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Abstract: The as-quenched medium-carbon low-alloy Fe-0.36wt.%C-1wt.%Cr steel was subjected to
warm deformation via uniaxial compression at temperatures of 400-700 °C and strain rates of 10—
102 s71. At low temperatures (400-550 °C), the microstructure evolution was mainly associated with
dynamic recovery with the value of activation energy of 140 + 35 k]J/mol. At higher temperatures
(600-700 °C), dynamic recrystallization was developed, and activation energy in this case was 243 +
15 kJ/mol. The presence of nanoscale carbide particles in the structure at temperatures of 400-600
°C resulted in the appearance of threshold stresses. A two-component <001>//compression direction
(CD) and <111>//CD deformation texture was formed during deformation. Deformation at the low
temperatures resulted in the formation of elongated ferritic grains separated mainly by high-angle
boundaries (HAB) with a strong <001>//CD texture. The grains with the <111>//CD orientation were
wider in comparison with those with the <001>//CD orientation. The development of substructure
in the form of low-angle boundaries (LAB) networks was also observed in the <111>//CD grains.
The development of dynamic recrystallization restricted the texture formation. The processing map
for warm deformation of the 0.36C-1Cr steel was constructed.

Keywords: deformation behavior; warm deformation; texture; microstructure; dynamic
recrystallization; processing map

1. Introduction

Medium-carbon low-alloy (MCLA) steels are a workhorse material of modern industry due to
their low cost and high performance. Generally, MCLA steels are used as structural materials for the
machine components’ production. The main problem of these steels is the lack of ductility and
toughness at low temperatures. The mechanical properties can be improved significantly due to
microstructure refinement obtained by thermomechanical treatments at relatively low temperatures
[1-5]. The martensitic initial structure was found to be very promising to receive a fine-grained
structure by warm deformation [5]. For instance, according to Reference [6], an as-quenched Fe-
1.2wt.%C steel had better workability in comparison with that in an initially spheroidized condition.
One of the attractive strategies of warm deformation to receive an excellent balance of strength,
ductility and toughness in a wide range of temperatures is the formation of an elongated fine-grained
(EFG) structure with nanoscale carbide particles and a strong deformation texture [7], that has
recently been applied in industry [8]. This microstructure can be obtained using warm deformation
of as-quenched MCLA steels with the martensitic structure [7-10]—this working is sometimes
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defined as tempforming [11]. During warm deformation, various processes, including precipitation
and/or spheroidization of carbide particles, dynamic recovery, dynamic recrystallization, elongation
of ferritic grans along the deformation direction and texture formation, can develop in MCLA steels
with the martensitic structure [11-13]. The completeness and order of these processes substantially
depend on warm deformation parameters, such as temperature, strain rate and strain magnitude [14].

In comparison with ferrite-perlite steels, production of ultrafine grain structure in as-quenched
low- or high-alloyed steels usually requires relatively low strain (up to 50%) due to early
development of dynamic recrystallization (DRX) [12,15-17]. Besides, further grain refinement during
DRX can be obtained at increased strain rate and/or decreased deformation temperature [18]. For
example, warm deformation of an as-quenched Fe-0.45wt.%C steel at 550-600 °C resulted in the
formation of an ultra-fine-grained ferritic structure with nanoscale carbides due to the development
of DRX [15,19,20]. The nanoscale carbides can impede boundary motion through the pinning effect
[10,21,22], thereby stabilizing the structure.

On the other hand, warm deformation of an as-quenched Fe-0.4wt.%C-2wt.%Si-1wt.%Cr-
1wt.%Mo steel during rolling at 500 °C resulted in the formation of a fibrous fine-grained structure
with a strong deformation texture that provided excellent mechanical properties [14]. Furthermore,
a <110>//rolling direction (RD) deformation texture in ferrite became weaker while ferritic grains
became coarser and more equiaxed with an increase in deformation temperature. In addition, an
increase in deformation temperature resulted in the weakening of a <110>//RD texture component
during swaging of an as-quenched Fe-0.43wt.%C-0.63wt.%Cr steel in the temperature range of 500 to
600 °C [23].

