of CrMo
steel. Similar observations of a uniform dispersion of
such fine carbides contributing to significant strength-
ening in CrMo steels have been reported earlier
[33].
400
3.3. Fractography analysis
It is well known that fractography directly represents
the mechanisms involved in the fracture process and
provides valuable informations concerning the cause
of failure. The fracture surfaces of steels tempered
at 673K are shown in Fig. 9. The fracture surface of
Cr steel consists of a mixed dimpled and quasi-
cleavage failure (Fig. 9a), while the fracture mode of
CrMo steel exhibited some dimpled fracture and a sig-
nificant amount of intergranular fracture (Fig. 9b).



Figure 7 Energy dispersive X-ray spectrum of cementite shown on
the bright-field image in Fig. 6a.

Figure 8 X-ray diffraction spectrum of low alloy CrMo steel tem-
pered at 973K.

TABLE III Mechanical properties of low alloy Cr and CrMo
steel in quenched and tempered conditions

Steel Heat treatment Yield Tensile Reduction Hardness
strength strength of Area (H

VÊÒ
)

(MPa) (MPa) (%)

Q: 1123K/600 s — — — 661

Q: 1123K/600 s
# 1410 1430 15 467
T: 673K/2400 s

Q: 1123K/600 s
Cr # 1012 1082 37 351

T: 823K/2400 s

Q: 1123K/600 s
# 708 797 50 247
T: 973K/2400 s

Q: 1123K/600 s — — — 710

Q: 1123K/600 s
# 1670 1712 10 491
T: 673K/2400 s

Q: 1123K/600 s
CrMo # 1265 1370 22 406

T: 823K/2400 s

Q: 1123K/600 s
# 814 932 36 310
T: 973K/2400 s

Q, quenching by argon; T, tempering in air.
Figure 9 Scanning electron microscopy fractographs of low alloy Cr
(a) and CrMo (b) steel tempered at 673K.

The brittle intergranular fracture mode is thought to
result from impurity-induced weaking at prior aus-
tenite grain boundaries as documented [34, 35]. In
addition to this intergranular fracture there are also
secondary cracking.

Fig. 10 shows typical fracture surfaces of steels tem-
pered at 973K. As can be seen, the fracture mode of
steels is predominantly ductile with well-defined
dimples. These fracture surfaces contained two sets of
dimples: a set of large dimples that was initiated at
MnS inclusion and a set of smaller ones, distributed
between the larger dimples that was formed at submic-
rometre-sized carbides. The ductile fracture of steels
was formed by the microvoid coalescence mechanism.
The voids were formed around the large MnS inclusion
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Figure 10 Scanning electron microscopy fractographs of low alloy
Cr (a) and CrMo (b) steel tempered at 973K.

first. As these voids grow, the deformation becomes
localized into intense shear bands between the voids.
The fracture occurs along these shear bands, and the
fracture surface will contain large equiaxed voids.
Since dispersion of carbides is present in the matrix
(cementite and Mo

2
C), the high strains within the

shear bands also can cause microvoids to be formed at
the carbide-matrix interfaces. Voids will be formed
within the shear bands around these carbides, and
fracture will occur.

4. Conclusions
The results of the investigation of low alloy Cr- and
CrMo-steel can be summarized as follows:
402
1. The mechanical properties of steels in rolled con-
dition resulted from the bainite microstructure ob-
tained by the continuous cooling with finish temper-
ature rolling of 1153 K.

2. Quenching of steels by flowing argon in the tem-
perature range from 1123 to 573K at the average
cooling rate of 30Ks~1 the martensite dislocated lath
type with 2 vol% retained austenite was obtained.

3. Tempering of steels at 973 K was accompanied
by the formation of subgrains as well as precipitation
and spheroidization of carbide in the ferrite matrix.

4. After tempering at 973K the Cr steel contains
only orthorhombic cementite, while the CrMo steel
contains the cementite and hexagonal Mo

2
C particles.

It was observed that the cementite precipitated from
the ferrite matrix.

5. At the same tempering temperature, the CrMo
steel shows higher strength but lower ductility as com-
pared to the Cr steel. This is because of the finer prior
austenite grains, substructure in the ferrite matrix and
the precipitation dispersion strengthening, primarily
by Mo

2
C.

6. During the increase of the tempering temper-
ature changes of morphology fracture surface were
observed. Tempering at 973K resulted in the ductile
fracture by the microvoid coalescence mechanism.
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