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ABSTRACT

Quenching and tempering are mostly employed to tune the mechanical properties of the high-carbon steels. In the present study, trans-
mission electron microscopy (TEM) and selected area electron diffraction (SAED) are used to examine the microstructural evolution in
quenched and tempered high carbon steels. In quenched specimens, the w-Fe(C) phase is a common substructure in twinned martensite
and its diffraction spots are located at 1/3 and 2/3 (211)a-re positions along the [011].re zone axis (ZA). When specimens are in-situ heated
in TEM, few additional diffraction spots are observed at 1/6, 3/6 and 5/6 (211)qre positions along the [011]qr. ZA. Moreover, martensite
decomposes into a lamellar structure and w-Fe(C) phase transforms into 6-Fe3;C cementite during tempering. The TEM and electron diffrac-
tion analysis reveals that diffraction spots of 8-FesC cementite phase are located at 1/6, 2/6, 3/6, 4/6 and 5/6 (222)a-re and (211)are along
[112]4-Fe and [011]a-re ZAs. Furthermore, the orientation relationships between 8-Fe3C cementite and a-Fe are indexed as: [013]g//[112] a-Fe,
[001]g//[011]q-Fe> [113]g//[111]q-re and [102]¢//[131]are, which are related to the transformation of w-Fe to 8-Fe;C cementite. The current
study provides a baseline to understand the microstructural evolution in high carbon steels during heat treatment processes.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5091847

I. INTRODUCTION

Quenched high carbon steel renders excellent strength but
suffers from high brittleness. In general, heat treatments, such as
tempering or aging, are carried out to obtain a desirable combi-
nation of strength and toughness.'” The strength of steel gen-
erally decreases, whereas the toughness increases, with increasing
tempering temperature and time. Lots of studies have reported
different heat-treatment processes and tempering parameters.’
Usually, a highly complex microstructural evolution occurs in
quenched martensite during tempering, including the forma-
tion of fine carbides, the decomposition of retained austenite
and the nucleation and growth of cementite.” "> The type and
morphology of carbides play a critical role in determining the
structlll‘ra# characteristics and mechanical properties of tempered
steels. ™~

In high carbon steels, twins are usually observed as the
substructure of martensite.'”'" Earlier transmission electron
microscopy (TEM) observations have revealed that carbides are sig-
nificantly influenced by the presence of fine twins. Most of the
carbides prefer to nucleate and precipitate on twinning planes
instead of other kinds of boundaries or dislocations in tempered
carbon steels.'”*’ Moreover, cementite is usually aligned along the
<111>f. directions on the {112} f. twinning planes.w 20 Recently,
a metastable w-Fe phase, which is a common substructure in steels,
has been unambiguously revealed by systematical electron diffrac-
tion analysis.”" > The fine particle-like w-Fe phase coexists with
{112}(111)-type body-centered cubic (bcc) twin boundaries in a
twinned martensite structure.”” " In carbon steels, carbon atoms
occupy the octahedral interstitial sites in w-Fe phase and stabilize
fine particle-like w-Fe phase.'"'***** During tempering, the w-Fe
phase could transform into 8-Fe;C cementite.'"'>*
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However, detailed investigation and further understanding of
the correlation between w phase and carbides (cementite) in tem-
pered martensite is required due to the importance of martensitic
substructure and carbides. Herein, we have carried out detailed TEM
and electron diffraction analysis of martensite during tempering of
water-quenched Fe-1.4C (wt. %) binary alloy.

Il. EXPERIMENTAL PROCEDURE

An Fe-1.4C (1.4 wt. % carbon) ingot was prepared in a high
vacuum induction furnace under argon atmosphere. The ingot was
solution treated at ~1200 °C for 2 h and, subsequently, hot forged
into a thick plate. A 20 mm x 20 mm x 1.5 mm plate was mechan-
ically sectioned and austenitized at 950 °C for 30 min, followed
by water quenching (~150 °C/s). Some of the quenched specimens
were tempered at 200 °C and 400 °C for 30 min. Phase identifica-
tion was carried out by using an X-ray diffraction (XRD) diffrac-
tometer (Rigaku SMARTLAB), equipped with Cu-Ka radiations and
operated at 45 kV and 200 mA. TEM specimens were mechani-
cally ground, polished and ion-milled (Gatan PIPS II 695) at room
temperature. The microstructure was characterized using JEM 2100
and 2100F TEM, operating at 200 kV. The heating rate of in-situ
TEM observations was ~20 °C/min. The electron diffraction analy-
sis was performed using by Crystal-Maker (CrystalMaker Software
Ltd).