Analysis of the available literature suggested that the microstructure evolution during warm
deformation of as-quenched MCLA steels was mainly studied for quite a narrow temperature
interval, while low temperatures remain almost unexplored. Meanwhile, evolution of the martensite
microstructure during warm deformation also deserves additional attention, particularly due to the
high density of lattice defects in such materials. The relationship between texture formation and DRX
during warm deformation should also be studied more comprehensively. Thus, the aim of this work
was to examine the martensite microstructure evolution and mechanical behavior of an as-quenched
MCLA steel during warm deformation at 400-700 °C.

In the present article, mechanical behavior during compression tests is studied, and activation
energy and threshold stress are calculated at different temperatures (Section 3.1 Mechanical
Behavior). Additionally, the texture and structure evolution are investigated (Section 3.2
Microstructure Evolution). Finally, a processing map is constructed and discussed in association with
the observed structure evolution (Section 3.3 Processing Map Analysis).

2. Materials and Methods

A medium-carbon low-alloy steel with a nominal chemical composition of (in wt.%) Fe-0.36C-
0.91Cr-0.62Mn-0.34S5i-0.21Ni-0.15Cu-0.017P-0.022S was used as the program material. Compression
specimens measuring 8 x 8 x 10 mm? were cut from an as-received hot rolled bar using an electric-
discharge machine (EDM), Sodick AQ300L (Sodick Co, Fukui, Japan). To produce a fully martensite
structure (which is defined hereafter as the initial one), the specimens were oil-quenched from 860
°C. Compression tests were carried out at 400, 450, 500, 550, 600, 650 or 700 °C, with an initial strain
rate of 1072, 5-10%, 1.3-103, 5-10- or 10~ s~! using an Instron 300XL test machine equipped with a radial
heating furnace (Instron, Norwood, MA, USA). At least two samples were tested for each condition.
The samples were heated up with a rate of 4°/min and held for 10 min at deformation temperatures
before the tests. The temperature during compression was controlled by a thermocouple attached to
the specimen side.

Microstructure was studied in specimens compressed to a true strain (¢) of 0, 0.3, 0.77 or 1.15 at
a strain rate of 1.3-10% s and temperatures of 400, 500, 600 or 700 °C. At 400 °C, the maximum
attained true strain was 0.97. Samples for electron back scattering diffraction (EBSD) and
transmission electron microscopy (TEM) analysis were cut from the central part of the deformed
specimens by the EDM, then mechanically thinned to 0.1 mm and polished at room temperature
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using a twin-jet electro-polisher TenuPol-5 (Struers ApS, Ballerup, Denmark) in a mixture of 10%
perchloric acid and 90% glacial acetic acid at a voltage of 29 V. The observation plane was normal to
the compression direction. EBSD analysis was carried out using a FEI Nova NanoSEM 450 scanning
electron microscope (SEM) (FEI Company, Hillsboro, Oregon, USA) equipped with an EDAX Hikari
EBSD camera (EDAX, Mahwah, NJ, USA). EBSD maps measuring 20 x 20 um? or 45 x 45 pm? were
obtained with a step size of 50 nm. TEM observations were performed using a Jeol JEM 2100
microscope (JEOL, Tokyo, Japan) operating at an accelerating voltage of 200 kV.

3. Results and Discussion

3.1. Mechanical Behavior

Compression curves of the as-quenched Fe-0.36wt.%C-1wt.%Cr steel obtained at different
conditions expectedly show a decrease in flow stress with an increase in deformation temperatures
and/or decrease in strain rates (Figure 1). Each curve for temperatures of 400-550 °C shows a peak
soon after yielding, and the magnitude of the peak decreased with an increase in temperature (Figure

la—e). At higher temperatures, the peaks were observed at high strain rates only, i.e. 1.3-10°-102 s
(Figure le-g).
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Figure 1. Compression curves of as-quenched Fe-0.36wt.%C-1wt.%Cr steel at temperatures of 400 (a),
450 (b), 500 (c), 550 (d), 600 (e), 650 (f) and 700 °C (g), and different strain rates.

