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Warm rolling at 473 K with total reductions up to 65% significantly strengthened a 304 L austenitic stainless
steel. The tensile strength at room temperature increased from 600 MPa to 1040 MPa. Qutstanding mechanical
properties of the warm rolled steel were observed at 77 K, when the ultimate tensile strength of 1830 MPa and
a fracture elongation of 39% were achieved. Moreover, the warm rolled steel exhibited high impact toughness,
especially, at eryogenic temperature that was attributed to the crack branching crosswise to the principal erack

Currently, there is a need for structural materials that can be used
in cryogenic applications. In addition to strength and ductility, such
materials must have sufficient toughness at cryogenic temperatures.
Austenitic steels are an attractive material for cryogenic applications
because they are commonly characterized by high impact toughness, ex-
cellent plasticity and good corrosion resistance [1]. Moreover, austenitic
stainless steels are very susceptible to strain hardening. Therefore, de-
sired level of strength in such materials can be easily obtained by cold
to warm working. On the other hand impact toughness and plasticity of
the work hardened steels may significantly degrade at very low temper-
atures [2,3]. The deformation and impact behavior at cryogenic tem-
peratures of austenitic stainless steels subjected to cold to warm work-
ing have not been studied in sufficient detail. An outstanding toughness
and plasticity of austenitic steels with low stacking fault energy (SFE)
at room temperature is commonly attributed to the twinning-induced
plasticity (TWIP) and transformation-induced plasticity {TRIP) effects
[3]. The enhanced strength-ductility properties of a 304 L stainless
steel at liquid nitrogen temperature have been attributed to pronounced
Luders-type deformation leading to local dislocation accumulation and
strengthening [4]. However, the multiple deformation twinning may
lead to twinning-assisted cracking and, hence, impair plasticity at low
temperatures [5]. Regarding the TRIP effect on plasticity and toughness
of low-SFE metastable austenitic steels at cryogenic temperatures, this
interesting phenomenon deserves further clarification. Commonly, the
strain-induced martensitic transformation and corresponding strength-
ening are promoted by a decrease in deformation temperature [6,7]. The
grain refinement has been discussed to increase the austenite stability
against the strain-induced martensitic transformation, although oppo-
site effect has been reportedly occurred in the ultrafine grained range
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[6]. The deformation-induced martensitic transformation has been ex-
perimentally shown to decrease the low-temperature toughness [&]. In
contrast, studying by means of theoretical modeling [2] or model ma-
terials [10], a positive effect of the martensitic transformation on the
impact behavior owing to expanding the plastic zone ahead of the crack
has been suggested. Such debates are consequence of a lack of adequate
experimental results. The present study is, therefore, aimed to experi-
mentally clarify the work-hardening effect on the tensile behavior and
the impact toughness of an austenitic stainless steel at 77 K.

A 304 L austenitic stainless steel with the chemical composition of
Fe-0.05%C-18.2%Cr-8.8%Ni-1.65%Mn-0.43%8i-0.05%P-0.04%48 (all in
wit%) was investigated. The ingot was forged at 1373 K to square bar of
30 % 30 mm® cross section. The forged samples were subjected to plate
rolling at 473 K to reduction in thickness of 40% or 65%. The tensile
specimens with a cross-section of 3 % 1.5 mm?® and a gauge length of
12 mm were tensioned at 293 K and 77 K using an Instron 5882 testing
machine. The impact toughness was evaluated on standard Charpy V-
notch specimens using an Instron 450 J impact machine with an Instron
Dynatup Impulse data acquisition system at 293 K and 77 K. The im-
pact and tensile directions were parallel to the normal {(ND) and rolling
{RD) directions, respectively. The microstructures were observed using
Quanta 600 FEG scanning electron microscope (SEM) by means of the
electron backscatter diffraction {EBSD) method close to the fracture sur-
face. The fractured surfaces of the Charpy impact specimens were ob-
served using Nova Nanosem 450 SEM. Besides EBSD, the fraction of
strain-induced martensite was measured by magnetic induction method
with Feritscope FMP30.