I1l. RESULTS

A. Morphology and crystallography
of as-quenched martensite

Fig. 1 presents the crystallography and morphology of a water-
quenched Fe-1.4C specimen, austenitized at 950 °C for 30 min.
Fig. 1(a) shows the XRD pattern of the quenched specimen, which
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indicates that martensite and retained austenite are the primary con-
stituents of the specimen. Fig. 1(b) shows a bright-field TEM image
of the quenched specimen, which also confirmed the presence of
two phases, martensite and retained austenite. The martensite phase
exhibits a plate-like morphology, whereas the retained austenite can
be identified from the dislocation contrast close to the martensite.
In high carbon steel, twins represent a common substructure in
martensite.'° '® Due to the diffraction conditions, the twin contrast
of some martensite in Fig. 1(b) cannot be seen. Fig. 1(c) shows the
bright-field TEM image of individual martensite structure without
twin contrast. By tilting the specimen, different diffraction contrasts
of the martensite have been obtained, as shown in Figs. 1(d) and 1(e).
Moreover, the martensite in Fig. 1(d) exhibits an obvious twin
contrast compared to Fig. 1(c).

Fig. 2 presents further TEM observations of twinned marten-
site structure, as shown in Fig. 1(d). Figs. 2(a) and 2(b) show a
bright-field TEM image of twinned martensite and corresponding
selected area electron diffraction (SAED) pattern along [011]q-Fe
zone axis (ZA), respectively. Apart from a-Fe diffraction spots, two
extra diffraction spots at the 1/3 and 2/ 3(211) are positions are pre-
sented in Fig. 2(b). These extra diffraction spots are often observed
in martensite and have been confirmed to originate from w-Fe
phase.”’*” Figs. 2(c) and 2(d) present the dark-field TEM images,
which are obtained by using twin (011) and w-Fe (0110),, diffraction
spots in Fig. 2(b), respectively. Fig. 2(f) shows an enlarged dark-field
TEM image of the region, outlined by dashed-line frame in Fig. 2(d).
Fig. 2(g) shows a high-resolution TEM (HRTEM) lattice image of
the twinned martensite. The corresponding Fourier-filtered trans-
formed (FFT) diffraction pattern and the inversed FFT lattice image
of Fig. 2(g) are shown in Figs. 2(h) and 2(i), respectively. The dark-
field image (Fig. 2(c)) and HRTEM lattice image (Fig. 2(g)) reveal
the twin contrast and indicate that most of the twins are several to
dozens of nanometers in thickness. The w-Fe phase is located at the

& |

,&ﬁ‘ FIG. 1. (a) XRD pattern and (b) bright-
S field TEM image of a quenched Fe-1.4C
(wt. %) specimen; (c) a martensite and
(inset) corresponding SAED pattern with-
out twin contrast; (d) and (e) bright-field
TEM images of the martensite shown in
(c) after tilting.
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twin boundary region and exhibits an ultra-fine particle-like contrast
and morphology (Figs. 2(f) and 2(i)). The SAED pattern in Fig. 2(e)
was taken along [131]q.pe ZA by tilting 31.5° from Fig. 2(b) and
the extra diffraction spots are still observed at 1/3 and 2/3 (211)q.re
positions.

