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The effect of cooling medium on the microstructure and mechanical properties of steel 30CrMnSi is studied
after different heat treatment. Microstructure is studied by scanning electron microscopy, energy dispersion
analysis, and fractography. Impact strength, shear punch stress, friction coefficient, and wear resistance in
pin-on-disk tests are determined. Phase transformations with tempering are studied by dilatometry. A heat
treatment regime providing an optimum set of steel properties is proposed.
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INTRODUCTION

Among high-strength low-alloy steels one of the most
promising is steel 30CrMnSi (30KhGSA, AISI 4130, and
AISI 5130) [1].

The standard composition of steel 30CrMnSi is given in
Table 1. Steel critical points: Ac; =718°C; Ac; = 846°C;
maximum Ac,; = 760°C; Ac; = 890°C; preferred austenitizing
temperature 890°C [2].

Repeated tempering of low-alloy steels is rarely per-
formed since their properties may be corrected by single-
stage tempering parameters. Double (two-stage) tempering
has a weak effect on sintering properties with tensile testing.
However, changes in ductility and impact energy with a
change in steel composition, tempering temperature and du-
ration are more complicated. Since carbide phase is precipi-
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tated during tempering, the effect of double tempering is
more strongly expressed for steels containing silicon. There
is probably precipitation of g-carbide from martensite at low
temperature, a result of which will be an increase in sili-
con/carbon ratio in a-solid solution. In this case carbon is
more stable in solid solution, and the proportion of carbide
phase will be reduced. If steel contains elements retarding
martensite decomposition, impact strength may be increased
by selecting the temperature for first and second tempering.
As a result of this an optimum combination of steel proper-
ties and distribution of carbide phase with an acceptable
level of stresses within martensite will be achieved [2].

The effect of tempering regimes on steel properties has
been studied in [1]. Tempering lasting 3 h was performed at
temperatures from 200 to 600°C with air cooling. It was es-
tablished that after tempering in the range 250 — 400°C im-
pact strength decreased, i.e., steel was inclined towards tem-
per brittleness. In [4] mechanical properties and microstruc-
ture were studied for steel 30CrMnSi after austempering
with a different cooling rate and subsequent tempering. It
was shown in this work that after austenitizing at 900°C
austempering at 360°C for 50 min with water cooling and
subsequent tempering lasting 1 h at different temperatures
there is bainite formation with rounded particles.

The aim of this work is to study the effect of cooling me-
dium after austenitizing and tempering, normalizing, and
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TABLE 1. Steel 30CrMnSi Chemical Composition

Element content, wt.%

Composition

C Cr Mn Ni Cu P S
Standard 0.25-0.34 0.8-1.1 0.8—1.0 09-1.2 >0.3 >0.3 >0.025 >0.025
Experimental” 0.28 0.90 0.91 - - 0.016 0.014
* Spectral analysis data.
TABLE 2. Second Stage Optimization Heat Treatment Regimes for Steel 30CrMnSi
HT regime t,, °C T, Min QM CM,; tyem» °C Tyiem » MiN CM,
A 900 20 Oil Air 430 60 Air
B 900 20 Oil Oil 430 60 Oil
D 900 20 Oil Air 430 60 Air
E 900 20 Water Air 430 60 Air
F 900 20 Oil Air - - -
G - - Oil Air 430 60 Air
H 900 20 Oil - - - -

Notations: QM is quenching medium; CM;, CM, are cooling medium after first and second tempering respectively;

temperature; T, is second tempering duration.

tyiem 18 S€CONd tempering

Note. In all cases austenitizing temperature 880°C, first tempering performed at 480°C, 2 h.

secondary quenching with tempering, and secondary temper-
ing in order to select optimum heat treatment parameters for
preparing high strength properties with respect to elongation
and hardness.

METHODS OF STUDY

The starting materials were plates with a size of
360 x 280 x 4 mm of steel 30CrMnSi. Tensile test specimens
were cut in accordance with ASTM E8M standard. Steel
composition from results of spark emission spectroscopy is
provided in Table 1. Comparison of standard and experimen-
tal steel compositions shows that the phosphorus content in
the test specimens is below the established limit, i.e.,
0.025 wt.%.

Heat treatment was carried out in a muffle furnace. Ac-
cording to the ASTM E8M standard heat treatment was per-
formed on two specimens for each regime. Then specimens
were tensile tested and Rockwell hardness was measured.
Heat treatment regimes are provided in Table 2. It is noted
that in previous work [5] the heat treatment process was opti-
mized by experimental planning, as a result of which a re-
gime given letter 4 in Table 2 was selected.

Impact tests were carried out on specimens 2 mm wide
according to the ASTM E23 standard. Three specimens were
tested for each condition.

