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Abstract. The authors investigated the patterns of fracture during impact bending tests and determined the values of impact strength and temperature
of the ductile-brittle transition in temperature range from —196 to 100 °C of heat-resistant 12 % chromium ferritic-martensitic steel EP-823 in struc-
tural states after traditional heat (THT) and high-temperature thermomechanical (HTMT) treatments. After THT, temperature of the ductile-brittle
transition T is approximately —45 °C, after HTMT — approximately —40 °C. At these temperatures, the impact energy (KCV) after THT is approxi-
mately 36 J/cm?, after HTMT — 32 J/em?. Fractographic studies conducted by scanning electron microscopy of the fracture features of impact steel
samples after two treatments (THT and HTMT) in the low-temperature test area (at cryogenic temperatures) showed a predominantly brittle nature
of fracture, while fracture occurs by the mechanism of a transcrystalline quasi-cleavage. In the temperature range of the ductile-brittle transition,
a mixed nature of fracture is observed, which passes through the mechanism of a transcrystalline quasi-cleavage with elements of ductile dimple
fracture. In the temperature range from 50 to 100 °C, the extremely ductile nature of the fracture was detected, realized by the transcrystalline dimple
fracture mechanism. After HTMT, there is a slight decrease (relative to THT) in the steel impact strength in almost the entire temperature range under
consideration and, accordingly, an increase in the temperature of its ductile-brittle transition. This is due to the tests” geometry, in which the direction
of impact occurs in the plane of the layered structure, and it facilitates the formation of delamination cracks.
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YOAPHAA BA3KOCTb U OCOBEHHOCTU PA3PYLUEHMUA
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B TEMMNEPATYPHOM MHTEPBAJE OT -196 0 100 °C

K. B. Cnupugonosa' ®, U. 10. lutosuyenko?!, H. A. [losrexunal,

B. B. Ocunoga?, C. A. Akky3un?!, B. M. YepHog?

MucrutyT usuKku npoynocTu 1 marepuasiosenenus Cudupcekoro oraenenus PAH (Poccus, 634055, Tomck, p. AkageMudec-
Kuii, 2/4)

2 HauuoHaIbHbIH HecseaoBaTebekuii ToMcekuii rocynapersennsiii yuusepeurer (Poccns, 634050, Tomck, nip. Jlenuna, 36)

3 AO «BBICOKOTEXHOIOTHYIECKHIT HAYIHO-HCCIIE0BATEIbCKAI HHCTUTYT HEOPraHUYECKHX MAaTepHaioB uM. akal. A.A. Bousa-
pa» (Poccusi, 123098, Mockga, yin. Porosa, Sa)

&3 almaevakv@ispms.ru

AHHomayusa. B Hactosme# paGoTe McCleIOBaHBI 3aKOHOMEPHOCTH PA3pyIICHHS IIPU UCIBITAHUAX HA YHApHBIH U3THO, ONpelNeieHbl 3HAYCHUS

VIApHOH BSI3KOCTH M TEeMIleparypa BsI3KO-XPYIIKOTO Tepexoia B TemreparypHoMm uHTepBasie oT —196 mo 100 °C sxaponpounoit 12 %-Hoit
XpOMHUCTOH (heppuTHO-MapTeHCHTHOW cTanu JI1-823 B CTPYKTYPHBIX COCTOSHHAX MOCIe TpaauiuoHHoil Tepmudeckoii (TTO) u BricokoTeMIIEpa-
TypHo# TepMomexanneckoii (BTMO) o6pabotoxk. [Tocie TTO Temneparypa Basko-xpymnkoro nepexoza I, cocTapiseT npubnusurensho —45 °C,
nociie BTMO — npuGnusurensuo —40 °C. Tlpu stux Temneparypax sneprus yaapa (KCV) nocie TTO cocrasisier npubnusurensto 36 Jhx/cm?,
nocie BTMO — 32 Jl/cm?. TIpoBeieHHbIE METOZIOM PACTPOBOIi BJIEKTPOHHOI MUKPOCKONUH (paKTorpapuuecKue UCCIe0BaHUs 0COOEHHOCTEMH
paspymieHus yrapHeix o0pasios craiau nocie asyx oopadorok (TTO u BTMO) B Hu3koTeMIepaTypHO# 001acT UCIIBITAHUI (IIPH KPHOTEHHBIX
TeMIepaTypax) MOKa3aau MPEeMMYIIECTBEHHO XPYIKUH XapakTep pa3pylleHus, TP TOM pa3pyIIeHHue IPOMCXOIHUT 110 MEXaHU3MY TPAaHCKpUCTal-
JIUTHOTO KBa3UCKoIa. B o6macTu Temmeparyp BA3KO-XPYIIKOTo IIepexoa HabIiogaeTcsl CMEIIaHHBII XapaKTep pa3pyLIeHHUs, KOTOPBIH IPOXOIUT 110
MEXaHU3MYy TPaHCKPHUCTAJUIMTHOTO KBAa3KMCKOJIA C 3JIEMEHTAMHM BS3KOTO SSIMOYHOTO paspyueHus. B nateppaie temmneparyp ot 50 go 100 °C obOHa-
PyXKEH IPEUMYIIECTBCHHO BA3KHI XapaKTep pa3pyIICHHs, peaan3yeMblii 0 TPaHCKPHUCTALIUTHOMY SIMOYHOMY MeXaHH3My paspymeHus. [locae
BTMO nabmronaercs He3HauuTeIbHOE CHIbKeHHE (oTHOcHTenbHO TTO) ynapHoit BA3KOCTH CTaIN NPAKTHYECKH BO BCEM PACCMaTPUBAEMOM TeMIIe-
paTypHOM AHAIa30HE U, COOTBETCTBEHHO, IIOBBIICHHE TEMIIEPATyPHI €€ BA3KO-XPYIIKOTO Iepexona. DTo 00yCIOBICHO reOMeTpUel HCIBITaHHUIA,