B. Evolution of martensite during tempering

Martensite decomposes during tempering of the quenched
specimen and w-Fe phase transforms into carbides or cemen-
tite.'"'>” In order to determine the transformation process asso-
ciated with the w-Fe phase, in-situ TEM observations were carried
out during heating at a heating rate of 20 °C/min. Fig. 3 presents
TEM images of quenched Fe-1.4C specimen, gathered during in-situ
heating. Fig. 3(a) displays a bright-field TEM image of martensite at
room temperature. Fig. 3(d) shows the corresponding SAED pattern
of the martensite, obtained from the marked area in Fig. 3(a). The
additional diffraction spots at 1/3 and 2/3 (211) q.re positions, along
[011]a-re ZA, indicate the presence of w-Fe phase in martensite.
Figs. 3(b) and 3(c) show bright-field TEM images of the specimen
heated at 250 °C and 350 °C. The holding time at each tempera-
ture was 10 min. The corresponding SAED patterns of the heated
sample are presented in Figs. 3(¢) and 3(f), respectively. The marten-
site decomposed into a lamellar structure after heating at 250 °C. In
addition, some new diffraction spots emerged at 1/6, 3/6 and 5/6
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FIG. 2. (a) a bright-field TEM image of
twinned martensite in the quenched Fe-
1.4C (wt. %) specimen; (b) the corre-
sponding SAED pattern of martensite
along [011] «re ZA, obtained from the
dashed circle in (a); (c) and (d) dark-
field TEM images of diffraction spots “c”
and “d” in (b), respectively; (e) the corre-
sponding SAED pattern along [131],.re
ZA by tilting from (b); () an enlarged
dark-field TEM image from the dashed-
line frame, outlined in (d); (g) @ high-
resolution TEM lattice image of twinned
martensite; (h) the Fourier-filtered trans-
formed (FFT) diffraction pattern of (g);
(i) the Inverse FFT image of (g) display-
ing an HRTEM image with bcc twin and
w-Fe lattice. The subscripts ‘m" and
denote matrix crystal and twin crystal,
respectively.

(211) a-re positions in Fig. 3(e), which are not present in SAED pat-
tern given in Fig. 3(d). However, the intensity of these new diffrac-
tion spots is weaker than the spots at 1/3 and 2/3 (211)q.re. It is worth
mentioning that the carbide (cementite) became coarser at 350 °C
than that at 250 °C (Figs. 3(b) and (c)). Meanwhile, the difference
in diffraction intensity between the extra diffraction spots became
smaller due to the formation and coarsening process of the carbides
(cementite) (Figs. 3(e) and (f)).

In order to demonstrate the generalized nature of the above
phenomenon, TEM observations of the quenched specimens, tem-
pered at 200 °C and 400 °C for 30 minutes, were carried out and
results are presented in Fig. 4. Figs. 4(a) and 4(b) show the morphol-
ogy and corresponding SAED pattern of martensite after tempering
at 200°C, which are similar to those in Figs. 3(b) and 3(e). After tilt-
ing the ZA from [011] e to [131]q-fe, the 1/6, 3/6, and 5/6 (211)e-re
diffraction spots are also observed to be weaker than the 1/3 and
2/3 (211)q-re spots (Fig. 4(c)), which implies that the extra diffrac-
tion spots originated from a unified carbide (cementite). Figs. 4(d-f)
show the bright-field TEM image and corresponding SAED pat-
tern of the quenched specimen after tempering at 400 °C. The TEM
image exhibited an obvious lamellar structure (Fig. 4(d)), however,
the extra diffraction spots did not exhibit any significant difference
in intensity (Figs. 4(e) and 4(f)).

To further investigate the structural changes and formation of
the carbide (cementite) during tempering, TEM images and SAED
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patterns were obtained from tempered martensite at various tilt
angles. Figs. 5(a) and 5(b) present a bright-field TEM image and
corresponding SAED of the tempered specimen, which is shown in
Fig. 4(d). The SAED pattern was obtained from the marked area in
Fig. 5(a). Two sets of diffraction spots are clearly visible in the SAED
pattern along the [112]qr. ZA. The diffraction spots other than
a-Fe spots are located at 1/6, 2/6, 3/6, 4/6 and 5/6 (222)y.re posi-
tions. Moreover, the dark-field TEM images, presented in Figs. 5(c)
and 5(d), were obtained from spots “c” and “d” in Fig. 5(b), offering
more information about the carbide (cementite). Figs. 5(c) and 5(d)
exhibit the needle-shaped bright lamella structure, arranged along

scitation.org/journal/adv

FIG. 3. In-situ TEM images of the
as-quenched Fe-1.4C specimen during
heating.

