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ABSTRACT

For decades, steel has been a crucial structural material. Mainly low-alloy steel grade 42CrMo4 is utilized for
manufacturing forgings. This paper investigates the microstructure and hardness development of the 42CrMo4
steel hollow component with an outer flange. The component has been formed via cold forging in combination
with extrusion and upsetting technologies. Prior to forming, the workpiece was annealed to obtain hardness at the
level of 181+£9 HVO0.3. The FEM analysis reveals the areas that undergo higher stress and strain. The flow lines
macrostructure and microstructure of hollow parts were investigated using light optical microscopy (LOM) and
scanning electron microscopy (SEM) equipped with EDS. Vickers hardness allows identifying the work hardening
of the crucial element areas. The microstructure consists of ferrite matrix and semispherical carbides. Laboratory
studies confirm appropriate flow lines arrangement, which corresponds well to those shown by FEM computer
simulations. The highest hardness at the level of 293+7 HV0.3 was identified in the flange area, where the material
shows a higher distribution of effective strain revealed by FEM. Cold metal forming results in work-hardening of
the steel. The work hardening ranges up to 1.62 of the initial 42CrMo4 steel hardness. The metal forming process
did not affect the microstructural uniformity of the flanged hollow part. The final outer flange component presents
high quality and is free from plastic deformation nonuniformities.

Keywords: microstructure, hardness, strain hardening, steel, extrusion, metal forming, upsetting, FEM.

formality, or hardened to strengthen the final
component’s mechanical [15] or anti-wear prop-
erties [16]. However, the selection of appropri-
ate treatment parameters is a complex process.

INTRODUCTION

For decades carbon and low alloy steels have
been a crucial structural material due to their ex-

cellent combination of ductility and strength re-
sulting from a heat treatment [1,2], specialized
alloying additives [3,4] or specialized thermo-
mechanical influencing on steel microstructure
refinement [5,6]. One of the most popular steel
utilized for forged components is low-alloy
grade 42CrMo4 (AISI 4140). This steel can
gain high mechanical properties [7,8], formal-
ity [9,10], or machinability [11,12] with the
application of specific heat treatment [13,14].
Depending on the stage of element fabrication,
42CrMo4 steel can be softened, improving steel

Scientific literature reports the effects of plastic
forming technology on the final steel part’s mi-
crostructure, mechanical properties, and opera-
tional performance. It is known that steel form-
ability is improved while reducing hardness.
Therefore softening annealing treatment should
be applied before cold forging [15]. Concerning
time and costs, many different softening treat-
ment programs have been implemented to opti-
mize the annealing parameters of AISI 4140 steel
[16,17]. It can be concluded that the selection
of appropriate heat treatment is a multicriteria
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process taking into account, among others, the
size of the component, initial steel structure, and
aimed final mechanical properties. Moreover,
Bounezour et al. [18] study the effect of work
hardening on the mechanical properties of steel
and aluminum alloy. It has been concluded that
depending on the considered metals, when the
piece has a defect variation: cavity, inclusion
(precipitate), or zones of different hardness, it
can create a stress concentration that generates a
local hardening. This phenomenon is one of the
leading causes of crack generation. Many papers
characterize the stress-strain curves as essential
to describe the plastic behavior of steel. Inter-
esting results have been obtained by Li et al.
[19], who proposed a formula that describes the
full range strain hardening behavior of steels.
Besides, microstructure analysis is crucial for
the evaluation of the effects of initial heat treat-
ment for plastic processes [20,21], the quality
of plastic forming processes [22], or identifying
the macro- and microstructure nonuniformities
[23,24]. Therefore in the current paper, all men-
tioned features were considered while evaluat-
ing the quality of the fabricated hollow part.
The mechanical properties of the forged ele-
ments rely not only on the steel grade or heat
treatment but are strongly affected by the param-
eters forging process itself. Inappropriate forging
technology can result in nonuniform flow lines
arrangement and microstructural discontinuities
acting as internal notches. These could disturb
the machining process or further deteriorate the
components’ operational performance, signifi-
cantly limiting their mechanical performance
likewise fatigue resistance [25,26]. It is known
that cold forming processes modify the micro-
structure and strain hardened the deformed steel
[27]. The high rate of strain hardening of the
forging makes further stages of metal forming
impossible and requires inter-forging annealing.
This elongates the total forming time and con-
sequently generates additional costs. Therefore,
evaluating the microstructure and strain harden-
ing of the forging part seems essential while in-
troducing the plastic metal forming technology.