IPH KOTOPOH HAIPaBICHHE yaapa MIPOUCXOANUT B INIOCKOCTH CIIOUCTON CTPYKTYPBI, YTO OOJIEr4acT 3aposkICHHE TPEIIMH PACCIOCHYIS.

Kawuesvle cnosa: dpepputHo-mapreHcuTHas ctanb DI1-823, MUKPOCTPYKTYpa, yAapHbIe UCIIBITAHKS, YAapHas BSI3KOCTh, TEMIIEPATypa BI3KO-XPYIKOTO

nepexoza, 0COOEHHOCTH Pa3pyICHHS
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nenuss PAH, tema Homep FWRW-2021-0008. MccnenoBanus BBITONIHEHBI ¢ HCIIOIb30BaHUEM 000PYIOBAHHS IEHTPA KOJUIEKTUBHOTO MOJIB30BAHUS
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- INTRODUCTION

In recent decades, ferritic-martensitic steels contain-
ing 9 — 12 % chromium have been considered as struc-
tural materials for next-generation reactors [1 — 6]. Stu-
dies [7 — 10] on this class of steels have shown that they
exhibit a combination of favorable mechanical proper-
ties, high creep resistance, corrosion resistance, thermal
conductivity, resistance to radiation-induced swelling,
and relatively low thermal expansion compared to pre-
viously used austenitic steels [11 — 15].

The key challenges in the development of ferritic-
martensitic steels are improving their high-temperature
strength above 600 °C and reducing their susceptibi-
lity to low-temperature embrittlement. Special attention
is given to the phenomenon of cold brittleness in these
steels, as body-centered cubic (BCC) metals transition
from a high-energy ductile fracture mode to a low-energy
brittle fracture mode via quasi-cleavage as the test tem-

perature decreases [16; 17]. This transition is associa-
ted with the ductile-brittle transition temperature (7, ).
Moreover, under operating conditions, radiation exposure
can lead to a reduction in fracture toughness and a shift
of T, to higher temperatures (300 —400 °C) [17; 18],
increasing the risk of premature structural failure. There-
fore, developing methods to mitigate embrittlement and
enhance the material’s resistance to low temperatures
remains a critical research objective.

One of the Russian representatives of the ferritic-
martensitic steel class with 12 % chromium is EP-823
steel (Fe—12Cr—Mo—-Nb—W-V-B) [8]. This steel has
been studied after different treatment methods, inclu-
ding traditional heat treatment (THT) and high-tempe-
rature thermomechanical treatment (HTMT) [8; 12; 19].
According to [8], HTMT enhances the strength and plastic
properties of EP-823 steel over a wide temperature range
(from =70 to 720 °C) compared to THT. The improvement
in mechanical properties after HTMT is correlated with
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the following microstructural changes: a 1.5 — 2.0-fold
reduction in the average size of martensitic blocks
and ferritic grains; a threefold decrease in the aver-
age size of martensitic lamellae; an increase in disloca-
tion density to (3 —6):10'° cm™ in the ferrite phase and
to (6 — 9)-10'° cm™ in the martensite phase; and a 1.5-fold
increase in the volume fraction of nanoscale MeX-type
particles (Me = Nb, Mo; X = C, N) compared to THT [8].
It is important to note that, regardless of the treatment
method, the primary hardening mechanisms of EP-823
steel include: dispersion hardening by nanoscale MeX
carbonitrides via the Orowan mechanism; grain boun-
dary hardening due to martensitic block boundaries and
ferrite grain boundaries; and substructural hardening
due to low-angle boundaries of martensitic lamellae and
an increased dislocation density [19].

