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Abstract

The Fe-18.4Mn-2.1Cr-1.3C-4Al (wt.%) steel was designed for lightweight application purpose with comprehensive advan-
tages of low density, wear resistance, and high strength. Further exploring of the mechanical properties, especially the yield
strength influenced by the aging treatments (300 °C and 500 °C), needs more investigation. The precipitated carbides obser-
vations and tensile tests, after specific solution and aging treatments, were carried out to reveal that the Fe(Mn);C carbide
precipitation contributed up to 111 MPa strengthening effect on yield strength with 300 °C aging heat treatment. The pre-
sent study pointed out that tailor-made solution and aging treatments processes to achieving further strength improvement,

especially for yield stress.

Keywords Lightweight steel - Yield strength - Aluminum - Fe(Mn),C carbide - Precipitation

Introduction

Developing high strength and low-density high manganese
steel is one of the opportunities and also the challenges for
energy-efficient and eco-friendly requirements [1]. The pre-
vious study revealed that the addition of Al element into high
manganese steel brought considerable density reduction of
1.5% weight reduction with 1 wt.% Al [2]. To pursue higher
strength and ductility of high manganese steel, the utiliza-
tion of fully austenitic matrix with nanoparticle precipita-
tion [3-5], duplex phase of ferrite/austenite [6, 7], twinning/
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transformation-induced plasticity (TWIP/TRIP) mechanisms
[8], as well as grain refinement by severe plastic deformation
[9] were considered and made positive progress.

As the request of high strength for structural steel prod-
ucts becomes stricter, the upgraded steel must possess yield
stress of more than 460 MPa [10] to meet the target. Accord-
ing to the above strengthening mechanisms, only secondly
phase precipitation and grain refinement processes have
significant improvement on yield strength. However, the
previous study proved that the grain refinement method
sacrificed the ductility, resulting in unqualified industry and
safety requirements [11]. Luckily, the carbide precipitation-
strengthening mechanism improves the yield strength obvi-
ously, while possessing limited loss of the plastic ductility
[12]. Lu et al. [13] applied Thermo-Calc software to predict
the equilibrium concentration of C, Al, and Mn elements
dissolving in the austenitic matrix. The result showed that
the high Al partitioning and fast diffusion of C obviously
contribute to carbides nucleation with aging temperature.
With the completion of the Al-Fe and Al-Mn binaries, Lin-
dahl and Selleby improved the Fe—-Mn—Al system to provide
a reliable assessment of the carbides precipitation with tem-
perature [14].

It thus appears that suitable heat treatment on the
Fe—Mn-Al lightweight steel shall facilitate the incubation
of fine carbide in the metallic matrix, providing an effec-
tive way to improve yield strength while preserving plastic
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ductility for lightweight steel design and application. In
the previous study, Ishida et al. [15] figured out that the
Fe(Mn);AIC carbide was commonly observed in high man-
ganese and low Al content (< 8 wt.%) or without Al content
steel after heat treatment [16]. Hwang et al. [3] reported
that the presence of fine carbides within austenite grains and
along the grain boundary provided an additional strength-
ening effect on the ultrahigh yield stress. Shun et al. [17]
pointed out that the M;C carbide induced additional strain
hardening by the solute-dislocation pinning process. Moreo-
ver, the precipitation-strengthening mechanism under aging
treatment also works in AI-Mn—Cr—Zr alloys [18]. However,
the quantitative study of the precipitation-strengthening
mechanism in high manganese steel, especially the effect of
solution and aging treatments on the strengthening mecha-
nism, was seldom reported.

Materials and Methods

The chemical composition of studied steel is Fe-18.4Mn-
2.1Cr-1.3C-4Al (wt.%, short for ZG4Al), and the 30 KG
ingot was melted in vacuum medium frequency induction
melting furnace. The solution treatment was carried out
under temperature of 1100 °C for 3 h following furnace
cooling, and aging treatment between 300 and 500 °C for
4 h, following with water quenching.

The ZG4Al steel samples were polished and etched in
aquaregia, and then the microstructure of ZG4Al sample
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was observed under Leica DMI 3000 M optical microscope
(OM) and Quanta200 scanning electron microscope (SEM).
The grain size of the treated ZG4Al steel is measured by the
line intercept method.

The TEM thin foils were spark cut from the undeformed
samples, mechanical polished, and thinned under Gatan 695
ion thinning equipment. The microstructure was observed
under FEI Talos F200X transmission electron microscope
(TEM). The element composition of the precipitation was
measured by energy dispersive x-ray Spectroscopy (EDS)
under SEM and TEM.

