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Abstract: Requirements for mechanical properties of steels are constantly increasing, and the com-
bination of quenching and tempering is the method generally chosen for achieving high strength
in medium carbon steels. This study examines the influence of various silicon contents from 1.06
to 2.49 wt% and the addition of copper (1.47 wt%) on the behavior of 1.7102 steel starting with
the as-quenched state and ending with the tempered condition at the temperature of 500 °C. The
microstructure was characterized by SEM and TEM, the phase composition and dislocation density
were studied by XRD analysis, and mechanical properties were assessed by tensile and hardness
testing, whereas tempered martensite embrittlement was assessed using Charpy impact test and
the activation energy of carbide precipitation was determined by dilatometry. The benefit of copper
consists in the improvement of reduction of area by tempering between 150 and 300 °C. The increase
in strength due to copper precipitation occurs upon tempering at 500 °C, where strength is generally
low due to a drop in dislocation density and changes in microstructure. The increasing content of
silicon raises strength and dislocation density in steels, but the plastic properties of steel are limited.
It was found that the silicon content of 1.5 wt% is optimum for the materials under study.

Keywords: medium carbon steel; mechanical properties; microstructure; tempering; carbides; dilatometry

1. Introduction

1.7102 steel is a medium carbon steel alloyed with some amount of chrome and silicon.
This steel reaches both high strength and toughness and thus satisfies the requirements
for spring materials or for other heavy-duty structural parts [1,2]. The heat treatment
of medium carbon steel includes quenching followed by tempering or partitioning [3].
The typical as-quenched structure of medium carbon steels is lath martensite. The high
strength of lath martensite is mainly associated with strengthening by carbon in interstitial
solid solution, rearrangement of carbon atoms during and after quench, grain boundary
strengthening, and dislocation strengthening [1,4,5]. On subsequent tempering, transition
iron carbides (hexagonal e-carbides and orthorhombic n-carbides) first form during low-
temperature tempering (70-240 °C). The second transformation involves decomposition
of retained austenite (200-300 °C), and the third tempering stage is characterized by the
transformation of ¢- or n-transition carbides to the more stable orthorhombic 0-cementite
(200-450 °C) [6-8] when the silicon content is less than 2 wt%, while the monoclinic x-
carbides can also be formed before 6-cementite in steels alloyed with 2 wt% of silicon [9].
Mechanical properties, such as yield strength, tensile strength, and hardness, usually de-
crease during tempering. However, toughness and elongation increase with increasing
tempering temperature [10-13]. In medium carbon steels alloyed with chrome and sili-
con, increasing strength was found for tempering at 350 °C [14], whereas alloying with
manganese and silicon causes this effect in the tensile test temperature range from 200 to
250 °C [3]. In both studies [3,14], the increase in strength during tempering results from
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e-carbides dispersed in the martensite matrix. The latter is provided by silicon alloying,
which restricts cementite precipitation by forming a Si-rich layer around the growing
cementite particles in the martensite matrix [15-17].

Enhancement of strength and hardness through copper precipitation strengthening
was confirmed in low alloyed low carbon steels [18-20] as well as in medium carbon
steels [7,12,21]. Tempered martensite embrittlement (TME) in martensitic steels was stud-
ied in [22-24]. It was found that TME relates to formation of platelet cementite, which
replaced e-carbide [22]; formation of thin carbide film along PAG boundaries [25]; decom-
position of retained austenite (RA) between martensite laths into cementite and ferrite [23];
and segregation of impurities (such as phosphorus) along prior austenite grain (PAG)
boundaries during austenitization [24].

This work investigates the evolution of mechanical properties of 1.7102 medium car-
bon steel and its variant with an addition of 1.47 wt% of copper and various contents
of silicon from 1.06 to 2.49 wt%. All the steels were quenched and tempered between
100 and 500 °C. The effects of copper and silicon content on mechanical properties were
determined by tensile testing and hardness and toughness measurement. The TME mech-
anism was discussed. Microstructure was observed using an electron microscope, and
phase analysis and dislocation density measurement using X-ray diffraction were per-
formed. The activation energies for the formation of transition iron carbides and cementite
were measured by nonisothermal dilatometry. The results for 1.7102 steel modified by
copper and silicon additions are compared to the properties of 1.7102 steel stated in the
ISO 8458-1 standard [26].

2. Materials and Methods
2.1. Materials and Heat Treatment

The medium carbon steel BX with a similar chemical composition to steel 1.7102
according to ISO 8458-1 and four 1.7102 variants with different levels of copper and
silicon were investigated. Their chemical compositions are given in Table 1. They were
determined using Q4 TASMAN optical emission spectrometer (Bruker Elemental GmbH,
Kalkar, Germany). The steels were melted in a vacuum induction furnace and cast into
45 kg ingots. The ingots were brought to 1050 °C and hot-rolled to a thickness of 14 mm
and air-cooled. Normalization annealing was carried out at 850 °C for 40 min. Cylindrical
samples 120 mm in length and 13 mm in diameter were manufactured. Thermal treatment
of the samples consisted of quenching and tempering. The quenching temperature was
900 °C with a soak time of 20 min. The samples were quenched in oil at room temperature
and then tempered between 100 and 500 °C for 120 min.

Table 1. Chemical compositions of the steels studied and 1.7102 steel, wt%.

Steel

(Wt%) C Si Cu Mn Cr Ni Mo Fe

A 0.56 1.06 1.47 0.67 0.77 0.055 0.014 Bal.

B 0.56 1.54 1.48 0.70 0.77 0.056 0.016 Bal.

BX 0.57 1.51 0.12 0.68 0.75 0.13 0.032 Bal.

C 0.57 2.04 1.47 0.72 0.77 0.056 0.016 Bal.

