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Abstract: Evolution of microstructure and hardness in quenched ultrahigh carbon steel Fe-0.85Mo-
0.6Si-1.4C by warm compression on a Bähr plastometer-dilatometer at 775 ◦C and at 0.001 to 1 s−1

strain rate range is reported. The material was prepared via powder metallurgy: cold pressing
and liquid phase sintering. Independent of strain rate, the initial martenstic microstructure was
transformed to ferrite and spheroidized cementite. Strain rate had an effect on size and shape of
spheroidized Fe3C precipitates: the higher the strain rate, the smaller the precipitates. Morphology
of the spheroidized carbides influenced hardness, with the highest hardness, 362 HV10, for strain
rate 1 s−1 and the lowest, 295 HV10, for the lowest strain rate 0.001 s−1. Resultant microstructure
and ambient temperature mechanical properties were comparable to those of the material that had
undergone a fully spheroidizing treatment with increased time and energy consumption, indicating
that it can be dispensed with in industrial processing. All our results are consistent with the Hall–
Petch relation developed for spheroidized steels.

Keywords: ultrahigh carbon sintered steel; warm working; accelerated spheroidization; microstruc-
ture; hardness

1. Introduction

The equilibrium microstructure of ultrahigh carbon steels, i.e., with C in the range of
1.0–2.1%, comprises pearlite and a grain boundary cementite network, which results in low
ductility [1]. Plasticity can be achieved, e.g., by spheroidizing annealing at a temperature
close to A1 [2]. Methods that increase strength and plasticity and cause grain refinement
and spheroidization of cementite include warm working [3–9], combined hot and warm
working [1,10], cold or warm working combined with heat treatment [11], and combined
heat treatment [12]. Ultrahigh carbon steels (UHCS) with fine microstructure of ferrite
with spheroidized cementite can have high ambient-temperature strength, hardness and
ductility, and excellent high-temperature formability, even via superplasticity [1,10–20].

Superplastic forming would be extremely advantageous for powder metallurgy tech-
nology, which has the advantage of being a near net shape manufacturing process. Sinter
forging, warm forging of powder preforms, is particularly employed to manufacture near
fully dense automotive gear parts such as helical pinion gears and connecting rods. Pow-
der metallurgy processing of Fe-0.85Mo-0.65Si-1.4C steel was developed at the University
of Bradford [14–16]. The specimens were slowly cooled from the sintering temperature,
austenitized at 950 ◦C for 1 h, then quenched into a warm fan assisted oven at ~130 ◦C,
followed by air cooling and refrigeration, then spheroidized at 750 ◦C and slow cooled to
room temperature.

Spheroidizing annealing after warm working of steel promotes faster and enhanced
cementite spheroidization. The higher the warm deformation, the higher the degree of
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spheroidization after annealing. Warm deformation leads also to ferrite grain size re-
finement after annealing. Grain refinement takes place via a continuous recrystallization
process, which is controlled by cementite spheroidization and coarsening [8]. Supersat-
uration of solid solution and high density of vacancies and dislocations of quenched
steel increase the speed of carbon diffusion and accelerate the spheroidizing of cementite.
Crystal defects are also sites of cementite nucleation. On the other hand, these defects
are constantly generated during warm deformation, providing energy for diffusion and
consequently acceleration of cementite coagulation [6,21].

Achieved in spheroidized PM Fe-0.85Mo-0.65Si-1.4C steel were: density ~7.2 g/cm3,
grain size ~30 µm, yield strength 410 MPa, and elongation 16% [14]. Searching for condi-
tions for superplastic behavior, two types of experiments were subsequently carried out. In
one, the rings were forged on a screw press between flat plates at 700–750 ◦C. In the second
set of experiments, carried out on a Gleeble HDV-40 machine at Technische Universität
Bergakademie Freiberg, discs were compressed at strain rates of 10−3, 10−2, 10−1, and
1 s−1 to ~1.15 natural strain [22–24]. Superplastic behavior was not observed. Grain size
decreased to ~7 µm, and yield strength increased to 740 Mpa.

An alternative way of warm working the steel is in a quenched state. The critical strain
needed for transformation of microstructure via dynamic recrystallization is smaller for the
initial martensite microstructure than for initial pearlite microstructure, which is associated
with a high density of dislocations after quenching [8,21,23]. Investigation of warm defor-
mation of quenched Fe-0.85Mo-0.65Si-1.4C, including the search for superplastic behavior,
is the subject of this communication.