After heating treatment, a gage length and diameter of 20
and 5 mm tensile samples were prepared by machining. All
the samples were mechanical polished to 2000# SiC paper
to remove the deformed layer. Tensile tests were performed
using WDW-150E universal testing machine equipped with
an extensometer at room temperature, and the tensile strain
rate is 1.6 X 107 s,

Results and Discussion

To directly observe the evolution of carbide precipitation
influenced by solution and aging treatments, the OM obser-
vation method is chosen. Figure 1 illustrates the microstruc-
ture of the ZG4Al sample with 1100 °C solution and dif-
ferent aging treatments from 300 to 500 °C. The present
observation reveals that the ZG4Al steel is fully austenitic
structure. The grain sizes of the 1100 °C solution treated,
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solution and 300 °C aging treated, solution and 400 °C aging
treated, solution and 500 °C aging treated samples are meas-
ured to be 487, 588, 588, and 487 um. With observation
of the precipitation, Fig. 2a reveals that the nucleation of
the precipitation mostly locate within the grain, as well as
along the grain boundary directly after solution treatment.
The magnification of the OM observation is chosen to be
200X for better calculation and comparison of the size and
distribution of the precipitates. With an additional 300 °C
aging treatment, the distribution density and the location of
the precipitation do not change much as shown in Fig. 2b.
However, with 400 °C aging treatment, the precipitations
dissolved both at the grain boundary and inside the grain
(Fig. 2¢). During the 500 °C aging treatment, the precipi-
tations are hardly observed within grain, meanwhile some
of the precipitations dissolved along the grain boundary as
shown in Fig. 2d.

To make a clear comparison of the size and distribution
density of the precipitations, the statistical result of the pre-
cipitation size is measured to be 4.76 + 2.12, 4.64 + 2.03,
5.53 +£2.17, and 5.51 + 2.66 pm with aging temperature
increasing, respectively. It means that the subsequently aging
treatment has little effect on the precipitation size. It shall
be noted that the precipitations with nanoscale are hardly
observed under SEM, but the above comparison data can
provide the reference to study the effect of aging treatment
on precipitating. In the meanwhile, the density of precipi-
tation is getting higher with 300 °C aging treatment from
211 to 278 particles/mm?. With further aging temperature

Fig.2 Detailed observation
of the precipitation in ZG4Al
steel with different solution
and aging treatments: (a)
1100 °C solution treatment,
(b) 1100 °C solution+ 300 °C
aging treatments, (c¢) 1100 °C
solution+400 °C aging treat-
ment, and (d) 1100 °C solu-
tion+ 500 °C aging treatment

(a)

increasing, the precipitation density decreases to 117 par-
ticles/mm? (400 °C aging treatment) and 92 particles/mm?
(500 °C aging treatment). Nurjaman et al. [19] reported that
the high Mn steel with 400 °C aging treatment, after 950 °C
solution treatment, exhibits optimum hardness and fine car-
bides dispersion within the matrix. However, after higher
aging temperature treatments, the lower hardness was meas-
ured, and the carbides dissolved.

The above observation result supports that the precipita-
tion formation has strong connection with the solution and
aging treatment. Therefore, with the controlling of heating
treatment, the effect of precipitation on the mechanical prop-
erties, especially on the yield strength, can be compared and
discussed.

To measure and compare the chemical composition of
the precipitation, the particle with a scale between 50 and
100 nm is chosen for reliable chemical composite detec-
tion by SEM equipped with EDS as shown in Fig. 3a and
b. The result shows that the precipitation in 300 °C aging
treated ZG4Al steel has a much higher content of C and
Mn elements, while the content of Cr, Al, and Fe elements
drastically decreases compared with that of the matrix.
The repeated detections of the precipitation composition
are close and consistent, showing that the precipitation is
M;C carbide, which is also reported in [20]. Furthermore,
the composition of the precipitation is also examined
under TEM (in Fig. 3c), where the precipitation has 60.29
at.% of C element. This observation result is also con-
sistent with the EDS result under SEM. It shall be noted
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Fig.3 (a & b) Morphology and composition of the precipitations under SEM, and (¢ & d) precipitation composition and interaction between
precipitation and dislocations under TEM observation in 300 °C aging treated ZG4Al steel, respectively

Table 1 Tensile properties of

ZG4AI steel after solution and Solution tem-  Aging tem- Yield stress,  Ultimate tensile Un%form elon-  Strain hardening
X perature, °C perature, °C oy, MPa strength, o, MPa gation, % coefficient, a,/ay
aging treatments
1100 Nil 450 713 514 1.58
1100 300 456 754 34.5 1.65
1100 400 430 695 38.5 1.62
1100 500 392 683 335 1.74

that the size of observed precipitation under SEM is close
to micron level, while other nanoscale carbides are not
counted.