D 0.57 2.49 1.47 0.75 0.77 0.058 0.016 Bal.
1.7102 0.51-0.59 1.2-1.6 - 0.5-0.8 0.5-0.8 - - 96.2-97.3

2.2. Mechanical Properties

Mechanical properties were determined by tensile, hardness, and Charpy impact
testing on samples after quenching and tempering at 100, 150, 200, 250, 300, 350, 400, and
500 °C for steels B and BX and after tempering at 200, 300, 400, and 500 °C for A, C, and D
steels at room temperature. Three tensile specimens were tested for each heat treatment
condition. The tensile specimens were 8 mm in diameter and 50 mm in length. Quasistatic
tensile tests were performed according to CSN EN ISO 6892-1 at a rate of 0.75 mm/min
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using a Zwick Z250 testing machine with a 250 kN capacity (ZwickRoell GmbH & Co. KG,
Ulm, Germany). Ultimate tensile strength (UTS), yield strength (YS), percentage elongation
after fracture (elongation As), and reduction of area (Z) were determined. Charpy V notch
impact test was conducted at room temperature for three samples for each treatment route
using Charpy pendulum WPM PSd 300 J (Kogel Werkstoff- und Materialpriifsysteme
GmbH, Wachau, Germany) according to CSN EN ISO 148-1. Charpy V notch specimens
were prepared with 55 x 10 x 5 mm dimensions and 2 mm V notch depth. Hardness testing
was carried out on a Vickers hardness tester (Struers Durascan 50, Copenhagen, Denmark)
using a diamond indenter under the load of 10 kg for 10 s (CSN EN ISO 6507-1) 10 times
for each sample.

2.3. Microstructure Observation

Microstructural characterization was performed with scanning electron microscope
(SEM) JEOL IT 500 HR (JEOL, Tokyo, Japan) in the longitudinal direction of specimens.
Metallographic samples were prepared by grinding and polishing, and the microstructure
was revealed by etching with 2% Nital reagent.

A transmission electron microscope (TEM) JEOL JEM 2200FS (JEOL, Tokyo, Japan)
equipped with an energy dispersive X-ray spectrometer (EDS) was used for a more detailed
analysis of microstructure and identification of transition carbides using selected area
electron diffraction (SAED). Thin foils were prepared using the twin-jet electropolishing
method (Fishionne Electropolisher M220) in the solution of perchloric acid (5 mL) and
methanol (95 mL) at —50 °C.

2.4. X-ray Diffraction

X-ray diffraction (XRD) analysis was carried out using BRUKER D8 DISCOVER
diffractometer with Cu K radiation (wavelength, A = 0.15406 nm). Diffraction patterns
were collected in the 2theta range from 30 to 120° with a step size of 0.02° and exposure time
of 0.75 s/step. The retained austenite volume was characterized by Rietveld refinement
method using Topas software. The dislocation density, p, was determined by modified
Williamson—-Hall (WH) method [27,28] from the full width at the half maximum (FWHM)
and the diffraction angle of all peaks (101), (200), (211), (202), and (310), using Equation (1):

1
22\ 2
QKNO.9 (n]\ib) p%KEUZ 1)

where K = % and AK = M. Here, A0 and 6 represent the FWHM and diffraction
angle, respectively; b = 0.248 nm is the magnitude of the Burgers vector; M is a constant
depending on both the effective outer cut-off radius of dislocations and the dislocation

density; €' for the crystallographic plane (hkl) can be written as [27]:

€% = Co (1 - qHz) 2)

where g is a parameter indicating the dislocation character in the sample and Cj is a con-
stant corresponding to the elastic constants of the material [27]. H?is represented as [27]:

2 W2k + h21% + 1?2

h? + k2 + 12

®)

The surface of samples for determining the FWHM was etched with hydrochloric acid
for 120 s to remove the surface layer that had formed during polishing in order to minimize
errors that might have originated from the polishing process.
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Intensity (A.U.)

2.5. Dilatometry

Two push-rod dilatometers, one with samples heated in a furnace for heating rates of
less than 0.1 K/s and the other a quenching dilatometer with induction heating for other
heating rates, were used to record the length reduction due to tempering. Nonisothermal
tempering was performed using continuous heating with heating rates g = 0.005, 0.05, 0.5, 5,
and 50 K/s. The activation energy E for the precipitation of carbides in the steels was
calculated for the two stages of tempering using an approximate expression from [29]:

B E RKy
Lnis = ——— +Ln——- 4
" RL TUE @

Here, K is frequency factor, R is the gas constant, and T; indicates the inflection point

in the dilatometer records obtained at various heating rates.

3. Results
3.1. XRD

XRD patterns for the quenched steels are presented in Figure 1. Diffraction peaks of
o martensite were detected. A weak peak of 0 cementite was found as well. Retained
austenite (RA) was detected (8.2%, 5.3%, 8.2%, 9.6%, and 8.1% for steels A, BX, B, C, and
D, respectively). This is in line with the relatively low martensite start (Ms) temperatures:
308.3, 316.9, 301.2, 296.0, and 292.2 °C for steels A, BX, B, C, and D, respectively. The Mg
temperatures were calculated using the following equation [30]:

Ms (OC) = 545 — 330C — 23Mn — 14Cr — 13Ni — 7Si +2Al 4+ 7Co — 5Mo — 13Cu (wt%) 5)
5
]
= . = o —~ —
e— o —~~ — — N o
| ———— | ———
N A /N N ¢
L_._/\ /\ /\ B
A~ A\ A
T*""kﬁ_'_ﬂ' T T '/,\ T T J\' T T T T ""'TBX
40 50 60 70 80 90 100 110 120

Scanning angle, 2Theta (degrees)

Figure 1. XRD patterns of the medium carbon steels with various contents of silicon and copper after quenching.

The tempering at 500 °C for 120 min results in complete RA decomposition for all the

steels under investigation.
The dislocation density, p, after quenching and subsequent tempering, as determined

using XRD data in accordance with [27,28], is shown in Figure 2.
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Figure 2. The dislocation density of quenched and tempered steels A, B, BX, C, and D.