Friction was accomplished on disks 48 mm in diameter
and 3 mm thick according to ASTM G99 (ball-on-disk). Test

conditions; linear disk rate 0.1 m/sec; friction path 1000 m;
vertical load on a specimen 40 N; air atmosphere; room tem-
perature. The accuracy for specimen weight determination
was 0.0001 g. The counterbody (ball) was prepared from
hardened steel AISI 52100 (ShKh15). The surface of all
specimens before testing was treated by polishing paper
No. 320 (mesh number). A load of 40 N was selected on the
basis of results of testing specimens under loads 5, 10, 20,
30, 40, and 50 N for a friction path of 100 m. Specimen fric-
tion coefficients, weight loss, and specific wear rate were de-
termined during tests. The failure surface and wear were
studied using a scanning microscope [6].

Shear testing was carried out on sheet specimens 500 um
thick with a size of 20 x 20 mm. Shear rate was 0.002 m/sec,
punch diameter was 3 mm, and the original gap between
punch and sheet specimens was 15 —20 um. Each test was
repeated twice.

The failure surface after tensile, shear, and impact test-
ing, and also the friction surface, were studied by means of a
scanning electron microscope fitted with an attachment for
energy dispersion chemical analysis. Differential thermal and
dilatometric analyses were carried out with heating rates of
30 K/min and 20 K/sec respectively.

RESULTS AND DISCUSSION

Heat treatment versions are given Table 2 making it pos-
sible to determine the effect of its parameters on steel proper-
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Fig. 1. Steel 30CrMnSi structure in the original condition (a) and
after optimization (b ).

ties: A is statistically optimum heat treatment regime, ob-
tained previously in the first optimization stage [5]; B is eva-
luation of the effect of cooling medium after tempering; D is

TABLE 3. Mechanical Properties of Steel 30CrMnSi after Second
Optimization Stage

HT regime o(, MPa o, MPa 8, % v, % HRC
Orig.” 545 764 11.2 - 24.8
545 748 13.0 - 24.4
A 1000 1080 10.4 36.3
1005 1087 11.2 389 36.0
B 1052 1136 9.2 352 37.8
1025 1070 9.6 349
D 933 1023 12.0 43.4 34.0
910 1013 10.0 47.0 -
E 955 1030 10.0 38.4 -
957 1035 12.8 39.1 34.0
F 960 1020 12.0 39.9 -
976 1051 10.8 37.8 34.0
G 966 1070 9.6 8.5 34.0
965 1050 10.4 325 -
H 1473 1658 8.9 353 -
1370 1680 9.4 339 493

* Original condition (without heat treatment).

Rasoul Khayyam Nekouei et al.

Fig. 2. Steel 30CrMnSi structure after treatment by optimization re-
gime A4 (scanning electron microscopy): a) in secondary electrons
(morphological analysis); b ) in back-scattered electrons.

repeated (after regime 4) quenching with tempering; E is
evaluation of the effect of cooling medium after austeni-
tizing; F is single tempering; G is without quenching before
tempering; H is quenching without tempering. Results are
provided in Table 3 for determination of mechanical proper-
ties after heat treatment by these regimes.

The microstructure of specimens in the original condi-
tion after optimization (series 4) is shown in Fig. 1. In the
original condition the structure consists of a ferrite-pearlite
mixture and pearlite colonies (Fig. 1a ). After heat treatment
steel structure is tempered martensite (Fig. 15). Results are
shown in Fig. 2 for determination of specimen structure of
series A in a scanning electron microscope in secondary and
back-scattered electrons. In back-scattered electrons the steel
structure is uniform without traces of alloying element segre-
gation. In secondary electrons ultrafine acicular martensite is
revealed. Spectroscopy with energy dispersion for this phase
showed that its composition is in accordance with steel
chemical composition (Fig. 3).

The aim of studying specimens of series H is comparison
of their microstructure before and after tempering. It was ex-
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Fig. 3. Results of energy dispersion analysis for steel 30CrMnSi af-
ter heat treatment.

pected that specimens of series H, not tempered, develop
brittleness. However, results appear to be unexpected for
steel of this type: o, = 1650 MPa with & = 9%.

Since series F were not given second tempering, compa-
rison of series F' and A shows that second tempering in-
creases o, by 55 — 60 MPa, G, , by 40 MPa, and hardness by
2 HRC. Relative elongation and reduction of area decrease
by 0.6% and 1.25% respectively.

A failure surface is shown in Fig. 4 after tensile testing
for a specimen of series 4. Taking account of the degree of
reduction in elongation and cross section it may be con-
firmed that the main steel failure mechanism is ductile, in
spite of the fact that within a fracture a mall cleavage section
is observed. The greatest part of the surface has a pitted frac-
ture (dimples). This surface is called quasishear [8].