Besides, the strip pattern is found around the Fe(Mn),;C
carbide, illustrating microstructure distortion is activated
during the precipitation process, and then introduces internal
stress between the matrix and carbides, as shown in Fig. 3c.
What’s more, the dislocations are also observed and pinned
by the carbides as shown in Fig. 3d. These dislocations shall
be enabled by the sample preparation and/or quenching pro-
cesses, and then pinned by carbides. It thus appears that the
Fe(Mn);C carbide shall make considerable contribution to
yield strength by two direct arguments: (1) Carbide precipi-
tation process results in microstructure distortion and brings
internal strengthening effect. (2) The pinned dislocation by

nanoscale carbides makes further contribution to mechanical
strength, especially for yield stress.

The mechanical properties of the ZG4Al steel after solu-
tion and aging treatment are displayed in Table 1, where
the yield stress (o) slightly increases with 300 °C aging
temperature and then decreases with increasing aging tem-
perature till 500 °C. In the meanwhile, with the aging treat-
ment temperature increasing, the ultimate tensile strength
and uniform elongation of the ZG4AI steel drop. According
to the present testing results, the relation between precipita-
tions and yield stress will be discussed, as well as the contri-
butions of grain boundary and solute elements to yield stress
are also counted. In consideration of the strain hardening
coefficient, uniform elongation and ultimate tensile strength
are influenced by the interaction between dislocations and
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deformation bands. The plastic deformation mechanism will
be discussed in the other Refs. [21, 22].

Grain Boundary Strengthening

According to the Hall-Petch theory, the yield strength (o)
of fully recovered and single phase metallic materials have
the below relation with average grain size: o, = ;) + kd='/2,
where oy is the yield strength, o is the friction stress, and
the k and d are the strength coefficient and average grain
size. In consideration that the strength coefficient is different
between Fe-Mn—C and Fe-Mn-Si—Al two series high man-
ganese steel [23]. The strength coefficient k=472 MPa+/um
and o, =133 MPa are adopted as reference of Fe-22Mn-0.6C
(wt.%) steel, which has the common element composition as
the present material has. The strength contribution of grain
boundary to yield stress is illustrated in Table 2. It shows
that grain boundary has little difference because: (1) ZG4Al
steel has coarse grain around 500 um, (2) the aging tempera-
ture is too low for grain growth.

Solutes Strengthening

Except the grain boundary strengthening mechanism, the
solutes also make contribution to the yield stress. In the
present study, the solute atoms, including Mn, Al, Cr, and
C are calculated based on the linear relation between chemi-
cal content and yield strength. Ding et al. [24] reported that
the Mn addition into the Fe-xMn-0.6C (18 < x < 30) high
manganese steel has little influence on the yield strength.
This is because that Mn mainly works on the strength and
hardening behavior in the later stage of plastic deformation,
rather than yield strength. Thus, the strengthening effect of
Mn element on yield stress is excluded here.

The mechanical properties of Fe-26Mn-0.3C-3Al-xCr
(x=1.1, 2.4, and 4.0) high manganese austenitic steels
were also chosen [25]. The relation between Cr element
content and yield strength is calculated and illustrated
asio, = 19.69Cr,, 4 +405.4, where the correlation index is
0.996. It thus appears that 1 wt.% addition of Cr element,
the yield stress of high manganese steel increases 19.69 MPa
within the range of 1-4 wt.% Cr content.

Table 2 Evaluation of strengthening contribution on yield stress of
ZG4Al steel under different temperatures

Solution tem- Aging Grain Solutes, MPa  Carbides,
perature, °C  temperature, boundary, MPa

°C MPa
1100 Nil 154 193 103
1100 300 152 193 111
1100 400 152 193 85
1100 500 154 193 45

@ Springer

In the previous study, Yang et al. [26] systemically stud-
ied the effect of Al addition on high manganese steel yield
stress. The results show that the yield stress of Fe-22Mn-
0.6C-xAl (x=0, 3, 6) steel also has linear relation with the
Al element content as:o, = 10.5Al,, 4 + 351.5 with correla-
tion index of 0.942. As the twinning starting strain of this
Fe-22Mn-0.6C steel is higher than 2% [27], which is much
far away from the yield strain of the 0.2%, what is more, the
Al addition suppress the twinning mechanism [26]. There-
fore, the above linear equation can effectively predict the
contribution of Al element to yield stress of high manganese
steel with Al composition from 0 to 6 wt.%.