2. Materials and Methods

Procedures of processing powder metallurgy Fe-0.85Mo-0.65Si-1.4C steel are described
in detail in Refs. [14–16]. Mix of powders Hogänas Astaloy 85Mo, graphite, and silicon
carbide were compacted at 600 Mpa. Liquid phase sintering was carried out at 1295 ◦C to
produce cylindrical specimens of h ~ 11 mm and diameter d ~ 18 mm and density above
7.4 g/cm3. Heat treatment comprised austenitizing at 970 ◦C and quenching by a stream
of hot air at ~130 ◦C. The heat treatment diagram and microstructure of martensite and
retained austenite after quenching are presented in Figure 1.
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Figure 1. Heat treatment diagram (a) and microstructure of quenched steel (b).

The quenched specimens were Electrical Discharge Machining (EDM) machined to
cylinders of height h ~ 11 mm and diameter d 7 mm for thermo-mechanical compression
on a Bähr MDS 830 plastometer-dilatometer at strain rates of 0.001, 0.01, 0.1, and 1 s−1 at
775 ◦C. This temperature corresponds to the austenitization end temperature. Changes
in diameter were measured with a laser dilatometer and are presented as a function of
temperature in Figure 2.
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temperature on a Bähr MDS 830 machine.

The measurement of the strain rate sensitivity (SRS) m-value relevant to conditions of
superplasticity [25] was calculated by:

m =
∂σ

∂
.
ε
∼=

ln σ1
σ2

ln
.
ε1.
ε2

(1)

where σ1 and σ2 stresses at strain rate
.
ε1 and

.
ε2, respectively.

As a result of testing, the density of specimens was increased to above 7.75 g/cm3.
Specimens, deformed to total strain ε ~ 0.85, were cut in halves and on their cross-sections
microstructure and hardness investigations were carried out. For these, a Leica DM4000M
light microscope and Hitachi-3500N scanning electron microscope were used. Metallo-
graphic specimens were etched by 4% Picral. Investigations of microstructural parameters
were carried out using ImageJ program. Generally, 5 areas from individual microstructures
of 5 µm × 5 µm were selected for the analysis, and for

.
ε = 0.001 s−1, due to the much larger

precipitates, a larger area 10 µm × 10 µm was analyzed.
Additionally, halves of specimens were fractured by bending to investigate fractogra-

phy using a Hitachi-3500N microscope.
Vickers hardness testing was on a Zwick tester on randomly selected parts of the

cross-section with the indenter load 98.1 N.

3. Results
3.1. Stress-Strain Relationships

Stress-strain curves, Figure 3a, indicate that the flow stress increases significantly with
increasing strain rate. It also affects the peak strain εp corresponding to the maximum
stress σp; the higher the strain rate, the greater the strain at peak stress. The subsequent
decrease in stress is associated with dynamic recrystallization (DRX). Critical strain above
which the dynamic recrystallization process began, εr, was determined on the basis of
Refs. [26,27]. Relations of strain rate to peak and critical strains are shown in Figure 3b. The
critical strain during deformation of UHCS with high density of dislocations accumulated
inside the martensite was significantly smaller than for the as-sintered state [23].
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Figure 3. Flow curves (a) and influence of strain rate on value of peak strain and critical strain below which was the
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3.2. Microstructure

The microstructure after deformation with strain rates 0.001, 0.01, 0.1, and 1 s−1 is
presented in Figure 4.
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Figure 4. Microstructure of Fe-0,85Mo-0.65Si-1.4C steel after testing with strain rate (a,b) 0.001 s−1, (c,d) 0.01 s−1, (e,f) 0.1 s−1,
and (g,h) 1 s−1. Light microscopy (LM) for (a,c,e,g) and SEM for (b,d,f,h).

The initial martensitic microstructure was transformed during testing to fully fer-
ritic with spheroidal cementite, whereas in the as-sintered state it caused only partial
spheroidization of Fe3C [21]. Different strain rates produced different sizes and shapes of
the Fe3C precipitates (Figures 5–7 and Table 1). Specimens deformed at the lowest strain
rate are characterized by the largest average surface area 0.27 µm2 of flat sections of Fe3C
precipitates. Testing at higher strain rates 0.01, 0.1 and 1 s−1 resulted in smaller precipitates
with an average surface area 0.08, 0.05, and 0.05 µm2, respectively. Longer deformation
time at strain rate of 0.001 s−1 affected the coagulation during which large particles grew
at the expense of the smaller, which also affected the shape of the particles. Precipitates of
Fe3C formed during deformation with the lowest strain rate 0.001 s−1 had shapes which
most differed from circular, f = 0.69, when f = 1 is related to the round shape. The shape
factor for higher strain rates 0.1 and 1 s−1 was f = 0.77.