3.2. Dilatometry

Dilatometry records of nonisothermal tempering in the form of thermal strain (¢) and
strain derivative (¢”) dependences were determined for the steels at heating rates 8 of 0.005,
0.05, 0.5, 5, and 50 K/s. Figure 3 shows the dilatometry results for § = 0.005 K/s and
B =50 K/s. Two contractions are found in the dilatometry heating curves for the steels. The
temperatures for inflection points, Tj, for the first and second contraction are presented in
Tables 2 and 3. The inflection point for the first tempering stage indicates the precipitation
of transition iron carbides, whereas the inflection point for the second tempering stage
indicates the precipitation of cementite. A very significant effect of silicon content was
found for the inflection points of cementite precipitation and less so for transition iron
carbides. Higher Si content shifts the cementite formation to higher temperatures, and at
the same time, the transformation gains in intensity. Higher heating rates shift the inflection
point of strain for both stage I and stage II tempering to a higher temperature. At the
same time, the reaction passes in a broader temperature range by higher heating rates.
The activation energy E values for the steels calculated using Equation (4) are presented
in Table 4.

Table 2. Temperatures corresponding to inflection points (Ti) at different heating rates () for stage I
of tempering in the dilatometry data.

B (K/s) A BX B C D
0.005 110 °C 111°C 112°C 109 °C 108 °C
0.05 145 °C 144 °C 133 °C 144 °C 143 °C

0.5 162 °C 160 °C 162 °C 160 °C 160 °C
5 196 °C 190 °C 189 °C 190 °C 194 °C
50 237°C 237°C 239 °C 234°C 238 °C

Table 3. Temperatures corresponding to inflection points (T;) at different heating rates (B) for stage II
of tempering in the dilatometry data.

B (K/s) A BX B C D
0.005 381 °C 399 °C 399 °C 404 °C 414°C
0.05 418 °C 430°C 433°C 442 °C 452 °C

0.5 447 °C 462°C 466 °C 473°C 486 °C
5 485 °C 496 °C 494°C 510 °C 524 °C

50 535 °C 551 °C 556 °C 565 °C 583 °C
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Table 4. Activation energy E of formation transition carbides in Stage I and cementite in Stage II
calculated for the steels A, BX, B, C, and D, using Equation (4).

Stage A BX B C D
. (114 £ 7) (116 £ 7) (112 + 5) (116 + 8) (112 £ 6)
kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
- (257 + 7) (272 + 10) (268 + 15) (265 + 9) (261 + 8)
kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
0.9 - - 2.0
—¢(A)
058
——¢(BX)
0.7
X £(B)
S
06 % |—e
iE' 05 é s
£ s
504 % ----- ¢ (A)
T
£
03 g ¢ (BX)
(2]
0.2 ¢ (8)
o> ui 10 | =
0.0 25 | i
) 100 200 300 400 500 600 700
Temperature, T[°C]
(a)
09 - 2.0
—c(A)
058
——=¢(BX)
07
2 £(B)
0.6 z _—
o5 & |—co
£ 2
£ Z
5 2 | e :
=04 :‘3 ¢ (A)
[
03 s | ¢ (BX)
7]
0.2 ¢ (B)
e e -1 (N K
----- ¢ (D)
0.0 +— . ‘ . ’ . ' 25
0 100 200 300 400 500 600 700
Temperature, T(°C)
(b)

Figure 3. Thermal strain (¢) and its derivative (¢’) for steels A, BX, B, C, and D hardened from 900 °C
and tempered using heating rate § = 0.005 K/s (a) and = 50 K/s (b).

3.3. Mechanical Tests
3.3.1. Effect of Copper Addition

The results of the tensile test and Charpy impact test of steels B and BX, which illustrate
the influence of copper alloying, are given in Figure 5. Yield strength and ultimate tensile



Materials 2021, 14, 5244

7 of 19

strength of steel B are lower at lower tempering temperatures below 400 °C. There is
one exception, at the tempering temperature of 150 °C, at which a slightly higher UTS
of steel B was found. At the same time, copper has a beneficial effect on the elongation
(As) and reduction of area (Z) at tempering temperatures from 150 to 300 °C. However,
the presence of copper in steel B impairs As and Z at higher tempering temperatures
350-500 °C. This is a very substantial difference that steel BX without copper alloying
does not reveal an elongation decrease (As) and reduction of area (Z). Both parameters
increase continually with the increasing tempering temperature. Tempering at 500 °C
brings additional strengthening by copper in steel B. Hardness is in good agreement with
the results of the tensile test. Either the hardness values are similar or the hardness of
steel B is slightly lower, up to the tempering temperature of 400 °C. At the tempering
temperature of 500 °C, the hardness of steel B exceeds the hardness of steel BX. Charpy
impact energy of steel BX after quenching and tempering, regardless of the tempering
temperature, exceeds that for steel B, most notably at 500 °C.

2800 —

] BAalsx[elicliD
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& 2000 —
g
@ 4
-
=1
1600 —
I
1200 —
=
0-
0Q 100 150 200 250 300 350 400 500
Tempering temperature, T (°C)
(a)
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Ballex[elicD
1800 —
1600 —
® 4
s
;1400 = I
>- -
1200 —
1000 =L
k-
0
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Tempering temperature, T (°C)

(b)

Figure 4. Cont.
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Figure 4. Mechanical properties of samples after quenching and tempering up to the temperature
of 500 °C. (a) UTS—ultimate tensile strength; (b) YS—yield strength; (c) A5—elongation; (d) Z—
reduction of area; (e) hardness; (f) Charpy impact energy of samples after quenching and tempering.