After reaching the peak stress, a work-softening stage was observed (Figure 1la—e). The work-
softening became less pronounced with an increase in temperature or with a decrease in strain rate.
At 500 °C and low strain rates (104-5-10- s71), or at higher temperatures of 550-700 °C and any
examined strain rates, a steady-stage flow stage was observed after softening. Some increase in flow
stress at € ~ 0.35 at relatively low temperatures (400-500 °C) can be associated with friction between
the die and the specimen surfaces (Figure 1a,b).

The observed mechanical behavior is typical of as-quenched steels during deformation in the
temperature interval of tempering [12,15,20]. Specifically, the stress peak and subsequent work-
softening stage can be ascribed to the development of dynamic recrystallization [24,25]. However,
the most pronounced work-softening was observed for specimens strained at low temperatures and
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high strain rates, where dynamic recrystallization was not confirmed by microstructure analysis (see
Section 3.2). Another factor which can influence the mechanical behavior can be associated with the
martensite decomposition during deformation. Heating to rather low deformation temperatures does
not necessarily result in a complete transformation of martensite into a mixture of ferrite and carbides.
Therefore, this process proceeds during warm working, increasing both the peak flow stress and the
work-softening rate [15].

The results of compression tests showed a strong dependence of mechanical behavior on
temperature and strain rate. To establish mechanisms of plastic deformation operated at different
conditions, the activation energy of deformation was determined using the Arrhenius equation

[26,27]:
E=a(3) e (-2) M)

where ¢ is the strain rate (s, ois the flow stress (MPa), G denotes the shear modulus (MPa), R is the
universal gas constant (8.314 J-mol-K™"), T is the absolute temperature (K), Q is the activation energy
of deformation (kJ-mol?) and A and n are constants.

Since the steady-stage flow stage cannot be recognized at some compression curves, the value
of stress corresponding to € = 0.25 was used for activation energy analysis (Figure 1). Dependences of
flow stress on deformation temperature for different strain rates revealed an inflection point at 550
600 °C (Figure 2) that may suggest different controlling mechanisms of deformation in two
temperature intervals: 400-550 °C and 600-700 °C.

1200 -
1000 -
E 800
=)
8 6001 o oo
§ 400 1 ®  5-10-3s-1
= e 13103sl
2001 o 5-10-45s-1
e 10-4s-1
0 - -

350 400 450 500 550 600 650 700
Temperature (°C)

Figure 2. Relationship between true stress (€ ~ 0.25) and compression temperature.

The shear modulus value was estimated using the following equation [26]:

(T — 300)) ~ {3,2 «1072(T —573)%,if T > 573K

G = 6,4 % 10* (1 — 0,81
’ 1810 2,4 % 1072(T — 923)2,if T > 923K @

The activation energy of plastic deformation in the temperature range 600-700 °C was
determined using the following relations:

an(e)
T ain(a/6)|, 3)
and:
_ _9In(a/6)
Q=R-n 2 | 4)

The values of n and Q can be found as the slope of the ln(é) - In(6/G) and In(c/G) — 103/T plots
(Figure 3), respectively. The value of n changed from 6.8 to 5.5 for 600 and 700 °C, respectively. The
activation energy was found to be 316 + 35 kJ/mol using the mean value of n = 6.2 and by averaging
different values of Q at five strain rates.
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Figure 3. Relationships between ln(;:) - In(6/G) (a) and In(6/G) — 10T (b) in the higher temperature
(600700 °C) interval.

In the lower temperature interval (400-550 °C), the n values were unusually high: 27 at 400 °C
and 10 at 550 °C. The activation energy Q = 470 kJ/mol was much higher than that for the interval
600-700 °C; generally, very high values of n and Q are associated with the presence of the threshold
stresses om. The values of 6w were determined as the stress level below which no strain rate can be
detected [28]. When the stress level exceeds ow, the strain rate is greater than zero. Therefore, the
values of 6w can be estimated by extrapolating the gn — G linear relations (plotting for different n) to
the zero strain rate [28,29] (Figure 4).