Analysis of regions with flat sections of Fe3C precipitates showed that at the strain
rate of 0.001 s−1, the largest fraction, 65%, consisted of carbides with surface areas up to
0.16 µm2. A large fraction, over 9%, were precipitates with areas exceeding 0.8 µm2. For
strain rate of 0.01 s−1, 65% were precipitates with surface areas up to 0.4 µm2, and about 7%
with areas exceeding 22 µm2. For strain rates of 0.1 and 1 s−1, surface areas up to 0.4 µm2

had a 58% and 51% share, and small fractions of particles with areas greater than 0.22 µm2.
Due to the short deformation times, no coagulation process occurred.
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Figure 7. Distribution of the surface area of a flat section of Fe3C precipitates after deformation at 775 ◦C with a strain rate:
(a) 0.001, (b) 0.01, (c) 0.1, (d) 1 s−1.

Table 1. Characteristic of selected parameters of Fe3C particles.

No. Strain Rate, s−1 Number of Analyzed Particles, - Average Surface Area A,
µm2

Average Feret Diameter D,
µm

1 Shape Factor
(Circularity) f, -

1 0.001 130 0.27 0.71 0.69
2 0.01 344 0.08 0.36 0.73
3 0.1 626 0.05 0.33 0.77
4 1 655 0.05 0.35 0.77

1 f = 4πA/P2 where A—area and P—perimeter of particles.

3.3. Fractography

Fracture surfaces of specimens that were broken after testing are shown in Figure 8.
The fracture surface of a specimen deformed at strain rate 1 s−1 (Figure 8c,d) had

very small dimples, about 1–2 µm in size, and for strain rate 0.001 s−1, the fracture area
contained flat surfaces and larger dimples. These features are typical of ductile rupture.
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3.4. Hardness

Mean hardness HV10 measured in randomly selected sites on cross-sections of de-
formed specimens is reported in Table 2.

Table 2. Average hardness HV10 of Fe-0.85Mo-0.65Si-1.4C steel after testing.

No. Strain Rate, s−1 Hardness HV10

1 0.001 295 ± 18.8
2 0.01 339 ± 13.8
3 0.1 359 ± 6.9
4 1 362 ± 2.9

The lowest hardness of 295 HV10 was after deformation with strain rate 0.001 s−1.
Hardness increased with increasing strain rate, after deformation with strain rate 1 s−1

hardness was 362 HV10. Hardness HV2 maps are presented in Figure 9.
Hardness of the specimen deformed with strain rate 0.001 s−1 was smallest in the

central zone, the place of the highest strain intensity. The reverse was the case for specimens
deformed with a strain rate 0.01, 0.1, and 1 s−1, where in the central zone and diagonally
the greatest hardness was located.
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4. Discussion

The flow curves at 775 ◦C and strain rate of 0.001−1 s−1 exhibited strain hardening to
pronounced stress peak and dynamic softening and recrystallization followed by steady
state deformation. Peak and critical strains for both warm tested materials are summarized
in Table 3.

Table 3. Comparative data for warm testing quenched and spheroidized quenched Fe-0.85Mo-0.65Si-1.4C.

Bähr at 775 ◦C—Quenched Gleeble Quenched and Spheroidised at 750 ◦C [22]
.
ε εp, - εc, - σp, MPa σc, MPa εp, - σp, MPa

0.001 0.16 0.04 110 97 0.05 150
0.01 0.28 - 243 - 0.16 250
0.1 0.28 0.09 304 270 0.2 330
1 0.47 0.24 542 458 0.22 460

Superplastic flow has these fundamental requirements: the grain size of the material
must be very small (typically less than 10 µm), deformation temperature greater than about
0.4–0.5 Tm (where Tm is the absolute melting temperature [25]), and strain rate in the range
10−4–10−2 s−1. The strain rate sensitivities from compression tests were: 0.17–0.30 at 700 ◦C
for Gleeble and 0.22–0.37 at 775 ◦C for Bähr. Although the strain rates were similar, the
starting microstructures were different for those of quenched (Bähr tests) and quenched
and already spheroidized (Gleeble tests) steels.
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Superplasticity is generally first found in tensile tests, which were not carried out on
our material due to the shape and size of the sintered specimens. Only compression and
warm forging [22,24] tests were conducted, and it is quite possible that tensile superplastic-
ity existed. For engineering applications, warm working such as forging is more relevant,
and superplastic deformation did not occur in our spheroidized material [22,24], though it
cannot be excluded in similar processing conditions.