Hot forging resulted in the uniform microstructure with an average
grain size of 24 ym. The microstructure evolution during rolling at a
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Table 1
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The impact toughness (KCV), the yield strength (o, ,), the ultimate tensile strength (UTS), total elongation (6) and the martensite
fraction (Fy;) of a 304 L steel in initial state and subjected to rolling at 473 K to different reductions and tested at the indicated

temperatures.
Initial state Rolling reduction 40% Rolling reduction 65%
Trest =293 K Tiee =77 K Trest =293 K Tieg =TT K Trest =293 K T =77 K
KCV (J/cm?) 380 240 210 195 125 130
cp.0 (MPa) 220 385 770 800 970 1070
UTS (MPa) 600 1540 800 1680 1040 1830
& (%) 100 53 35 46 12 39
Fy in Charpy specimens (near fracture)  undefined 0.67 0.06 0.57 0.12 0.73
Fy in tensile specimens (neck zone) 0.19 0.36 0.25 0.45 0.28 0.47

] Austenite
I Martensite

I Martensite &=

Fig. 1. Microstructures (upper images) and phase distribution (down images)
in a 304 L steel subjected to warm rolling at 473 K with 40% (a) and 65%
(b) of rolling reduction. The black and white lines indicate ordinary high-angle
boundaries and X3 CSL boundaries, respectively. The inverse pole figures are
shown for the normal direction (ND).

temperature of 473 K was detailed elsewhere [11]. It can be stressed
here that the warm worked microstructures were characterized by nu-
merous deformation twins and microshear bands running at acute an-
gles to the rolling plane (Fig. 1). The spacing of high-angle grain bound-
aries substantially decreased with rolling reduction owing to increasing
the number density of microshear bands (indicated by white arrows in
Fig. 1). The mean transverse/longitudinal grain sizes were 1.4/3.0 ym
and 0.5/1.0 ym after rolling reductions of 40% and 65%, respectively
[11]. The martensitic transformation hardly developed in the steel dur-
ing rolling at 473 K to total reduction of 65%; the martensite fraction
did not exceed 3% [11]. The fine martensite crystallites occurred only
in microshear bands, which contained high dislocation density.

The steel samples are characterized by outstanding strain hardening
upon tensile tests in the initial hot forged conditions (Fig. 2a). A gradual
decrease in the strain hardening during the tensile test at 293 K results
in pronounced strengthening from 220 MPa (the yield strength, o 5)
to 600 MPa (the ultimate tensile strength, UTS) over a large uniform
elongation of approx. 100% (Table 1). On the other hand, following the
yield at 385 MPa, a sharp increase in the strain hardening in the range of
10-15% elongation leads to almost threefold increase in the stress dur-

ing the tensile test at 77 K, although a uniform elongation decreases to
about 50%. Nevertheless, pronounced strain hardening at 10-30% elon-
gation results in UTS of 1540 MPa. Such behavior has been attributed to
a rapid strain-induced martensitic transformation at lowered tempera-
tures [4,6]. In contrast, the warm rolled steel samples do not possess any
remarkable strain hardening upon tensile tests at 293 K (Fig. 2b and c);
thus, o, and UTS are quite close to each other (Table 1). An increase
in the warm rolling strain to 65% increases the tensile strength and de-
creases plasticity, especially, uniform elongation, which drops down to
few percent at 293 K. It is interesting that the warm rolled steel samples
exhibit exceptional strain hardening in the range of 15-20% elongation
upon tensile tests at 77 K that improves both the strength and plasticity
(Fig. 2b and c). UTS increases from 800 MPa to 1680 MPa and from
1040 MPa to 1830 MPa in the samples after 40% and 65% rolling re-
ductions, respectively, with a decrease in test temperature from 293 K
to 77 K; corresponding total elongation (6) increases from 35% to 46%
and from 12% to 39% (Table 1). As a result, the product of UTS X & of
about 80 GPa% in the initial state remains above 70 GPa% after warm
rolling. Such pronounced flexure on the stress-elongation curves at 77 K
was observed in steels exhibiting TWIP/TRIP effect [12]. The fraction
of strain-induced martensite in the specimens after tensile tests at 77 K
is well above 0.4 (Table 1). The microstructural mechanisms providing
this strength-ductility enhancement deserve more comprehensive inves-
tigation.