Itis well known that the strength, plasticity, and impact
properties of a material are interrelated. The mechanical
properties of EP-823 steel under tensile testing conditions
have been sufficiently studied [8]; however, the effect
of processing regimes on its impact properties has not
been previously investigated.

It is worth noting that when examining samples
after hot rolling (specifically, those cut perpendicular
to the rolling plane), a layered structure is observed
(referred to in international literature as a “pancake struc-
ture”) [8; 15; 20 —22]. This structure is characterized
by areduction in the effective grain size. It has been shown
that this structural feature has a positive effect on impact
toughness and the ductile-brittle transition temperature
when the impact direction is perpendicular to the layers
and, in particular cases, to the rolling plane, due to crack
arrest within the layered structure [15; 20 — 22].

To investigate the effect of low-temperature embrittle-
ment, Charpy impact tests were conducted in this study
on 12 % chromium ferritic-martensitic EP-823 steel in
structural states after THT and HTMT.

] MATERIALS AND METHODS

EP-823 steel has the following chemical compo-
sition (wt. %): C0.14; Cr 11.56; Mn 0.58; Mo 0.74;
Nb 0.40; V 0.34; W 0.68; Ni0.68; N 0.03; Sil.09;
Ce 0.10; T1 0.01; B 0.006; Al 0.02; with iron as the ba-
lance [8; 10; 12; 19]. The processing schemes are as fol-
lows:

* THT consisted of heating to 7= 1100 °C, holding
for 1 h, air quenching, and tempering at 7= 720 °C for
3 h;

* HTMT involved austenitization at 7= 1100 °C for
1 h, followed by hot plastic deformation via rolling in
the austenitic region to € = 50 % in a single pass, with
subsequent water quenching. After deformation, the steel
was tempered at 7= 720 °C for 1 h [8; 12; 15; 19].
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Fig. 1. Scheme of cutting samples for impact tests:
ND — direction normal to the rolling plane; RD — rolling direction;
TD — transverse direction

V- notch

Puc. 1. Cxema BbIpe3anus 00pa3ioB UL UCIIBITAHUI Ha yjap:
ND — HanpaBiieHne HopMalu K TNIOCKOCTH MTPOKATKH;
RD — nanpasnenue npoxarku; TD — nonepedynoe HanpasiieHHne

Impact toughness tests were carried out on an auto-
mated Instron 450MP pendulum impact tester using
V-notched Charpy samples in structural states after
THT and HTMT over a temperature range from —196
to 100 °C. According to GOST 9454-78, the sample
dimensions were 55.0x2.0x8.0 mm, with a notch depth
of 2.0 mm. Samples after HTMT were cut according
to the designated scheme (Fig. 1), and the pendulum
impact was applied in the transverse direction (TD).
Cooling was performed in a KO-70 metal sample cool-
ing chamber for 10 min immediately before testing. The
testing time for cooled samples did not exceed 5 s. At test
temperatures of 50—100 °C, the samples were addition-
ally preheated. The impact toughness values were avera-
ged based on the test results of at least three identical
samples. The variation in the obtained impact toughness
values did not exceed £5 %.

The temperature dependence of impact toughness
KCV(T) exhibits two plateaus: the upper plateau KCV,
and the lower plateau KCV,_. . The ductile-brittle tran-
sition temperature (7, ) is defined as the average value

between KCV_ and KCV . .

Fractographic analysis of the fracture surfaces
of the tested steel samples was conducted using scan-
ning electron microscopy with an Apreo 2S microscope.
Additionally, in accordance with ASTM E23-05, the rates
of brittle and ductile fracture components in EP-823 steel
were calculated across the entire investigated tempera-
ture range, and the brittle transition temperature 7, was
determined, corresponding to the temperature at which
the rate of brittle fracture reaches 50 %).

B ResuLts

The results of Charpy impact tests for EP-823 steel in
structural states after THT and HTMT over a temperature
range from —196 to 100 °C are presented in Fig. 2.