the [111]q.re direction. Different SAED patterns could be obtained
by tilting from [112]q.pe ZA to [011]a-Fe, [111]a-Fe, and [131]q-re
ZAs as shown in Figs. 5(e-g), respectively. The additional diffrac-
tion spots are located at 1/6, 2/6, 3/6, 4/6 and 5/6 (211)ore posi-
tions along [011]qre and [131]q.pe ZAs are shown in Fig. 5(¢) and
5(g), while one spot is located at 1/2 (211)q.re along [111]q.re ZA
in Fig. 5(f). The additional diffraction spots should correspond to
0-Fe;C cementite on the basis of chemical composition, tempering
temperature and tempering time. Moreover, some of diffraction pat-
terns are consistent with the TEM observations made in the case of
0-Fe;C cementite, as reported previously.”*

FIG. 4. Bright-field TEM images and
corresponding SAED patterns of the
quenched specimen after tempering at
(a-c) 200 °C and (d-f) 400 °C.

AIP Advances 9, 045219 (2019); doi: 10.1063/1.5091847 9, 045219-4
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IV. DISCUSSION

We have carried out a detailed electron diffraction analysis to
confirm the formation of 6-Fe;C cementite and determine its orien-
tation relationship (OR) with ferrite (a-Fe), as shown in Fig. 5. The
lattice parameter of ferrite is a = 0.28665 nm, with the space group
of Im3m (No. 229).”” The 0-Fe;C cementite phase has a complex
orthorhombic structure with 12 iron atoms and 4 carbon atoms in
one unit cell, which belongs to the space group of Pnma (No.62). The
detailed structural information of the cementite phase is presented
in Table 1.7%%

Figs. 6(a—d) present the calculated electron diffraction pat-
terns of a-Fe along [112]q-Fe, [011]a-Fe> [111]a-Fe, and [131]are ZAs,
respectively. Fig. 6(e) shows the calculated diffraction pattern of
8-Fe;C cementite along [013]g ZA. The distance between (031)q
and (631)g diffraction spots in Fig. 6(e) are nearly the same as the
distance between (110)q.re and (132)q.re spots in Fig. 6(a). In addi-
tion, five equally spaced diffraction spots between (031)g and (631)g
spots are shown in Fig. 6(e). Figs. 6(a) and 6(e) confirm that the
position of (200)g diffraction spot, belonging to cementite phase,
overlaps with 2/6 (222) e spot in Fig. 5(b). However, 1/6, 3/6 and

scitation.org/journal/adv

FIG. 5. (a) Bright-field TEM image of the
tempered specimen; (b) SAED pattern
taken along [112].re ZA from the cir-
cle outlined in (a); (c) and (d) dark-field
TEM images obtained from the diffrac-
tion spots “c” and “d” in (b); and (e-g)
SAED patterns along [011].-re, [111]uFe,
and [131],.re ZAs by tilting from [112] e,
respectively.

5/6 (222)a.re spots in Fig. 5(b) cannot be simulated only from the
diffraction spots of 0-Fe;C cementite, which arise due to double
diffraction between 6-Fe;C cementite and a-Fe. In an experimen-
tal diffraction situation, the diffracted beam from a-Fe can act as
the incident beam in cementite, resulting in double diffraction.””"
If (110) diffraction beam from a-Fe becomes the incident beam
in cementite, the diffraction spots from cementite should combine
and form an extra [110]}_p, reciprocal vector.””" Therefore, the
diffraction spots between (031)g and (631)g in Fig. 6(e) were located
between (000)q.re and (222)q.re in Fig. 6(i). Considering the exis-
tence of double diffraction, the calculated diffraction pattern of the
tempered martensite, shown in Fig. 6(i), matches well with TEM
results, which are presented in Fig. 5(b). The orientation relation-
ship (OR) between cementite and a-Fe in Fig. 5(b) can be indexed
as [013)g//[112]a-pes (100)g//(111)q.Fe, and (031)g//(110)ope. Other
SAED patterns, given in Figs. 5(e-g), can be simulated and explained
by using the same logic, as shown in Figs. 6(j-1). The observed
ORs (Fig. 5) are summarized in Table II, including Bagaryatsky
OR” and Isaichev OR.”” The small difference between Bagary-
atsky and Isaichev ORs is indistinguishable in the TEM SAED
patterns.”’