Carbon is the interstitial sold solution element into
the high manganese steel, where the strengthen effect
on yield stress shall be stronger. In the previous study,
the C element addition into the Fe-30Mn-xC (x=0,
0.3, 0.9) has linear increasement of yield stress as [28]:
o, = 180.71C,, 4 + 205.71 with 0.999 correlation index,
indicating the composition of C has remarkable linear rela-
tion with yield stress. As the twinning strain is higher than
that of nominal yield strain of 0.2% [26]. It thus the twinning
strengthen mechanism is not considered in the present study,
and 1 wt.% C addition brings 180.71 MPa increment of yield
stress in high manganese steel.

According to the above calculation, the contributions of
Mn, Cr, Al, and C elements to yield stress are calculated
to be 0, 39, 42, and 112 MPa, respectively. In total, sol-
utes improvement of 193 MPa on yield stress illustrated in
Table 2.

Precipitation Strengthening

As discussed above, the effect of calculated contribution
of grain boundary, solutes, and precipitation to yield stress
are concluded in Table 2. Due to the overall yield strength
comes from the three factors, including grain boundary,
solutes, and carbide precipitation. Therefore, the value of
strengthening contribution of carbides precipitation is the
gap between overall yield strength and the sum of grain
boundary and solutes strengthening contributions.

The result shows that the precipitation (Fe(Mn);C car-
bide) contributes more than 100 MPa to yield stress after
individual 1100 °C solution treatment, as well as combined
1100 °C solution + 300 °C aging treatment. However, with
increasing the aging temperature, the precipitation located
along the grain boundary and inside the grain dissolved into
matrix microstructure as compared and discussed above. In
the meanwhile, the yield stress contribution from precipita-
tion decreases to 45 MPa only. The present calculation result
corresponds well with the microstructure evolution and pre-
vious similar studies [29], especially providing a clear rela-
tion between the yield stress and carbide precipitation.



Metallography, Microstructure, and Analysis (2022) 11:704-710

709

Kang et al. [20] point out that precipitation phase
(Fe(Mn);C carbide) starts at the temperature of 800 °C,
indicating the Fe(Mn);C carbide forming during the solu-
tion treatment. Meanwhile, Mueller et al. [30] predict that
the carbide start to dissolve in ferrite at 650 °C, as well
as that the dissolution of carbide is rapid in austenite [31].
Therefore, the Fe(Mn);C carbide shall dissolve into the aus-
tenite microstructure during the aging treatment with above
400 °C temperature, as illustrated in Fig. 2c and d. Zheng
and Li [32] propose the direct evidence that the submicron-
scale carbide particles enhances the density of geometri-
cally necessary dislocations at the strain of 0.6% (close to
the yield strain point) resulting in higher yield stress and
work-hardening rate. In the meanwhile, the present observa-
tion (Fig. 3c) supports that the nanoscale carbides pin the
sliding dislocation, bringing considerable strength improve-
ment. Thus, the 1100 °C solution treated ZG4Al steel with
lower than 300 °C aging treatment has higher yield stress.
With further aging temperature increasing, the yield stress
decreases accompanying with precipitation dissolution. The
similar over aging of precipitates also plays an important
role in weakening the yield strength of Inconel 718 alloy
[33]. Furthermore, excluding aging treatment, the radiation-
induced Ostwald ripening also determines the precipitates
overgrowing [34].

Conclusion

In summary, with the design of the solution and aging treat-
ments, the morphology and distribution of the Fe(Mn),C
carbide can be controlled. Subsequently, the mechanical
properties, especially the yield strength of the Fe-18.4Mn-
2.1Cr-1.3C-4Al (wt.%) steel is adjusted under certain heat
treatment condition. In detail, the contribution of Fe(Mn);C
carbide, grain boundary, as well as solutes to yield stress are
systematically investigated as:

(1) With the 1100 °C solution and 300 °C aging treatment,
the Fe(Mn),C carbides are commonly observed along
the grain boundary and inside the grain. While the car-
bides gradually dissolve with increasing aging tempera-
ture up to 500 °C;

(2) The contribution of the carbides to yield stress achieves
above 100 MPa after 1100 °C solution with or without
300 °C aging treatment. With the aging temperature
increasing to 500 °C, the carbides play a minor effect
on yield stress improvement.
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