Strain curves are shown in Fig. 5 for a specimens of se-
ries A tested in shear. For comparison of results of tests in
shear and tension over the horizontal axis values are given
for so-called normalized displacement, obtained by special
calculations [7, 9]. Values of ultimate shear strength for spec-
imens of series 4 and correlation coefficient for calculating
standardized displacement are given in Table 4. Data ob-
tained with a correction factor agree with results of previous
studies [7, 9]. The relationship between tensile stress ¢ and
shear stress 7 is described by an expression

c =C(r, @)

where C is dimensionless correction factor. According to
data in [7], C = 1.8. In our work it was established that for
specimens of series 4 coefficient C=1.72 (Table 4). Sec-
tions of a specimens surface from series 4 after shear tests
are shown in Fig. 6, where shear bands are seen clearly at
high magnification [7].

Results of impact tests for specimens of series 4 and
specimens in an original condition (without heat treatment)

Fig. 4. Fracture surface of steel 30CrMnSi series 4 specimen after
tensile testing (scanning electron microscopy): cleavage area within
region of circle.
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Fig. 5. Shear test curves for two steel 30CrMnSi specimens of se-
ries A: T is shear stress; A is nominal displacement.

are given in Table 5. It is seen that a specimen in the original
condition has better toughness but lower tensile strength. Re-
sults for scanning electron microscopy are shown in Fig. 7
for specimens of series 4 after impact tests. The main steel



failure mechanism is ductile, and fracture pits (dimples) are
clearly seen [10]. In addition, within the center there are
elongated areas that may be a result of formation and merg-
ing of cavities. This means that cleavage occurred in these
areas of a specimen [11].

The following results were obtained with friction tests:
specimen and counterbody weight loss 0.0532 and 0.0003 g
respectively; average friction coefficient 0.41, friction force
16.4 N; specific wear rate 1.69 mm?/nm. It is apparent that
material with higher hardness has greater wear resistance
[12], and therefore weight loss for a counterbody is lower.
Friction force was calculated from the friction coefficient
[12], and specific wear rate calculated from the ratio of
weight loss to relative density, force, and friction path [13].
The friction surface of specimen A is shown in Fig. 8. Ac-

TABLE 4. Calculated Results for Correction Factor C

Specimen G,, MPa 1., MPa Cov
A4 1080 613 1.742
A, 1087 631

Notations: o, and 7, are ultimate strength in tension and shear re-
spectively; C = o, /1, is correction factor (C,, is average value).

TABLE 5. Steel 30CrMnSi Impact Energy in Two Conditions

Impact energy, J, of specimens

HT regime
1 2 3
Orig. 12.5 12.5 13.0
A 9.8 9.2 9.8
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Fig. 6. Failure surface of series 4 speci-
men after shear testing at different magnifi-
cations (scanning electron microscopy).

cording to results of studies it may be concluded that with
friction for a specimen there is simultaneous action of abra-
sive, adhesive, and oxidizing wear mechanisms. [14]. For-
mation of dark areas in Fig. 8 may be connected with separa-
tion of the surface and accumulation of oxidized wear prod-
ucts [15]. Region / in Fig. 86 and d are areas of abrasive
wear. Region 3 consists of particles of wear products (debris)
forming flakes as a result of sticking [15]. Also seen in
Fig. 8a are areas of another composition, forming as a result
of counterbody material adhesion. Specimen wear is most
significant in this region.

Dilatometric curves are shown in Fig. 9 after the first
(480°C, 2 h) and second (430°C, 1 h) tempering. It is seen
that during the first 10 min there are significant volumetric
changes caused by temper martensite and conversion of
low-carbon martensite into ferrite and cementite [17]. The
volumetric effects are much stronger after the first temper-
ing. A reduction in hardness after the first and second tem-
pering comprises 13 and 2 HRC respectively.

CONCLUSIONS

Optimum mechanical properties of steel 30CrMnSi have
been obtained after quenching from 800°C (20 min) and
double tempering: at 480°C, 2 h, and 430°C, 1 h. Double
tempering facilitates an increase in the amount of precipi-
tates and a reduction in stresses within martensite. Impact
specimen failure occurs by a ductile-brittle mechanism. After
heat treatment by the optimum regime impact energy for
specimens is about 10 J, and shear strength is 630 MPa. The
main wear mechanism for steel 30CrMnSi in an optimum
condition is adhesive. The main volumetric changes of
martensite are observed after the first tempering.
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Fig. 7. Fracture surface of steel 30CrMnSi se-
ries A specimen after impact testing at different
magnifications: a) general view; b, ¢, d ) magni-
fied images of areas /, 2, 3 respectively; 4, B)
cleavage areas.

Fig. 8. Fracture surface of steel 30CrMnSi se-
ries A specimen after wear testing (scanning
electron microscopy): @) wear track; b) in
back-scattered electrons; ¢) in secondary elec-
trons; d ) magnified image of section 2; / ) abra-
sive wear area; 3 ) area with wear products.
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Fig. 9. Steel 30CrMnSi specimen dilatometric curves: @) after first
tempering (480°C, 2 h); b)) after second tempering (430°C, 1 h).
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