TABLE . Lattice parameters and structural information of the cementite phase.?*%?
Orthorhombic Fe;C a(nm) b(nm) c(nm) Fe-site C-site
0-FesC 0.5092 0.6741 0.4527 0.03881, 1/4, 0.84222; 0.87642, 1/4,

0.18347, 0.06897, 0.33448 0.44262
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Due to the limitation of TEM tilting, if one ZA is observed,
other ZAs will be confirmed during tilting of ferrite, such as [011]q-re
in <110>.fe, and cementite. The calculated pole diagrams of a-Fe
and cementite are shown in Fig. 7 to validate ORs summarized in
Table II. Figs. 7(a) and 7(b) show the pole diagrams taken along
the [112]q.re and [013]g direction-couple in Table II, whereas other
direction-couples are marked in the pole diagrams. It is obvious that
direction-couples match well with each other, except at very small
angle differences. The above analysis confirmed that the 8-Fe;C
cementite formed during tempering and ORs indexed in Table II
are reasonable.

The w-Fe forms directly from face-centered cubic (fcc) austen-
ite, and 12 w-Fe variants could from at the same time by atomic
shuffling or displacement.”” During the transition of fcc to bec, the
w-Fe can be treated as an intermediate stage’’ and assists in the
formation of the bee {112}<111>-type twin.” Simultaneously, the

twinning boundary structure is also necessary to stabilize the w-
Fe(C) phase.” The w-Fe phase is distributed at the twin bound-
ary region as fine particles and the unit cell of the hexagonal
w-Fe phase has three iron atoms.'"”'” The theoretical calcula-
tion results have confirmed that carbon atoms can remain in the
octahedral interstitial sites of w-Fe particles.””" After the addi-
tion of a carbon atom, the unit cell of w-Fe phase exhibits the
chemical composition of Fe;C. The energy barrier for w-Fe(C)
to 0-Fe3;C transformation is quite small,”’ while the twin bound-
aries in martensite are suggested as the potent nucleation sites for
carbides and cementite formation during tempering.””’ There-
fore, w-Fe particles with carbon atoms transformed into 6-FesC
cementite particles during tempering. In addition, the diffraction
spots from the « phase, located at 1/3 and 2/3 (211)q.re posi-
tions, overlapped with those from cementite during tempering,
which implies that the ORs between newly generated cementite and

TABLE II. Orientation relationships (ORs) from TEM observations (Fig. 5).

Fig. 5(b) Fig. 5(e) Fig. 5(f) Fig. 5(g)

[013]9//[11%]a-l:e [001]9//[0_11]0-Fe [il?’]e//[_lll]a-l:e [102]9//[1?’1]0-&
(10(_))9//(1-11) a-Fe (220)9//(01-1) a-Fe ((_)3!)9//(1-10) a-Fe ((_)1(_))9//(211-) a-Fe
(031)//(110) q-Fe (010)p//(211) q-Fe (121)p//(211) q-Fe (211)p//(101) q-Fe
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ferrite in tempered specimens can be related to w-Fe to cementite
transformation.

V. CONCLUSIONS

In summary, we have carried out detailed TEM and electron
diffraction analysis of carbides formation in quenched and tem-
pered high carbon steels. The diffraction spots, corresponding to
0-Fes;C cementite, appeared at 1/6, 2/6, 3/6,4/6 and 5/6 (222)a-re and
(211)a-re positions along [112]q.re and [011]qre zone axes during
martensite tempering, whereas diffraction spots from the w-Fe phase
are located at 1/3 and 2/3 (211)4.re positions in martensite. The
w-Fe particles were observed at twin boundaries, which can be con-
sidered as a precursor for cementite and transformed into 8-Fe;C
cementite during tempering. Furthermore, orientation relationships
between cementite and ferrite in the tempered specimen were
indexed as [013]g//[112] o e, [001]9//[011]a-re, [113]9//[111]q.Fe and
[102]g//[131]a-re. The observed orientation relationships between
cementite and ferrite are related to the transformation of w-Fe phase
to 6-Fe;C cementite.
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