3.3.2. Effect of Silicon Content

A remarkable effect of silicon was found to occur just after quenching. As Figure 5
shows, YS and UTS increase continuously with increasing content of silicon in steels A,
B, BX, C, and D. This occurs regardless of the tempering temperature, in the range of
200-500 °C. The difference in YS between steels A and D expands at the higher tempering
temperatures, 400-500 °C. A similar trend is found with UTS. The impact of the silicon
content on elongation and reduction is adverse, leading to their decrease, particularly up
to the tempering temperature of 400 °C. The joint effect of copper and silicon in the steel
promotes tempered martensite embrittlement (TME). The local maximum of elongation
and reduction of area are found at the tempering temperature of 300 °C, beyond which
a sharp decline occurs. The amount of this drop depends on the silicon content. In the
low silicon steel A, the decrease of reduction of area is low and the elongation increases
constantly during tempering. A completely different situation occurs in steel B alloyed
with more silicon. The reduction of area and elongation decrease rapidly at the tempering
temperature of 350 °C. Subsequent gradual improvement in these parameters occurs at
higher tempering temperatures. The minima of reduction of area and elongation are found
after tempering at 350 °C for steel B and at 400 °C for steels C and D. Tempering at 500 °C
raises reduction of area and elongation in both high silicon steels C and D when compared
to the tempering temperature of 400 °C. In steel D, the values exceed those in the steel C
and reach similar levels to steels A and B. Hardness in A, B, C, and D steels increases with
increasing silicon content, and the hardness difference between steels A and D ranges from
27 HV for the tempering temperature of 200 °C to 69 HV for the tempering temperature of
400 °C. The Charpy impact energy for steel A does not show a maximum at low tempering
temperatures; instead, a minimum occurs at 350 °C. For steel D, there is a maximum at
tempering temperatures of 200-300 °C, but no minimum at high tempering temperatures.
Steels BX, B, and C have a maximum at 200 °C and a minimum at 350 °C.

3.4. Microstructure

SEM micrographs (Figure 5) document the evolution of microstructure during temper-
ing: from the initial condition after quenching up to the tempering temperature of 500 °C.
Similar changes occur in the microstructures of all the steels studied. Differences were
only slight, such as the amount of retained austenite (RA). Hence, typical microstructural
features occurring during heat treatment are only shown for steel B. After quenching, the
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microstructure consists of a martensitic matrix, prior austenite grains (PAG), and RA in
various amounts, as determined using XRD measurement briefly described in Section 3.1.
Rod-like transition iron carbides formed in the interior of martensite during tempering
at 200 °C. These carbides are usually referred to as ¢- or n-carbides with hexagonal or
orthorhombic crystal structure, respectively, as described in [9,31,32]. In the material inves-
tigated here, only n-carbides were found (Figure 6). The amount of RA decreased gradually
with increasing tempering temperature. The effects of different chemical compositions,
mainly the various contents of silicon, were manifested at the tempering temperatures of
300 and 400 °C. Whereas the RA amounts significantly decreased in steels A, B, and BX,
higher levels of RA (approximately 5%) remained stable up to the tempering temperature
of 400 °C in high silicon steels C and D, and no RA was detected in any of the steels after
tempering at 500 °C (see Table 5). Cementite films along martensite laths and apparent
PAG boundaries were visible in the microstructure of steel B, as shown in Figure 5, after
tempering at 400 °C. The presence of the cementite films along martensite laths and appar-
ent PAG boundaries during tempering at 350-400 °C is in good agreement with previous
studies [25,33] and with nonisothermal dilatometry data for cementite formation for the
slowest heating rate 3 = 0.005 K/s (Table 3), as well as with the results of mechanical
properties in Section 3.3 where TME was confirmed using Charpy impact test. The lowest
toughness corresponds to the presence of the cementite film after tempering at 400 °C.
Raising the tempering temperature to 500 °C led to spheroidization of cementite particles
at lath and grain boundaries and precipitation of fine cementite particles in the interior of
the martensitic matrix. At this tempering temperature, the Cu-rich clusters start to form in
the microstructure of steel B as proven in the TEM-EDS map in Figure 7.

Figure 5. Cont.
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Figure 5. Cont.
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Figure 5. Development of microstructure of steel B during heat treatment (SEM images): after
quenching (a) and tempering at 200 °C (b), 300 °C (c), 400 °C (d), and 500 °C (e). Martensitic matrix
and RA are visible after quenching. The transition carbides and cementite form during tempering
whereas the amount of RA decreases with the increasing tempering temperature.
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0204 011,

(b)

Figure 6. TEM micrograph of the n-Fe,C carbide (a) in steel B tempered at 200 °C and SAED pattern

with zone axis [100] (b).

Table 5. Retained austenite content (RA) determined by XRD measurements.

Tempering Temperature (°C)

RA (%)
200 300 400 500
A 8.5 5.6 0.0 0.0
BX 8.3 5.6 0.4 0.0
B 9.8 74 1.1 0.0
C 10.8 9.5 52 0.0
D 11.8 9.7 5.6 0.0
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(e) ()

Figure 7. TEM-EDS map of chemical composition reveals the Cu-rich areas after tempering at 500 °C: TEM micrograph (a);
TEM micrograph + EDS map of elements (b); Cu map (c); Cr map (d); Si map (e); Mn map (f).
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4. Discussion
4.1. Effects of Tempering Temperature

The experiment with varying tempering temperatures reveals the significant influence
of this parameter on mechanical properties and microstructure just above 200 °C, even at
short annealing tempering times (2 h). Key mechanical properties, such as ultimate tensile
strength (UTS), yield strength (YS), elongation (As), and reduction of area (Z) increase. This
phenomenon is accompanied by microstructural changes, namely transition iron carbide
precipitation and a decrease in dislocation density at the same time.

The YS shows a maximum between 250 and 350 °C whereas UTS has maximal values
between 100 and 200 °C. It seems that the precipitation of transition carbides does not
strongly affect UTS. Tensile strength responds more sensitively to the decrease in dislocation
density. At the same time, YS is influenced by the precipitation more strongly.