This work is another step to optimize the met-
al forming process of manufacturing hollow com-
ponents with outer flange [28—31]. The innovative
technology relies on cold forging in combination
with extrusion and upsetting methods. The pro-
cess was investigated via numerical simulations
and positively verified experimentally on the
model aluminum alloy [32]. The elaborated novel
metal forming process is dedicated to manufac-
turing elements of 42CrMo4 steel. Therefore to
assess the elaborated technology, it is necessary
to investigate the quality of the 42CrMo4 steel
hollow component. The study aims to investigate
the quality of the final forging by evaluating the
microstructure development and work hardening
level in the forging part crucial areas. This is es-
pecially important for assessing the effectiveness
of metal forming and heat treatment (annealing)
operations, which contribute to elaborating the
cost-effective technological process for manufac-
turing hollow components with outer flange.

MATERIAL AND METHODS

Forging of the hollow steel
component with an outer flange

The object of the study was a hollow com-
ponent with an outer flange made of 42CrMo4
(1.7225) steel (the equivalent of AISI 4140 grade).
The main chemical composition of steel is given
in Table 1. The final element is shown in Figure 1.
Figure 2 shows the main steps of the component
forming. The forming process is a combination
of extrusion and upsetting. More details regard-
ing the evolution of the idea of elaborated metal
forming technology are presented in previous
papers [30,32-34]. The current study physically
modeled the metal forming process in laboratory
conditions using a 1:2.5 scale of die tools. The
further goal of the project is to obtain the aimed
hollow part dimensions given in Figure 1.

The softening annealing preceded the met-
al forming of 42CrMo4 billet. The heat treat-
ment procedure was investigated in a previous

Table 1. Chemical composition (cast analysis) of 42CrMo4 steel according to the EN 10083—3: Steels for
quenching and tempering. Part 3: Technical delivery conditions for alloy steels

Chemical composition % by mass

C

Mn

Si

Cr

Mo

0.38-0.45

0.6-0.9

<0.4

0.9-1.2

0.15-0.3

<0.035

<0.025
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Fig. 1. Dimensions of the 42CrMo4 steel hollow component with the outer flange [35]

paper [10], and accordingly, scheme no. 1 was
selected, see Fig. 3. This treatment enables the
reduction of as-received 42CrMo4 steel hardness
from 355 HV0.3 to 165 HV0.3 which effectively
increases the steel deformability.

FEM analysis of a component at
different stages of forming

FEM method was employed to select the
specific hollow component areas for microstruc-
ture and hardness investigations. First, numeri-
cal calculations were performed using Deform
2D/3D according to the procedure shown in
[36]. Then, the distribution of strain, stress, and
flow lines arrangement were computationally
analyzed at different stages of forming utiliz-
ing the FEM simulation results of components
similar to those proposed in the current study.
Finally, the highest strained and deformed struc-
tures were identified as crucial areas for micro-
structure and hardness analysis.

Billet Stage | Stage Il
|

i

Microstructural and hardness methodology

The macrostructure and microstructure were
comparatively analyzed at different stages of
forming, using a standard metallographic method-
ology. Jacewicz’s reagent (12 ml sulphuric acid,
38 ml hydrochloric acid, and 50 ml distilled wa-
ter) was used to reveal the flow lines arrangement
at different stages of forming (macroetching) and
Nital (95-99 ml ethanol and 1-5 ml nitric acid)
was used to show the steel microstructure. The
areas of interest for the microstructure and hard-
ness investigations were chosen via analysis of
FEM flow lines, stresses, and strain distributions.
Therefore, three specific locations were selected:
the flange top, flange center, and sleeve areas
of the hollow component with an outer flange.
Metallographic specimens were observed using
LOM (light optical microscopy) and SEM-EDS
methods. Vickers hardness (HV0.3) was mea-
sured according to the ISO 6507 standard, using
10 seconds of dwelling time. Seven indentations