The obtained values of om and n for different temperatures are presented in Table 1. At low
temperatures, om was very high; for example, at 400-450 °C, the threshold stress was a half of the
flow stress. However, with an increase in temperature, 6u quickly decreased, reaching 6w = 43 MPa
at 600 °C and disappearing at 700 °C. The n values also decreased from 14 at 400 °C to 6 at 600-650 °C.

Table 1. The values of threshold stress (), n and corrected activation energy of deformation (Q).

Temperature, °C owm, MPa n Q, kJ-mol?
400 522 12
450 443 9 140 + 35
500 296 8 (atn=9.5)
550 154 7
600 43 6 243+ 15
650 7 6 (atn ; 6.0)
700 - -

Equation (1) with the threshold correction can be expressed as follows:

= a2 e (-2). ®

The corrected activation energy for temperatures 400-550 °C was found to be Q =140 + 35 kJ/mol
(n =9.5 was accepted for the lower temperature domain; Table 1). The obtained value of Q agrees
reasonably with the activation energy for pipe self-diffusion in a-iron (174 kJ/mol) [26] or with data
obtained in Reference [30] for a Fe-0.6wt.%0O steel by creep testing at temperatures of 550-650 °C (185
+ 15 kJ/mol). In the latter case, the main deformation mechanism was non-conservative movement of
dislocations also controlled by self-diffusion along the dislocation cores. The higher activation energy
reported in Reference [30] can be associated with greater stability of iron oxides against coagulation,
in comparison to that of carbides that results in more dispersed oxide particles and a smaller
interparticle space.
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Figure 4. Relationships between &0 and o for temperatures of 400 (a), 450 (b), 500 (c), 550 (d), 600 (e),
and 650 °C (f).

In the higher temperature interval of deformation (600-700 °C), the obtained value of Q =243 +
15 kJ/mol at n = 6.0 is quite close to the activation energy for volume self-diffusion in a-iron (251
kJ/mol) [26]. A little bit higher activation energy in our case can be associated with greater stability
of iron oxides against coagulation in comparison to that of carbides that results in more dispersed
oxide particles and a smaller interparticle space. For example, it was reported in Reference [30] that
an increase in creep testing temperature to 700 °C and corresponding coagulation of oxides resulted
in an increase in the activation energy to 259 + 15 kJ/mol in the Fe-0.60 steel.

Even higher activation energy of 372.8 k]-mol-' at temperatures of 550-700 °C and strain rates of
0.001-1.0 s! was reported in Reference [15] for the as-quenched Fe-0.45wt.%C steel during warm
deformation. This difference can be caused by the higher carbon content and a shorter exposure time
before deformation (10 min in our case versus 3 min in Reference [15]), resulting in a higher amount
of finer carbides which provides an effective obstacle for dislocation and boundary motion during
deformation. However, the activation energy value at 550-700 °C in a 1.2%C steel was found to be
higher in the as-quenched steel (Q = 331.56 k]J/mol) due to a more pronounced pinning effect by fine
cementite particles in comparison to that in the spheroidized condition (Q =297.94 kJ/mol) [6].
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3.2. Microstructure Evolution

Microstructure of the as-quenched Fe-0.36wt.%C-1wt.%Cr steel (Figure 5a) consisted of initial
austenitic grains divided by martensite packets, blocks or laths [31]. Subsequent soaking of the as-
quenched steel at 400, 500, 600 or 700 °C for 10 min resulted both in the martensite decomposition
and in the onset of recovery and recrystallization development [32,33] (Figure 5b—e). Inverse pole
figures (IPF) maps show that the finest structure formed at 400 °C (Figure 5b). With an increase in the
temperature to 500 or 600 °C (Figure 5c¢,d), martensite laths gradually transform into relatively large
areas of tempered martensite (the microstructure is still martensite; however, the concentration of
carbon is already close to that in ferrite [32]). Heating to 700 °C promoted the formation of large ferrite
grains with irregular shape primarily surrounded by martensitic packets (Figure 5e). The incomplete
martensite decomposition caused by the short exposure at the elevated temperatures can be
terminated during further warm deformation [11].

Figure 5. The initial microstructure (a) and inverse pole figures (IPF) maps (b—e) of Fe-0.36wt.%C-
1wt.%Cr steel in as-quenched condition (a) and after soaking at 400 (b), 500 (c), 600 (d) or 700 °C (e)
for 10 min.