The higher tempering temperatures cause a gradual decrease in both strength pa-
rameters. Accordingly, a strong increase in As and Z after quenching takes place during
tempering up to 300 °C. Raising the tempering temperature above 300 °C delivers further
improvement in plasticity only in the steel without Cu alloying. All the materials with Cu
alloying show a drop in plasticity in the temperature range of 300400 °C. One possible
reason for this may be the segregation of Cu atoms at grain boundaries. During tempering
above 400 °C, plasticity improved in all the materials.

The important challenge is to find the optimal tempering temperature. When maxi-
mum strength and satisfactory plasticity are sought, this temperature appears to be 300 °C
for all the steels (Figure 5). This is consistent with the observed dependence of dislocation
density on the tempering temperature (Figure 2) and the conclusions from dilatometry mea-
surement that transition iron carbides, which improve mechanical properties, are formed
already at 200 °C, whereas cementite, which could be harmful under certain circumstances,
only replaces them on tempering at 400 °C (Figure 3). XRD measurement allows the
conclusion that retained austenite (RA) does not completely decompose to cementite and
ferrite at 300 °C (RA was found to be 5.6%, 5.6%, 7.4%, 9.6%, and 9.5% for steels A, BX, B,
C, and D, respectively, when tempered at this temperature).

4.2. Effects of Si Content

Increasing silicon levels expand the temperature range for TME, followed by a loss of
impact toughness. Therefore, silicon content is usually limited to no more than 2.2-2.6 wt%
and, according to ISO 8458-1, it is allowed in the range from 1.2 to 1.6 wt%. In the present
study, the effect of silicon content is investigated in the range from 1.06 to 2.49 wt% for
1.7102 steel.

It was found that dislocation density increases with increasing silicon content, but
decreases almost 6 times with increasing tempering temperature.

A comparison of the data obtained on activation energies (Table 4) and data on copper-
bearing steel with low silicon (0.21 wt%) [7], where E = 225 kJ/mol was found for the
second stage, shows a significant effect of the addition of this element on the activation
energy for cementite precipitation.

The activation energy was found to create a plateau for the second stage with an
increase in the Si content above 1 wt% and a maximum at Si content of 1.5%.

This is consistent with [14,34], where the increase in hardness and tensile strength caused
by increasing silicon content above 1 wt% was much larger than that from 1.8 to 2.44 wt%;
i.e., the strengthening effect owing to the silicon addition saturates at about 1.8-2.5 wt%.

This is also confirmed by the nonmonotonic change in UTS depending on the Si
content in steels A, B, C, and D tempered at 400 °C (see Figure 5).

Steel B (silicon content 1.54 wt%) has the best combination of strength and plastic
properties among the steels under investigation.

Generally, the effect of silicon on carbon steels in quenched and tempered states can be
characterized by several features, which were described in [6,14,34-36] and confirmed in
this work. A higher silicon content in steels causes (a) higher amount of RA after quenching,
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(b) delayed decomposition of RA and formation of cementite during tempering, (c) shift of
the TME region to higher tempering temperatures, and (d) achievement of higher values of
UTS and hardness.

4.3. The Influence of Cu Content

Clearly, copper benefits the reduction of area and elongation between the tempering
temperatures 150 and 300 °C, but tempering embrittlement sets in suddenly at tempering
temperatures of 350400 °C. Both elongation and reduction of area decrease apparently
after tempering above 300 °C. Similar findings were reported in [14,34]. Energy-dispersive
X-ray spectroscopy (EDS) data on higher content of copper in small precipitates when
compared to the matrix in steel B tempered at 500 °C (Figure 7) are consistent with the
results of mechanical testing of steels B and BX. Strength and hardness of B and BX are
close, but the values of steel BX exceed those of steel B up to the tempering temperature
of 400 °C. At this tempering temperature, the UTS and hardness values are comparable.
At a tempering temperature of 500 °C, steel B has higher YS and UTS by approximately
120 MPa and hardness by about 30 HV than BX due to copper precipitation confirmed
by EDS.

4.4. Effects of Quenching Temperature

Chemical composition of steel BX is similar to 1.7102 steel. However, the elongation,
contraction, and Charpy impact energy for steel BX exceed those for 1.7102 steel, whereas
the ultimate tensile strength and yield strength are approximately the same for these
steels (Table 6). This illustrates the advantage of increasing the quenching temperature
to 900 °C as used in the present study. This phenomenon could be explained by the
elevated contribution of grain boundary strengthening. When increasing the quenching
temperature, the prior austenitic grains become larger while the lath width decreases as
shown in [37]. Proposing the lath width as an effective grain size, the Hall-Petch effect
causes the grain boundary strengthening to increase [37].

Table 6. Properties of 1.7102 steel according to ISO 8458-1 compared with steel BX.

. . Tempering o Impact Energy
Steel T Quemhmgo Quen?hmg Temperature S (MPa) UTS (MPa)  A(%) min. z (./o) for 20 °C (J)
emperature (°C) Medium o min. min. .
(@) min.
1.7102 840-870 oil 400-450 1300 1450-1750 6 25 8
BX 900 oil 400-500 1705-1300 1897-1402 10.3-11.8 43.9-43.9 9.9-14.1

4.5. Discussion of Different Strengthening Contributions and Their Influence on Final Properties

The yield strength (YS) of martensitic steels with less than 0.6 wt% carbon is mainly
provided by martensite laths and retained austenite (RA). The YS of austenite is much
lower than the YS of the matrix. Therefore, with the small fractions of RA found in the
present study, the contribution of RA to YS can be neglected [38].