The load - displacement curves obtained during the impact tests are
shown in Fig. 2d and e, and the impact toughness is listed in Table 1.
The load gradually increases to its maximum (P,,) followed by slow de-
crease till complete fracture at a large displacement during the impact
test at 293 K of initial hot forged steel, leading to high impact toughness
of 380 J/cm?. It is worth noting that the displacement corresponding to
P, does not depend on test temperature. Significant strengthening of hot
forged steel is observed during impact test at 77 K, when the maximal
load is almost twice as the general yield, although the impact tough-
ness decreases to 240 J/cm? due to rapid fracture at relatively small
displacements. In contrast, almost the same values of impact toughness
are recorded in the warm rolled steels during impact tests at 293 K and
77 K. P, is attained at displacements of about 3.5 mm and 2.5 mm dur-
ing impact tests of steel subjected to 40% and 65% rolling reduction,
respectively, resulting in lower impact toughness of larger rolled steel.
The same impact toughness at 293 K and 77 K of the warm rolled steel
samples is associated with a specific flexure on the load-displacement
curves after P, during the tests at 77 K. This flexure suggests an appar-
ent crack arrest behavior that expands the region of stable crack prop-
agation, increasing the impact toughness. The stress at the notch root
can be expressed as follows [13].

o = BLP(2CB)"'w~2 )

where g = 2 for the Tresca criterion, L is the span of 40 mm, P is the load,
C is constraint factor of 1.363 for ASTM tip, B is the specimen thickness
of 10 mm and W of 8 mm is the rest of the specimen width ahead of the
notch. Assuming that maximal stresses at front of crack during the crack
propagation are constant and can be roughly evaluated by Eq. (1), the



M.V. Odnobokova, A. Belyakov, N.A. Enikeev et al.

1600 2000
....l
S8 o A
< 1200 02l = 18 .
o .l L b .l c.
3 . @ K 3
] 3 Initial state ® 1200 I Rolling
R 7 steasees®”  reduction 40%
(=] . o .
£ : £
@ o @
2 400 £ 400
2 — Tiea =293K 2 —— T, =293K
u eaees T =77K w seses T =77K
0 X T i T ~ T X T T 0 T ¥ T b T ¥ T ; T
0 20 40 60 80 100 0 10 20 30 40 50
Elongation, & (%) Elongation, & (%)
/ Z
40 (d) sesss  Rolling reduction 65% 40 (e) P essse  Rolling reduction 65%
35 4 =~ = Rolling reduction 40% 35 - / M p —— Rolling reduction 40%
P Initial state & i -—P Initial state
30 o: /{ \ A
s :
54 3 &\
=z = .
X~ = -:’ \
-7 ® 21 g A
S S N\
15 K
i I~
10 % \
] \
5 % \
. \\
0 * 1 1 .' 128 Z 52 § = §
0 2 4 6 8 10 12 14 30 0 2 4 6 8 10 12 14 16 18

Displacement, mm

Displacement, mm

2000

Materialia 23 (2022) 101460

s 1600 - %
o -
31200 1 Seeeres .
g : Rolling
@ reduction 65%
g’ 800
@
2
S 400 — T, =293K
w seses T, =77K
0 ———
0 10 20 30 40 50
Elongation, & (%)
10 - =
seeees  Rolling reduction 65%
9 (f) = — Rolling reduction 40%
Initial state
8 -
7
E o
£ 51 :
N *
3 4
2 4
14
0
0.0 05 1.0 15 2.0 25 3.0 3.5 4.0