Texture component maps showed gradual formation of a two-component (<001>//compression
direction (CD) and <111>//CD) deformation texture during compression of the program steel to a true
stain of 1.15 at 400, 500, 600 or 700 °C and a strain rate of 1.3-10- s (Figure 6). However, the texture
and microstructure evolution during warm deformation strongly depended on deformation
temperature.

Compression at 400 °C resulted in the formation of a “pancaked” structure comprising highly
elongated ferrite grains with a strong <001>//CD texture, and the grains were mainly separated by
high-angle boundaries (HABs) (Figure 6a—c). This type of microstructure was obtained by flattening
of the initial grains (Figure 5a) due to the geometrical effect of plastic deformation. The grains with
the <111>//CD orientation were usually wider in comparison with those with the <001>//CD
orientation. The development of substructure in a form of low-angle boundaries (LAB) networks was
often observed in the <111>//CD grains. After deformation to & = 0.97, the volume fractions of the
<001>//CD and <111>//CD components reached 32% and 52%, respectively (Table 2).
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An increase in the compression temperature to 500 °C did not result in significant changes in the
microstructure evolution. The microstructure was mostly composed of areas with both the <001>//CD
and <111>//CD orientations—the latter were somewhat thicker after compression to € = 0.77 (Figure
6e). After e =1.15, both structural constituents had a similar morphology of the elongated grains with
predominantly high-angle misorientations (Figure 6f). Also, when the strain increased from & = 0.77
to € = 1.15, the fraction of the <001>//CD component remained at the same level of 49%, but the
<111>//CD component fraction decreased from 41% to 31% (Table 2).

A further increase in the deformation temperature to 600 °C resulted in the formation of a much
coarser, partially recrystallized structure (Figure 6g—i). The <001>//CD orientation became the
dominant component, and its fraction gradually increased with strain reaching 57% at € = 1.15. The
development of a substructure was evident in the <001>//CD oriented regions. Meanwhile, the
<111>//CD orientation fraction was considerably lower, only 19% at &€ = 1.15 (Table 2). The
microstructure became coarser and more equiaxed after deformation at 700 °C, most probably due to
the development of the recrystallization processes (Figure 6g-1). Both the <001>//CD and <111>//CD
orientation fractions were reduced dramatically. The morphology of grains with different texture
components was quite similar after deformation at the high temperatures. The total fraction of both
components did not exceed 30%. It is also worth noting that an increase in ¢ from 0.3 to 0.77 at 700 °C
resulted in a considerable decrease in the fraction of the <111>//CD orientation, from 17% to 9% (Table
2). A similar phenomenon was observed during deformation at 500 °C to £ =0.77 and & = 1.15 (Table
2). However, a decrease in the volume fraction of areas with the <111>//CD texture at 600 °C was not
detected.

It is also worth noting that the two-component <001>//CD and <111>//CD texture is not always
observed after warm deformation. For example, in a Fe-0.4wt.%C-2wt.%Si-1wt.%Cr-1wt.%Mo steel
with the initial martensite structure, a single-component <110>//RD deformation texture was
observed after warm rolling [11]. The variations in the texture can most probably be attributed to the
different character of the material flow depending on the processing scheme.

The dependence of the average distance between HABs (measured along the compression axis)
on the deformation temperature and compression strain (Table 3) shows several trends. First, the
initial (e = 0) HABs spacing increased pronouncedly with an increase in the temperature. This finding
agrees well with the observed changes in the microstructure (Figure 2). Second, deformation resulted
in a continuous decrease in the HABs spacing at each temperature, though with different rates of the
microstructure refinement. For instance, at 400 °C, the HABs spacing decreased from 0.78 to 0.19 pm
as a result of compression to € = 0.97. Meanwhile, deformation to &€ = 1.15 at 700 °C decreased the
boundary spacing from 1.52 to 1.07 um only. In other words, the microstructure refinement was more
evident at lower temperatures, most likely because of sluggish dynamic recrystallization (in contrast
to higher temperatures).
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Figure 6. Texture component maps after deformation with a strain rate of 1.3-10- s™! at 400 (a—c), 500
(d—f), 600 (g-i) or 700 °C (j-1) to € = 0.3, 0.77 or 1.15. Notation: high-angle boundaries (with
misorientations > 15°) are black, low-angle boundaries (with misorientations 2-15°) are white. Color

code is shown in Figure 6a. The compression axis is vertical in all cases.
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Table 2. Volume fraction of areas with the <001>//compression direction (CD) (numerator, %) and
<111>//CD (denominator, %) texture components in the Fe-0.36wt.%C-1wt.%Cr steel after different
compression strain.