According to the model [39] for the strength of lath martensite, its YS can be found
as a sum of five contributions: lattice friction stress (1), solid-solution strengthening (2),
precipitation hardening (3), dislocation accumulation (4), and the Hall-Petch effect (5). It is
obvious that the contribution (1) does not change with the increasing tempering tempera-
ture. While a decrease in dislocation density due to the increasing temperature (Figure 2)
diminishes the contribution (4) and at the same time the decreasing carbon supersaturation
diminishes solid solution strengthening (2), the contribution (3) concurrently increases due
to emerging carbides (firstly, transition carbides; secondly, cementite) (Figure 5). The contri-
bution (5) changes with a change in effective grain size. Thus, according to the model [40],
one can conclude that, upon tempering at low temperatures, the contribution (3) exceeds
contributions (2 and 4), but after tempering above 300 °C, the loss of contributions (2 and 4)
exceeds contribution (3) for the steels studied.
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At the tempering temperature of 350 °C, a minimum in Charpy impact energy was
found (Figure 5). It seems that mechanisms (b) and (c) of TME, which refer to the formation
of carbide film along PAG boundaries and the decomposition of retained austenite (RA)
to cementite, are responsible for this phenomenon. Mechanism (a) of TME, which is
the transformation of transition iron carbides to cementite, can be rejected because the
temperature of the corresponding inflection point in the dilatometry records exceeds
350 °C (Table 3). Mechanism (d) of TME, which refers to the segregation of impurities
(such as phosphorus) along prior austenite grain (PAG) boundaries, is also rejected due to
the chemical composition of these steels. The maximum of Charpy impact energy at 200 °C
on the curve of the tempering temperature dependence (Figure 5) can be explained by the
formation of transition iron carbides and the effect of silicon on their stability [40]. Steel A is
the only one where this maximum was not found, which is due to its relatively low silicon
content (1.06 wt%). One remarkable fact is that TME in the steel with Cu alloying occurs
across a considerably broader temperature range when compared to materials without Cu
and the TME region shifts to higher tempering temperatures with increasing contents of Si.

5. Conclusions

The effects of tempering temperature, copper addition, and various contents of silicon
on mechanical properties of medium carbon 1.7102 steel were studied.

The maximum strength and satisfactory plasticity are achieved for all investigated
steels by a tempering temperature of 300 °C. This is consistent with the observed depen-
dence of dislocation density on the tempering temperature and the data of dilatometry
measurements about iron carbides: transition iron carbides, which improve mechanical
properties, are formed already at 200 °C, whereas cementite, which could be harmful under
certain circumstances, only replaces them on tempering at 400 °C.

Copper was found to have a beneficial impact on reduction of area and elongation
between the tempering temperatures of 150 and 300 °C, but, at the same time, tempered
martensite embrittlement (TME) occurs upon tempering at 350-400 °C.

A plateau in activation energy for precipitation of cementite and strength was found
to occur with an increase in the Si content from 1 wt% with a maximum at Si content of
1.5%. One can thus recommend not to raise the Si content above 1.5 wt% in an effort to
improve mechanical properties.

The competition between a decrease in the yield strength (YS) due to a decrease in the
dislocation density and a decrease of carbon supersaturation of martensite on the one hand
and an increase in YS contribution due to carbide precipitation on the other hand leads to a
maximum of YS at tempering temperature at 300 °C for 120 min for each silicon content.

The TME at 350 °C is caused by the formation of carbide film along PAG boundaries
and the decomposition of the retained austenite into cementite and ferrite. The TME
mechanism, which refers to the transformation of transition iron carbides to cementite, is
rejected because the temperature of the corresponding inflection point in the dilatometry
records exceeds 350 °C. The TME mechanism, which refers to the segregation of impurities
(such as phosphorus) along prior austenite grain boundaries, is also rejected due to the
chemical composition of the studied steels.

The maximum strength and, at the time, satisfactory plasticity of medium carbon steel
1.7102 alloyed with 1.5 wt% Cu are provided by tempering at 300 °C for 120 min when
silicon content is 1.54 wt%.

Author Contributions: Conceptualization, Z.N., A.G.; investigation—heat treatment, ] K.; investigation—
microstructure, PS.; investigation—dilatometry, PM., A.G.; writing—original draft, PS., A.G., ZN.;
writing—review and editing, A.G., Z.N.; supervision. Z.N.; funding acquisition, Z.N. All authors have
read and agreed to the published version of the manuscript.

Funding: The research was supported from ERDF Research of advanced steels with unique properties,
No. CZ.02.1.01/0.0/0.0/16_019/0000836.

Institutional Review Board Statement: Not applicable.



Materials 2021, 14, 5244 18 of 19

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The authors alone are responsible
for the content and writing of this article.

References

1. Sun, C; Fu, P-X; Liu, H-W.,; Liu, H.-H.; Du, N.-Y. Effect of Tempering Temperature on the Low Temperature Impact Toughness
of 42CrMo4-V Steel. Metals 2018, 8, 232. [CrossRef]

2. Jirkova, H.; Masek, B.; Wagner, M.EX,; Langmajerova, D.; Kucerova, L.; Treml, R.; Kiener, D. Influence of metastable retained austenite
on macro and micromechanical properties of steel processed by the Q&P process. J. Alloys Compd. 2014, 615, S163-5168. [CrossRef]

3. Zhang, K.; Zhu, M,; Lan, B.; Liu, P; Li, W.; Rong, Y. The Mechanism of High-Strength Quenching-Partitioning-Tempering
Martensitic Steel at Elevated Temperatures. Crystals 2019, 9, 94. [CrossRef]

4.  Shibata, A.; Nagoshi, T.; Sone, M.; Morito, S.; Higo, Y. Evaluation of the block boundary and sub-block boundary strengths of
ferrous lath martensite using a micro-bending test. Mater. Sci. Eng. A 2010, 527, 7538-7544. [CrossRef]

5. Speich, G.R,; Leslie, W.C. Tempering of steel. Metall. Trans. 1972, 3, 1043-1054. [CrossRef]

6.  Mola, J.; Luan, G.; Brochnow, D.; Volkova, O.; Wu, J. Tempering of Martensite and Subsequent Redistribution of Cr, Mn, Ni, Mo, and
Si Between Cementite and Martensite Studied by Magnetic Measurements. Metall. Mater. Trans. A 2017, 48, 5805-5812. [CrossRef]