At elevated temperatures, the maximum impact tough-
ness values are observed in EP-823 steel samples after
both treatment methods. Specifically, the upper plateau
energy (at 7'= 50 — 100 °C) is approximately 65 J/cm? for
THT-treated steel and 60 J/cm? for HTMT-treated steel.
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Fig. 2. Temperature dependences of EP-823 steel after THT (/) and HTMT (2) in the temperature range from —196 to 100 °C:
a — impact strength; b — brittle fracture rate

Puc. 2. Temnieparypusie 3aBucumoctu ctanu DI1-823 mocne TTO (/) u BTMO (2) B untepsaie Temneparyp ot —196 1o 100 °C:
a — ynapHast BI3KOCTb; b — JI0JIsl XPYIIKOTO pa3pyIIeHUst

As the test temperature decreases, the impact toughness
declines, reaching approximately 7.7 J/cm? at cryogenic
temperatures (7 =-196 °C) for both treatments. Across
almost the entire investigated temperature range (except
at 7=-196 °C), the KCV values of steel after THT are
higher than those obtained after HTMT.

The ductile-brittle transition temperature of EP-823
steel after THT and HTMT is —45 and —40 °C, respec-
tively, with KCV values of approximately 36 and 32 J/cm?,
respectively.

To establish a correlation between impact toughness
values and fracture mechanisms, fractographic studies
were conducted on EP-823 steel samples after impact

tests in structural states following THT and HTMT, with
fractures occurring within the temperature range of —196
to 100 °C. It is important to note that, after both treat-
ments, the fractographic features and fracture mecha-
nisms of EP-823 steel are qualitatively similar.

At a test temperature of —196 °C, after both treatment
modes, the unstable crack propagation zone occupies
the entire fracture surface. At this temperature, the frac-
ture occurs by the transcrystalline (brittle) quasi-cleavage
mechanism, with no ductile fracture regions observed
(Fig. 3). The fracture surface exhibits quasi-cleavage
facets, differing in size, shape, and orientation. A river
-like pattern is frequently observed. The average facet

Fig. 3. SEM fractographic images of steel samples after impact tests at —196 °C after THT (a, b) and after HTMT (c, d)

Puc. 3. ®paxrorpadudeckre n300paxeHus 00pa3LoB CTAIH IOCIC YIapHbIX HcnbITaHuil npu —196 °C,
noiy4deHHsie metogoM POM, mocne TTO (a, b) u nociae BTMO (¢, d)
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width ranges from 3 to 7 pum, and additionally, narrow
elongated facets approximately 10 um in length are pre-
sent on the fracture surface.

At test temperatures near 7, , the unstable crack pro-
pagation zone is significantly reduced compared to that
at lower temperatures. In this zone, the fracture exhi-
bits a mixed character, occurring through a combination
of the transcrystalline quasi-cleavage mechanism and
ductile dimple fracture elements (Fig. 4). Within the tem-
perature range of —70 to 22 °C, multiple delamination
microcracks are observed in HTMT-treated samples,

propagating in the direction of the pendulum impact.
These microcracks can reach lengths of up to 500 pm,
with their widths not exceeding 0.2 um. In contrast, THT-
treated samples display only isolated cracks, oriented
perpendicular to the fracture plane.

At the upper plateau of the impact toughness curve,
the fracture occurs predominantly through the duc-
tile transcrystalline dimple fracture mechanism, which
involves the nucleation, growth, and coalescence
of micropores. The average dimple size ranges from 1
to 5 um, with some dimples reaching up to 10 pm in size

Fig. 4. SEM fractographic images of steel samples after impact tests at — 50 °C, after THT (a, b) and after HTMT (c, d)

Puc. 4. dpaxrorpadudaeckue n300paxeHs 00pa3LoB CTAIH II0CIE YIAPHBIX HCIBITaHu Ipu Temneparype —50 °C,
noryueHHsie meroyioM POM, nocie TTO (a, b) n nociie BTMO (c, d)

Fig. 5. SEM fractographic images of steel samples after impact tests at 100 °C, after THT (a, b) and after HTMT (c, d)

Puc. 5. ®paxrorpaduueckie n300paxeHus 00pasLoB CTaly HociIe yrapHbIX ucnbitanuii npu 100 °C,
nony4eHHbie MmetogoM POM, nocne TTO (a, b) u mocae BTMO (¢, d)
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(Fig. 5). Non-metallic inclusions are commonly found
at the bottom of the dimples, while delamination cracks
are absent at these elevated temperatures.

Fig. 2, b shows the brittle fracture fraction across
the temperature range from —196 to 100 °C, based on frac-
tographic analysis. The 7 temperature, where the brittle
fracture fraction reaches 50 %, is —9 °C for THT-treated
EP-823 steel and —22 °C for HTMT-treated steel. These
findings suggest that the transition in fracture mechanism
occurs at higher temperatures in THT-treated steel com-
pared to HTMT-treated steel.