Stage Il Stage | Stage V|
final component

111

|

Fig. 2. Idea of the five stages forming process: I stage — extrusion, II-V stages — flange upsetting
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Fig. 3. Annealing process parameters utilized for 42CrMo4 sleeve batch

were made in each investigated area to obtain sta-
tistical accuracy. Generally, when a metal or al-
loy is being worked below the recrystallization
temperature, the material becomes strengthened
and hardened but decreases in ductility. Such a
process is called work/strain hardening. Hardness
tests reveal the strain hardening (estimated as the
relation of the strained component hardness to
the initial annealed hardness). The level of strain
hardening is essential for further manufacturing
and performance of the component. Therefore,
the flow lines, non-uniformities, chemical com-
position, microstructure and grain arrangement,
and hardness were investigated experimentally to
identify the final component’s quality.

RESULTS AND DISCUSSION

FEM results of strain (Fig. 4), stress and the
flow lines analysis with the revealed flow lines

Strain
2.50

1.67

at different stages of cold-forming. While the
component fabricated in laboratory conditions at
different stages of metal deformation are shown
in Figure 5. In Figure 7, the results of the mac-
roscopic metallography are shown. The areas of
the highest stress and strain localized by FEM
(i.e., flange center) correlate with the flow lines
arrangement. Therefore, it seems that these areas
should show the highest level of strain hardening
(discussed further). Therefore, the hollow compo-
nent’s flange top, center, and sleeve were chosen
for hardness analysis. Moreover, a comparison
of the simulated and revealed by the metallog-
raphy investigations (Fig. 7) indicate a similar
flow lines arrangement. The detailed microscopic
investigation confirmed the high quality of the
forging part. The flow lines show appropriate
morphology and arrangement. Elements are free
from plastic deformation nonuniformities. There-
fore, the satisfactory macrostructure of the forged
components has been obtained.

Stress
1090.0

726.7

363.3

0.0

Fig. 4. The forging’s highest strain and stress areas at the final stage of cold-forming,
following the results of comparable forming technology [36], FEM
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Fig. 5. Fabricated forgings at five stages of forming

The as-received microstructure of 42CrMo4
steel consisted of ferrite and perlite (lamellar struc-
ture composed of alternating layers of cementite and
ferrite, Fig. 8a). The utilized annealing treatment
program resulted in the formation of a ferrite matrix
with fine semispherical carbides, see Fig. 8b. Ob-
tained microstructure facilitates cold metal forming
processes. Besides, the development of the structure
due to annealing agrees with those discussed in the
author’s previous research [10]. The microstructure
of the final component has been observed in the ar-
eas shown in Fig. 9 and Fig. 10. LOM and SEM
analysis indicate differences in grain flow between
specific areas of the component. The presence of
the coarse carbides is typical for high alloy tool
steels [37,38], while in the case of low alloy steel,
the Mn, Cr, and Mo would partition to cementite
[39]. Similarly, the increased content of Mo, Mn,
and Cr was identified in carbides, Fig. 9¢c. Further-
more, SEM-EDS analysis (Fig. 9) confirms the
presence of nonmetallic inclusions, i.e., manganese
sulfide type (MnS) typical for structural steels [40].

Stage Il

Stage Il

This type of inclusion could deteriorate the forging
properties’ uniformity, significantly lowering the
fracture and fatigue resistance [26]. However, pre-
sented investigations indicate that applied deforma-
tion (due to cold forming) does not affect structure
uniformity negatively. Neither voids nor cracking
of metallic matrix was observed. Analysis of flow
lines indicated differences in arrangement relating
to the specific area of the hollow part (Fig. 10). In
the sleeve area, ferrite grains are elongated parallel
to the central axis of the rotary part. The extrusion
process is responsible for sleeve microstructure
Fig. 10. Contrary to that, the center of the flange
was fabricated by upsetting; therefore, ferrite grains
are compressed. FEM analysis indicates the high-
est strain and stress in the center of the flange than
in the flange top, see Fig. 4. Metallographic study
confirms that ferrite grains are less deformed on the
flange top than in the center of the flange (Fig. 10).
Besides, the microstructural homogeneity in the
sleeve area reflected a homogeneous distribution of
strain, visualized by FEM.