7.  Jung,J.-G,;Jung, M.; Kang, S.; Lee, Y.-K. Precipitation behaviors of carbides and Cu during continuous heating for tempering in
Cu-bearing medium C martensitic steel. J. Mater. Sci. 2014, 49, 2204-2212. [CrossRef]

8.  Primig, S.; Leitner, H. Separation of overlapping retained austenite decomposition and cementite precipitation reactions during
tempering of martensitic steel by means of thermal analysis. Thermochim. Acta 2011, 526, 111-117. [CrossRef]

9.  Teramoto, S.; Imura, M.; Masuda, Y.; Ishida, T.; Ohnuma, M.; Neishi, Y.; Suzuki, T. Influence of Iron Carbide on Mechanical
Properties in High Silicon-added Medium-carbon Martensitic Steels. ISI] Int. 2020, 60, 182-189. [CrossRef]

10. Abbasi, E.; Luo, Q.; Owens, D. Microstructural Characteristics and Mechanical Properties of Low-Alloy, Medium-Carbon Steels
After Multiple Tempering. Acta Metall. Sin. English Lett. 2019, 32, 74-88. [CrossRef]

11. Haiko, O.; Kaijalainen, A.; Pallaspuro, S.; Hannula, J.; Porter, D.; Liimatainen, T.; Komi, J. The Effect of Tempering on the
Microstructure and Mechanical Properties of a Novel 0.4C Press-Hardening Steel. Appl. Sci. 2019, 9, 4231. [CrossRef]

12.  Jung, J.-G.; Jung, M.; Lee, S.-M.; Shin, E.; Shin, H.-C.; Lee, Y.-K. Cu precipitation kinetics during martensite tempering in a
medium C steel. J. Alloys Compd. 2013, 553, 299-307. [CrossRef]

13.  Massardier, V.; Goune, M.; Fabregue, D.; Selouane, A.; Douillard, T.; Bouaziz, O. Evolution of microstructure and strength during
the ultra-fast tempering of Fe-Mn—C martensitic steels. |. Mater. Sci. 2014, 49, 7782-7796. [CrossRef]

14. Nam, W.J.; Choi, H.C. Effect of Si on mechanical properties of low alloy steels. Mater. Sci. Technol. 1999, 15, 527-530. [CrossRef]

15. Wu, Y.X,; Sun, WW.,; Gao, X.; Styles, M.].; Arlazarov, A.; Hutchinson, C.R. The effect of alloying elements on cementite coarsening
during martensite tempering. Acta Mater. 2020, 183, 418-437. [CrossRef]

16.  Zhu, K;; Shi, H.; Chen, H.; Jung, C. Effect of Al on martensite tempering: Comparison with Si. J. Mater. Sci. 2018, 53, 6951-6967. [CrossRef]

17.  Kim, B,; Celada, C.; San Martin, D.; Sourmail, T.; Rivera-Diaz-del-Castillo, PE.]J. The effect of silicon on the nanoprecipitation of
cementite. Acta Mater. 2013, 61, 6983-6992. [CrossRef]

18. Dlouhy, J.; Podany, P.; Dzugan, J. Strengthening from Cu Addition in 0.2C-(1-2)Mn Steels during Tempering. Materials 2019, 12,
247. [CrossRef] [PubMed]

19. Dlouhy, J.; Podany, P; DZugan, J. Influence of Martensite Deformation on Cu Precipitation Strengthening. Metals 2020, 10, 282. [CrossRef]

20. Takaki, S.; Fujioka, M.; Aihara, S.; Nagataki, Y.; Yamashita, T.; Sano, N.; Adachi, Y.; Nomura, M.; Yaguchi, H. Effect of copper on
tensile properties and grain-refinement of steel and its relation to precipitation behavior. Mater. Trans. 2004, 45, 2239-2244. [CrossRef]

21. Gokhman, A.; Novy, Z,; Salvetr, P.; Ryukhtin, V.; Strunz, P.; Moty¢ka, P.; Zmeko, J.; Kotous, J. Effects of Silicon, Chromium, and
Copper on Kinetic Parameters of Precipitation during Tempering of Medium Carbon Steels. Materials 2021, 14, 1445. [CrossRef]

22. Sarikaya, M.; Jhingan, A.K.; Thomas, G. Retained austenite and tempered martensite embrittlement in medium carbon steels.
Metall. Trans. A 1983, 14, 1121-1133. [CrossRef]

23. Zia-Ebrahimi, F; Krauss, G. Mechanisms of tempered martensite embrittlement in medium-carbon steels. Acta Metall. 1984, 32,
1767-1778. [CrossRef]

24. Zhao, Y.; Ren, X,; Hu, Z,; Xiong, Z.; Zeng, ].; Hou, B. Effect of tempering on microstructure and mechanical properties of
3Mn-S5i-Ni martensitic steel. Mater. Sci. Eng. A 2018, 711, 397-404. [CrossRef]

25. Ardehali Barani, A.; Ponge, D.; Raabe, D. Refinement of grain boundary carbides in a Si—Cr spring steel by thermomechanical
treatment. Mater. Sci. Eng. A 2006, 426, 194-201. [CrossRef]

26. ISO 8458-1:2002. Steel Wire for Mechanical Springs—Part 1: General Requirements; International Organization for Standardization:
Geneva, Switzerland, 2002.