True Strain ()

Temperature, °C

0 0.3 0.77 1.15
400 4/3 9/16 29 /28 32 /52*
500 2/1 6/14 49 /41 49 /31
600 4/6 16/8 40/13 57 /19
700 5/3 11/17 12/9 19/10

* for temperature of 400 °C, maximum strain is equal to 0.97.

Table 3. Average transverse high-angle boundaries (HAB) spacing (um).

True Strain (¢)

Temperature, °C

0 0.3 0.77 1.15
400 0.77 0.44 0.29 0.19%
500 0.76 0.49 0.30 0.22
600 1.07 0.62 0.57 0.47
700 1.52 1.25 1.28 1.07

* for temperature of 400 °C, maximum strain is equal to 0.97.

TEM analysis (Figures 7-10) showed that after heating to 400 °C, the structure of the steel was
comprised of tempered martensite laths with dislocation arrays inside them (Figure 7a) and two types
of carbides: fine (<20 nm), almost equiaxed, and coarser rod-shaped particles (length 120 nm and
thickness 20 nm). The rod-shaped carbides were predominantly located at the lath boundaries, but
some of them were found inside the laths. After compression to € = 0.3 (Figure 7b), due to the
development of dynamic recovery, the dislocation density decreased, and transversal low-angle
boundaries were observed in some laths. The fraction of the rod-shaped carbides located inside the
laths increased, and this can suggest that boundaries broke from the obstacles during motion, leaving
the carbides behind in grain volume. Further straining at 400 °C resulted in a considerable thinning
of the laths/grains (Figure 7c). Fine, nearly equiaxed carbides (10 nm) were also observed inside
elongated grains. Their formation can be associated with either coalescence of the initial fine carbides
or with the fragmentation of the coarser rod-shaped particles.

After heating to 500 °C (Figure 7d), the microstructure became somewhat coarser in comparison
with that at 400 °C. Some of the laths were almost free of dislocations while some of them contained
dislocation arrays and pile-ups. Carbide particles (length 50 nm and thickness 20 nm) of elliptical
shape were mainly located at lath boundaries. After deformation, fine elongated grains were
observed (Figure 7e,f). Inside the grains, dislocation pile-ups and transversal sub-boundaries formed.
In addition, some very fine equiaxed grains (diameter 200 nm) were observed —an example is shown
in the insert in Figure 7f at a higher magnification. Note that these grains were often found close to
the carbide particles. Some carbides (length 55 nm and thickness 20 nm), arranged in chains, were
also found inside the laths/grains (Figure 7e), thereby suggesting boundaries” motion.
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Figure 7. Transmission electron microscopy (TEM) photographs of fine structure after compression
at 400 °C (a—c) and 500 °C (d-f) with strain rate of 1.3-10 s to different strain degrees (¢): 0 (a, d), 0.3
(b), 0.77 (e), 0.97 (c) and 1.15 (f).

With an increase in the heating temperature to 600 °C (Figure 8a) or 700 °C (Figure 8d), a
microstructure consisted of rather coarse and elongated ferrite grains/sub-grains instead of
martensitic laths. The overall dislocation density was quite low, yet dislocation pile-ups and arrays
were found inside some grains. The carbides were coarse and nearly equiaxed (55 nm at 600 °C and
70 nm at 700 °C), however some of them still had an elliptical shape. The carbide particles were found
both inside grains/sub-grains and at their boundaries. Compression at these high temperatures
resulted in a decrease in dislocation density, obviously due to the development of DRX (Figure
8b,c.ef). Some fine, dislocation-free equiaxed recrystallized grains with Moir fringes at the
boundaries were observed. Carbides were often found at the boundaries of these recrystallized
grains. In addition, the carbides became even more equiaxed after deformation at 700 °C, and some
increase in size of the carbides from 70 to 110 nm was observed, with an increase in strain from ¢ =0
toe=1.15.