Stage
final component

Fig. 6. Simulation of flow lines arrangement at different stages of forming, FEM
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Stage 1V

Fig. 7. Macrostructure of a hollow flanged component at different stages of forming, macroetching

The rate of plastic deformations indicates
steel work hardening and hardness fluctuations.
The Vickers hardness was measured before and
after metal forming. Thus, applied heat treatment
reduces the hardness of the billet to 181+9 HV0.3
(Fig. 11), which slightly exceeds the minimal
hardness obtained for model cylinders investi-
gated in the preliminary study [10]. Moreover,
literature [16] reports that different hardness can
be obtained after spheroidization annealing of
AISI4140 steel and final hardness strongly relates
to initial heat treatment and microstructure [41].
Exemplary, E. Karadeniz [16] find out that ini-
tially hardening and subcritical spheroidization
method application give greater forgeability val-
ues in a short time, so it is preferable in cold forg-
ing production from AISI 4140 steel for time and
cost [16]. However, it was also concluded that
the drop in the spheroidised steel hardness rate
between the initially normalized and hardened

process is much less [16]. Cold forming resulted
in strain hardening of the flange center to 293
HVO0.3 (Fig. 10), corresponding to a strain hard-
ening level of 1.62. The hardness of the sleeve
area formed at the first stage of the process (extru-
sion) gained approx.. 40 HV lower values than the
maximal hardness recorded for the flange center.
The flange was formed via upsetting. This level
of strain hardening does not exceed the maximal
value reported for the upsetting of 42CrMo4 cyl-
inder specimens [10]. It confirms that the elabo-
rated metal forming technique gives hardening at
an acceptable level. The central flange area shows
the highest strain hardening resulting from severe
structure deformation. In contrast, the top flange
area was less hardened (Fig. 11). This well cor-
relates with flow lines arrangement (Fig. 7) and
microstructure development (Fig. 10). Summing
up, both metallographic and hardness investiga-
tions confirm that the elaborated metal forming

Fig. 8. Effect of annealing on the microstructure of the 42CrMo4
steel. As-received (a) and (b) annealed steel, LOM
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Ferrite Inclusion Carbide

Fig. 9. Macro- and microstructure in different areas of plastic deformation (a, b)
LOM,; (c) microstructure and results of spot chemical analysis, SEM-EDS

technique allows obtaining high quality of the
flanged hollow parts made of 42CrMo4 steel.
Therefore, the elaborated metal forming tech-
nique can be implemented for producing flanged
hollow parts for the mining industry.

CONCLUSIONS

In the current work, the results of the inves-
tigation on the quality of forging parts made of
steel 42CrMo4 were studied. Analysis reveals the
microstructure and hardness development of the
forged component at different stages of forging,
which allows assessment of the proposed technol-
ogy of the cold forging process in combination
with extrusion and upsetting. As a result, the fol-
lowing findings are drawn:

e Applied annealing reduces the hardness of the
billet to the level of 181+9 HV0.3 and modi-
fies the initial pearlite-ferrite microstructure to
the microstructure consisting of a ferrite ma-
trix and semispherical carbides.

e [Laboratory metallographic studies confirm
appropriate flow lines arrangement, which

arrangement well corresponds to those shown
by FEM computer simulations

e The cold metal forming process results in dif-
ferent strain hardening levels noted in specific
areas of the component. The highest hardness at
293+7 HVO0.3 was identified in the flange area,
where the material shows the higher distribu-
tion of effective strain revealed by FEM. The
maximal strain hardening reached up to 1.62,
and it did not negatively affect the microstruc-
tural uniformity of the flanged hollow part.

e The final component presents high qual-
ity and is free from plastic deformation
nonuniformities.
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Fig. 10. Microstructure and grain arrangement in different locations of final component
cross-section: flange top (a, b); flange center (c-e); sleeve (g, h), SEM
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Fig. 11. Hardness results of specific areas of cold-formed hollow parts: (a) Vickers
hardness; (b) strain hardening at different stages of metal forming
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