Time, ms

Fig. 2. Tensile stress - elongation curves (a, b, ¢), impact load - displacement curves at 293 K (d) and 77 K (e), and crack propagation during impact tests at 77 K
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Fig. 3. Microstructures (upper images) and phase distributions (down images) in the Charpy specimens of a 304 L steel subjected to rolling at 473 K to reductions
of 40% (a, b) or 65% (c, d), and tested at 293 K (a, ¢) or 77 K (b, d). High-angle boundaries are indicated by black lines. The inverse pole figures are shown for the

normal direction
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Fig. 4. Ductile fracture surfaces in the Charpy V-notch specimens of a 304 L steel subjected to rolling at 473 K to reductions of 40% (a, b) or 65% (c, d), and tested

at 293 K (a, ¢) or 77 K (b, d).

rest of the specimen thickness ahead of crack during the impact tests
can be estimated as follows.

W; = (BLP)**(20CB) ™07 @

where P; is the current load behind P,,. The distance of crack propaga-
tion along the specimen thickness, i.e., W — W;, is represented in Fig. 2f
for the impact tests at 77 K. Almost the same rate of crack propagation
of about 8 m/s, except for the flexures associated with the crack arrest in
Fig. 2f, is indicative of the same fracture mechanisms in the specimens
tested at 77 K irrespective of previous work hardening.

The microstructures that evolve near the fracture surface of the
Charpy specimens are shown in Fig. 3. The microstructural changes
are characterized by the development of deformation microbands, num-
ber of which remarkably increases with a decrease in test temperature.
The strain-induced martensite readily develops along the deformation
microbands at 77 K. The fraction of strain-induced martensite is quite
small in the specimens tested at 293 K, although warm rolling promotes
the transformation (Table 1). On the other hand, the martensite frac-
tion is well above 0.5 in the specimens tested at 77 K (Table 1). The
fracture surfaces after impact tests are shown in Fig. 4. All fractures
are characterized by fine-dimpled surfaces, i.e., the fracture occurs in a
ductile manner. The small cracks running along the impact specimens
are clearly seen in the warm rolled samples after tests at 77 K (right
sides in Fig. 4b and d). These cracks are observed at a quarter of the
specimen thickness from the notch and are evidently responsible for the
crack arrest and the corresponding flexure at a level of approx. half of
P, on the load - displacement curves in Fig. 2e. The similar fracture
behavior, namely, delamination along the impact specimens that im-
proves the impact toughness, was observed in carbon steels subjected to
tempforming [14]. However, in contrast to tempforming, where delam-
ination was assisted by brittle fracture [15], the present samples exhibit
ductile fracture irrespective of the direction of crack propagation. The
crack arrest associated with the crack branching crosswise to the prin-
cipal crack propagation in the warm rolled samples can be attributed to
the microshear bands (Fig. 1) that contain high density of both disloca-
tions and grain/subgrain boundaries as well as fine martensite crystal-
lites favoring the micro-crack/void formation and crack propagation at
low temperatures [8,16,17].

In conclusion, warm rolling significantly increases the yield strength
at expense of remarkable degradation of plasticity and impact tough-
ness of a 304 L stainless steel at room temperature. On the other hand,
the work hardening by warm rolling is not accompanied by a decrease

in plasticity and impact toughness at cryogenic temperature. The value
of impact toughness at 77 K remains at a level of KCV values at 293 K.
This improvement of the impact toughness at low temperature is asso-
ciated with the crack branching, when the deviation of the main crack
propagation from the impact direction may reach 90°, i.e., crack arrest
behavior owing to specific pan-caked grain microstructure with micros-
hear bands involving the ultrafine austenite and martensite crystallites
with high dislocation densities in the warm rolled samples.
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