‘
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Figure 8. TEM photographs of fine structure after compression at 600 °C (a-c) and 700 °C (d—f) with
strain rate of 1.3-10 s! to different strain degrees (¢): 0 (a,d), 0.3 (b,c) and 1.15 (e,f).

The activation energy analysis and examination of the microstructure evolution of the as-
quenched steel during warm deformation suggests two different controlling mechanisms: dynamic
recovery in the interval of 400-550 °C and continuous DRX at 600-700 °C. Specifically, elongated
granular structure with fine carbide nanoparticles and high dislocation density inside was found after
deformation in the lower-temperature interval. At large strains, some fine equiaxed dislocation-free
grains appeared (Figure 5e,f), most probably via discontinuous DRX [25]. However, the pinning effect
of carbide nanoparticles and low temperatures made the discontinuous DRX effect insignificant [22].
Moreover, the nanoscale carbide particles in the structure served as obstacles for dislocation motion
and influenced on the threshold stresses. An increase in the size of carbides from <20 nm to 55 nm,
with a temperature rise from 400 to 600 °C respectively, decreased the threshold stress value from
522 to 43 MPa (Table 1). Specifically, there was not any threshold stress revealed at 700 °C, where the
average size of carbide particles achieved 75 nm.

In the current work, the formation of a close to equiaxed structure with low dislocation density
and coarser carbides suggested the development at higher temperatures (600-700 °C) of continuous
DRX. Similar processes were also observed earlier during deformation at the same temperatures of
steels with the initial martensite [12,15,16] or ferrite-perlite [17,22] structures. Meanwhile, the
development of discontinuous DRX after large strain at low temperatures (about 500 °C) requires an
additional study.

Moreover, the texture development also depended strongly on the temperature and mechanisms
of the structure formation. The development of discontinuous DRX inhibited the formation of the
<111>//CD orientation fraction in comparison with <001>//CD at a temperature of 500 °C. The
formation of different form <111>//CD and <001>//CD orientations (white areas in Figure 6f) and
simultaneous drop of the <111>//CD orientation volume fraction (Table 2) can indicate predominant
development of discontinuous DRX inside of the <111>//CD oriented volumes. In the lower-
temperature interval, the fractions of these components were comparable. Besides, an increase in the
warm deformation temperature expectedly led to a less pronounced deformation texture [11].

The carbides precipitation/evolution was also linked to the microstructure evolution. On the one
hand, just before the deformation, the solid solution was supersaturated with carbon [32]. Subsequent
warm deformation led to intensive formation of the carbide particles which could inhibit dynamic
recrystallization [34]. On the other hand, strain-induced decomposition of carbides can be expected
[35], however the volume fraction of the carbides did not decrease during deformation. In fact, strain-
induced particles were found even in interstitial-free steel after warm deformation [3]. The obtained
results suggest dividing of coarser rod-shaped carbides into smaller particles in the lower-
temperature interval (Figure 7a,b), and a similar observation was earlier described in Reference [6].

3.3. Processing Map Analysis

The results obtained show a significant dependence of mechanical behavior and microstructure
evolution of the as-quenched steel during compression on process parameters (i.e., temperature,
strain and strain rate). Generally, elongated microstructure with a developed two-component texture
was formed at low temperatures (400 and 500 °C), but at high temperatures (600 and 700 °C), the
formation of equiaxed grains with a weak texture occurred due to the DRX development.