27. Ungar, T.; Dragomir, I.; Révész, A Borbély, A. The contrast factors of dislocations in cubic crystals: The dislocation model of

strain anisotropy in practice. J. Appl. Crystallogr. 1999, 32, 992-1002. [CrossRef]


http://doi.org/10.3390/met8040232
http://doi.org/10.1016/j.jallcom.2013.12.028
http://doi.org/10.3390/cryst9020094
http://doi.org/10.1016/j.msea.2010.08.026
http://doi.org/10.1007/BF02642436
http://doi.org/10.1007/s11661-017-4374-5
http://doi.org/10.1007/s10853-013-7914-4
http://doi.org/10.1016/j.tca.2011.09.001
http://doi.org/10.2355/isijinternational.ISIJINT-2019-331
http://doi.org/10.1007/s40195-018-0805-6
http://doi.org/10.3390/app9204231
http://doi.org/10.1016/j.jallcom.2012.11.108
http://doi.org/10.1007/s10853-014-8489-4
http://doi.org/10.1179/026708399101506238
http://doi.org/10.1016/j.actamat.2019.11.040
http://doi.org/10.1007/s10853-018-2037-6
http://doi.org/10.1016/j.actamat.2013.08.012
http://doi.org/10.3390/ma12020247
http://www.ncbi.nlm.nih.gov/pubmed/30642097
http://doi.org/10.3390/met10020282
http://doi.org/10.2320/matertrans.45.2239
http://doi.org/10.3390/ma14061445
http://doi.org/10.1007/BF02659860
http://doi.org/10.1016/0001-6160(84)90233-5
http://doi.org/10.1016/j.msea.2017.11.037
http://doi.org/10.1016/j.msea.2006.04.002
http://doi.org/10.1107/S0021889899009334

Materials 2021, 14, 5244 19 of 19

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

Shintani, T.; Murata, Y. Evaluation of the dislocation density and dislocation character in cold rolled Type 304 steel determined by
profile analysis of X-ray diffraction. Acta Mater. 2011, 59, 4314-4322. [CrossRef]

Leiva, ].A.V,; Morales, E.V.; Villar-Cocifia, E.; Donis, C.A.; de Bott, S.I. Kinetic parameters during the tempering of low-alloy steel
through the non-isothermal dilatometry. J. Mater. Sci. 2010, 45, 418-428. [CrossRef]

Ishida, K. Calculation of the effect of alloying elements on the Ms temperature in steels. ]. Alloys Compd. 1995, 220, 126-131. [CrossRef]
Pierce, D.T.; Coughlin, D.R.; Clarke, K.D.; De Moor, E.; Poplawsky, J.; Williamson, D.L.; Mazumder, B.; Speer, ].G.; Hood, A.;
Clarke, A.J. Microstructural evolution during quenching and partitioning of 0.2C-1.5Mn-1.3Si steels with Cr or Ni additions.
Acta Mater. 2018, 151, 454-469. [CrossRef]

Allain, S.; Aoued, S.; Quintin-Poulon, A.; Gouné, M.; Danoix, E; Hell, ].-C.; Bouzat, M.; Soler, M.; Geandier, G. In Situ Investigation
of the Iron Carbide Precipitation Process in a Fe-C-Mn-Si Q&P Steel. Materials 2018, 11, 1087. [CrossRef]

Barani, A.A.; Ponge, D. Optimized Thermomechanical Treatment for Strong and Ductile Martensitic Steels. In Materials Science Forum;
Trans Tech Publications Ltd.: Stafa-Zurich, Switzerland, 2007; Volume 539-543, pp. 4526-4531. ISBN 0878494286.

Nam, W.-J.; Choi, H.-C. Effects of silicon, nickel, and vanadium on impact toughness in spring steels. Mater. Sci. Technol. 1997, 13,
568-574. [CrossRef]

Kim, B.; Boucard, E.; Sourmail, T.; San Martin, D.; Gey, N.; Rivera-Diaz-del-Castillo, P.E.J. The influence of silicon in tempered
martensite: Understanding the microstructure—properties relationship in 0.5-0.6wt.% C steels. Acta Mater. 2014, 68, 169-178. [CrossRef]
Wang, Z.; Qi, J.; Liu, Y. Effect of Silicon Content on the Hardenability and Mechanical Properties of Link-Chain Steel. ]. Mater.
Eng. Perform. 2019, 28, 1678-1684. [CrossRef]

Sun, C; Fu, P; Liu, H.; Liu, H.; Du, N.; Cao, Y. The Effect of Lath Martensite Microstructures on the Strength of Medium-Carbon
Low-Alloy Steel. Crystals 2020, 10, 232. [CrossRef]

Krauss, G. Steels: Processing, Structure and Performance, 2nd ed.; ASM International: Novelty, OH, USA, 2015; ISBN 978-1-62708-083-5.
Galindo-Nava, E.I; Rivera-Diaz-del-Castillo, PE.J. A model for the microstructure behaviour and strength evolution in lath
martensite. Acta Mater. 2015, 98, 81-93. [CrossRef]

Forsik, S.A.].; Rivera-Diaz-del-Castillo, P.E.J. Martensitic Steels: Epsilon Carbides in Tempered. In Encyclopedia of Iron, Steel, and
Their Alloys; CRC Press: Boca Raton, FL, USA, 2016; pp. 2169-2181.


http://doi.org/10.1016/j.actamat.2011.03.055
http://doi.org/10.1007/s10853-009-3957-y
http://doi.org/10.1016/0925-8388(94)06002-9
http://doi.org/10.1016/j.actamat.2018.03.007
http://doi.org/10.3390/ma11071087
http://doi.org/10.1179/mst.1997.13.7.568
http://doi.org/10.1016/j.actamat.2014.01.039
http://doi.org/10.1007/s11665-019-03904-8
http://doi.org/10.3390/cryst10030232
http://doi.org/10.1016/j.actamat.2015.07.018

	Introduction 
	Materials and Methods 
	Materials and Heat Treatment 
	Mechanical Properties 
	Microstructure Observation 
	X-ray Diffraction 
	Dilatometry 

	Results 
	XRD 
	Dilatometry 
	Mechanical Tests 
	Effect of Copper Addition 
	Effect of Silicon Content 

	Microstructure 

	Discussion 
	Effects of Tempering Temperature 
	Effects of Si Content 
	The Influence of Cu Content 
	Effects of Quenching Temperature 
	Discussion of Different Strengthening Contributions and Their Influence on Final Properties 

	Conclusions 
	References