[l DiSCUSSION OF THE RESULTS

After HTMT, a slight decrease in impact toughness
and an increase in T, are observed compared to THT
(Fig. 2, a). This behavior is clearly related to the micro-
structural features of the steel formed as a result of HTMT.
It has been shown [8] hat in EP-823 steel after THT,
the microstructure consists of equiaxed prior-austenite
grains containing martensitic blocks and lamellae. After
HTMT, the prior-austenite grains and martensitic blocks
become elongated in the rolling plane, with a reduc-
tion in their average cross-sectional size. Fig. 6 presents
EBSD images of the microstructure (the EBSD method
using SEM is described in detail in [8]) of EP-823 steel
in a section parallel to the rolling plane (Fig. 6, a) and
in a section perpendicular to the rolling plane (Fig. 6, b),
along with a schematic representation of the microstruc-
ture indicating the direction of the pendulum impact used
in this study. Notably, after HTMT, the average grain size
in the transverse section (Fig. 6, ) decreases by a factor
of 2.2 (d = 1.4 pm) compared to the corresponding value
after THT (d = 3.1 um) [8].

Numerous studies [20 — 23] have reported that reduc-
ing grain size leads to an increase in impact toughness.
The formation of a high density of grain boundaries
helps to retard quasi-cleavage crack propagation, thereby
enhancing the material’s toughness.

Another critical factor influencing impact tough-
ness and T, , is the test geometry relative to the laye-
red structure formed during HTMT. When the impact
direction is perpendicular to the layers (i.e., the rolling
plane), the layered structure acts as a crack — arrester,
inhibiting the propagation of the main crack and promo-
ting the formation of secondary cracks along the layers
(crack — arrester — type  delamination) [20; 24 — 26].
This mechanism results in an increase in impact tough-
ness and a decrease in 7, . Conversely, when the impact
is applied along the layers, the crack propagates in
a crack — divider, where the main crack splits mode
(crack — divider — type delamination), leading to rela-
tively low fracture toughness values [20 — 22; 24 — 26].

— /
Impact
ND direction
RD
TD

=/

Fig. 6. Microstructure of EP-823 steel after HTMT,
obtained by the SEM EBSD method:
a and b — in a section parallel and perpendicular to the rolling plane;
¢ —scheme of a sample for impact tests with illustrated layered structure

Puc. 6. Muxpoctpyxrypa cranu O11-823 nocie BTMO,
nosyuerHasi merogom POM EBSD:
au b — B cedeHnH, NapaiebHOM U TIEPHSHANKYIIPHOM MIIOCKOCTH
MPOKATKH; ¢ — CXeMa 00pas1ia Julsl yAapHbIX UCIIBITAHUN C TIPOMILITIO-
CTPUPOBAHHOM CIIONCTON CTPYKTYpOi
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In the present case, the impact toughness of EP-823
steel after HTMT is determined by the interaction of two
competing factors: the reduction in grain size compared
to THT may contribute to an increase in impact toughness,
while the formation of delamination cracks in the direc-
tion of the pendulum impact, parallel to the layered struc-
ture, tends to reduce it. The predominance of the second
factor results in a slight reduction in impact toughness
after HTMT and an increase in 7 compared to THT
(Fig. 2, a).

Thus, despite the anisotropy of the microstructure
formed after HTMT, the steel demonstrates satisfactory
impact toughness under the selected unfavorable impact
test geometry.

- CONCLUSIONS

Based on Charpy impact tests conducted on EP-823
steel in structural states after THT and HTMT over
the temperature range of —196 to 100 °C, the impact
and the ductile-brittle transition temperature were deter-
mined. The results showed that after THT, 7, =45 °C
with KCV =36 J/cm?, while after HTMT, T, ~—40 °C,
KCV =32 J/cm?.

Fractographic analysis using scanning electron
microscopy revealed that in the low-temperature region
(T =-196 °C), the steel exhibited a predominantly brittle
fracture mode characterized by the transcrystalline quasi-
cleavage mechanism. In the ductile-brittle transition
region (7=-70 to 20 °C), a mixed fracture mode was
observed, while at higher temperatures (50 — 100 °C),
the fracture demonstrated a predominantly ductile cha-
racter.

The slight reduction in impact toughness and
the increase in T, observed after HTMT, compared
to THT, are attributed to the formation of multiple
delamination cracks under the specific impact test geom-
etry, where the impact direction is parallel to the planes

of the layered structure.

Regardless of the treatment method (THT or HTMT),
the investigated EP-823 steel demonstrates sufficiently
low T, values and satisfactory impact toughness, even
under unfavorable impact test conditions.
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