The quenched-only steel is compared with the fully spheroidized material of the same
composition in Table 4.

Table 4. Microstructure, yield strength, and hardness of Fe-0.85Mo-0.65Si-1.4C.

State Processing/
Testing Microstructure

Ferrite
Grain Size

µm

Yield
Strength

MPa

Hardness
HV10 Reference

Sintered 1300 ◦C, cooled slowly to
room temperature fine pearlite and grain boundary Fe3C 400 * 196–325 [15,16]

Quenched austenitized at 970 ◦C, isothermally
quenched, Bähr tested at 775 ◦C

ferrite matrix and dispersed
spheroidal carbides 1–3 715–1030 * 295–362 Current report

Spheroidized at
750 ◦C

room temperature deformation ferrite matrix and dispersed
spheroidal carbides 30 350–410 150–230 [15,24]

Gleeble tested at 700 ◦C fine-grained ferrite and
homogeneously distributed carbides 6–7 769 310 [22]

twice forged: 700 ◦C and 750 ◦C fine-grained ferrite and
homogeneously distributed carbides 6–7 769–744 - [22]

* estimated.

The Moon [28] relation, YS = (HB − 97)/0.27, for sintered steels was used to estimate
yield strength from hardness.

The Hall–Petch relation for the yield strength is:

σy = σ0 + kyd−1/2 (2)

where σy is yield strength, σ0 the friction stress, and ky the Hall–Petch strengthening
coefficient, was extended to spheroidized steels by Syn et al. [13]:

σy = 310 Ds* −1/2 +460 L−1/2 (3)

where L is the grain size and Ds* the inter-carbide spacing.
They reported that the prediction is good, within 20%, when compared to previous

experimental data. Calculations for this relation for spheroidized Fe-0.85Mo-0.65Si-1.4C
are presented in Table 5.

Table 5. Yield strengths of spheroidized Fe-0.85Mo-0.65Si-1.4C measured and according to Syn et al. [13] formula.

State Grain Size,
L, µm

Inter-Carbide
Spacing, Ds*, µm

310 Ds* −1/2,
MPa

460 L−1/2,
MPa

Calculated Yield
Strength, MPa

Yield Strength,
MPa

Quenched, spheroidised during Bӓhr testing 1–3 0.628–0.298 378–549 265–460 643–1009 715–1030 *

Spheroidized at 750 ◦C 30 0.78 339 83 422 350–410

Spheroidized and forged 7 0.826–0.59 403–520 187 667 769–744

* estimated.

Additionally, it is seen that for these data the correspondence between experimental
and theoretical results is equally good. The results further indicate that conventional
forging should be as successful for quenched as for spheroidized material.

5. Conclusions

Thermo-mechanical treatment at all strain rates investigated of quenched Fe-0.85Mo-
0.65Si-1.4C steel by warm testing at austenite start temperature 775 ◦C led to rapid
spheroidization of cementite. The (compressive) strain rate sensitivity was 0.24.



Metals 2021, 11, 328 11 of 12

During testing at lower strain rates of 0.001 and 0.01 s−1, coagulation of the carbides
took place, which affected the size and shape of the Fe3C precipitates. After deformation
with higher strain rates, the distribution of Fe3C carbides was more homogeneous and
their shape was more circular.

The smallest hardness, 295 HV10, was for strain rate of 0.001 s−1 and the highest,
359 and 362 HV10, were in specimens after deformation with strain rates of 0.1 and 1 s−1,
when ultrafine cementite precipitates were formed.

These and previous results on spheroidized Fe-0.85Mo-0.65Si-1.4C are consistent with
the yield stress Hall–Petch relation developed by Syn et al. [13] for spheroidized UHCSs.

The results indicate that conventional forging should be as successful for quenched as
for spheroidized material.
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