The features of processes in the program steel, occurring during warm deformation, determined
the efficiency of power dissipation, which was evaluated in a number of studies using a dynamic
material model [24,36-38]. The efficiency of power dissipation (1) during deformation processes can
be calculated as follows:

2m

=y ©)

where m is the strain rate sensitivity:
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m= dIn(o) v
o, ()

A processing map, representing the efficiency of power dissipation (1) for warm deformation at
€ =0.35, was constructed using the results of the calculation (Figure 9). This value of strain (0.35) was
chosen to avoid the influence of friction between the specimen surface and the die at higher strains,
especially at low temperatures. The border between the dynamic recovery/dynamic recrystallization
areas corresponded to n ~ 0.2 [36], that, depending on a strain rate, fell in the interval 550-600 °C.
During deformation with strain rates close to 1.3-10% s7, a rise in deformation temperature led to an
increase in the efficiency of power dissipation to n = 0.3 and higher (at 700 °C), which was a
consequence of a change in the mechanism of power dissipation from dynamic recovery to dynamic
recrystallization. These results were in agreement with the result of microstructure evolution studies
in the current work. However, deformation at 400 °C with almost all strain rates and in the
temperature range of 400-500 °C with a strain rate of 5102 s can result in flow instability with the
value of n ~ 0.1. Moreover, the efficiency of power dissipation approaches values, typical of dynamic
recovery, at 700 °C. An explanation of this behavior can be related with martensite decomposition
during deformation and development of dynamic recovery/recrystallization; however, this point
requires additional clarification.

0.01

D

Strain rate

0.001

400 450 500 550 600 650 700
Temperature (°C)
Figure 9. Processing map for warm deformation of the as-quenched Fe-0.36wt.%C-1wt.%Cr steel at €
= 0.35. Notation: FI—flow instability; DR —dynamic recovery; DRX —dynamic recrystallization.

From the viewpoint of practical application, an elongated fine-grained structure with nanoscale
carbide particles and strong deformation texture was observed after deformation in the field of 0.1 <
1 < 0.2, where the energy dissipation occurred due to dynamic recovery. On the other hand, better
workability can be obtained during warm deformation in the field, with 1> 0.2, where DRX develops.
Deformation instability in the field with ) <0.1 can be accompanied by cracking and failure. It should
be noted that the as-quenched Fe-1.2wt.%C steel had lower efficiency of power dissipation in the field
of deformation instability and, as a result, better processability in comparison with the initially
spheroidized steel [6].

4. Conclusions

The mechanisms of the structure formation during warm deformation of the as-quenched Fe-
0.36wt.%C-1wt.%Cr steel in a temperature range of 400-700 °C with strain rates of 102, 5-102, 1.3-1073,
5-10-% and 10+ s7! were investigated. The following results were obtained:

1. Two temperature domains can be clearly distinguished, depending on the structure formation
mechanisms: low temperatures at 400-550 °C and high temperatures at 600-700 °C. At the low
temperatures, deformation was accompanied by dynamic recovery/discontinuous dynamic
recrystallization, causing both the rearrangement of dislocations and the formation of a developed
substructure. Continuous dynamic recrystallization occurred during deformation at the higher
temperatures, resulting in the formation of a coarse, nearly equiaxed grain structure. The activation
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energy of deformation was 140 + 35 kJ/mol for the low-temperature domain, and 243 + 15 kJ/mol for
the high-temperature domain.

2. The presence of nanoscale carbide particles in the structure at temperatures of 400-600 °C
resulted in the appearance of threshold stresses. The value of threshold decreased from 522 to 43 MPa
with an increase in the size of carbides due to a temperature rise from 400 to 600 °C, respectively.

3. A two-component <001>//CD and <111>//CD deformation texture was formed during
deformation. Deformation at the low temperatures resulted in the formation of elongated ferritic
grains separated mainly by HABs with a strong <001>//CD texture. The grains with the <111>//CD
orientation were wider in comparison with those with the <001>//CD orientation. The development
of substructure in the form of LABs networks was also observed in the <111>//CD grains. The
development of dynamic recrystallization restricted the texture formation.

4. The processing map of warm deformation was constructed. Three main fields of the power
dissipation efficiency () were observed: dynamic recovery, dynamic recrystallization and flow
instability. The border between the areas of dynamic recovery and dynamic recrystallization was at
550-650 °C at all studied strain rates. However, some flow instability was observed at 400 °C and
strain rates of 10-5-102 571, and in the temperature range of 400-500 °C with a strain rate of 5-102s.
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