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Impact properties of high-nitrogen austenitic stainless steels

Zhizhong Yuan ∗, Qixun Dai, Xiaonong Cheng, Kangmin Chen, Wenwei Xu
School of Materials Science and Engineering, Jiangsu University, Zhenjiang, Jiangsu 212013, People’s Republic of China

Received 12 December 2006; received in revised form 9 April 2007; accepted 13 April 2007

bstract

The Charpy v notch (CVN) impact properties of two kinds of high-nitrogen austenitic stainless steels (HNASS), Fe–24Mn–13Cr–1Ni–0.44N
nd Fe–24Mn–18Cr–3Ni–0.62N, were investigated at different temperatures. Results show that with the increase of nitrogen concentration, the

bsorbed-in-fracture energy decreases rapidly; microstructures, such as peeled off layer and transgranular brittle fracture facet (TBFF) are the
eatures of brittle fracture of HNASSs when impacted at −190 ◦C. The transformation of fracture microstructures of them with the descending
emperatures was also proposed.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Technologies, such as superconducting, have greatly
dvanced the research of cryogenic structural materials. There
re some important requirements about this category of mate-
ials: (1) high yield strength; (2) superior toughness property
t low temperature; (3) antimagnetic; (4) stable austenitic
icrostructure. The main cryogenic structural material is

ustenitic stainless steels and it has received great attention
1–6]. The development of cryogenic material is from Cr–Ni
o Cr–Mn series steels because the Cr–Mn series steels have
etter combined properties of strength and toughness and most
f them are strengthened by nitrogen, which is cheap and most
ffective. It is well known that the strength of the steel is in direct
roportion to nitrogen content. Moreover, nitrogen can stabilize
ustenite but, at the same time, decrease the cryogenic toughness
7,8]. The toughness of high-nitrogen austenitic stainless steels
HNASS) at cryogenic temperatures is of great importance for
he application of this kind of structural materials. Therefore,
ffects of nitrogen on cryogenic toughness of austenitic stain-
ess steels have been intensively studied. Austenitic stainless
teels with about 0.2 wt.% nitrogen can occur ductile to brit-

le fracture transformation, which was also found in nitrogen
lloyed AISI304 steel by Di Schino et al. [9]. Tobler and Meyn
10] and Tomota et al. [11] discovered transgranular cleavage-
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ike fracture facet in Cr–Mn–N austenitic stainless steels, which
s a totally different fracture mechanism. But there are few
eports on the impact experiments at cryogenic temperatures
f HNASS of Fr–Cr–Mn–N series and nitrogen content higher
han 0.4 wt.%. Experiments on the materials of Fe–Mn–Cr–N
eries austenitic stainless steels with various nitrogen concen-
rations and impacted at different temperatures are necessary to
eveal the ductile to brittle transformation temperature (DBTT)
nd to build a mathematical model for engineering application.
herefore, in this article, we developed two kinds of HNASSs
ased on our previous research [12–14] and investigated their
mpact properties, fracture microstructures and mechanism. We
ound that the HNASS with nitrogen content as high as 0.62 wt.%
ecomes brittle at −100 ◦C, which means the nitrogen content
hould be carefully controlled to make an optimum combination
f yield strength and impact toughness.

. Experimental details

The materials tested in this experiment are
e–24Mn–13Cr–1Ni–0.44N and Fe–24Mn–18Cr–3Ni–0.62N,
hich are specified as 1# and 2#, respectively. The chemical

ompositions of them are shown in Table 1. They were
abricated in vacuum furnace and then forged into sheets of

6 mm in thickness. A solution treatment (1000 ◦C for 1 h,
ater cooling) was followed, which resulted in the austenitic

tructure. CVN samples were manufactured according to
B2106-80 (PR China) and tested in JBGD-300 impact test
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Table 1
Compositions of experimental materials (wt.%)

Materials C Mn Cr Ni Si N Fe
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# 0.050 24.62 13.18 0.10 0.57 0.44 Balance
# 0.051 24.22 18.03 3.23 0.61 0.62 Balance

achine at 15, −100 and −190 ◦C, respectively. At each
emperature, there are three samples for each kind of HNASS
nd the absorbed-in-fracture energy-Akv is the arithmetical
ean of three experimental values. Fracture microstructures
ere investigated by JX-840 scanning electron microscope

SEM). All figures were taken at the center of the fractures.

. Results and discussion

.1. Absorbed-in-fracture energy-Akv

Experimental values (e.v.) of Akv at different temperatures
re shown in Fig. 1. Moreover, based on the equations,

AKV (J) = A300
KV exp

{
−B

[
300 − T

300

]2
}

, A300
KV = f (Me),

B = f (Me)

eveloped by Cheng et al. [8], calculated values (c.v.) are also
pecified in Fig. 1. Given all allowable errors, the equation is
seful for engineering application and materials design with sat-
sfactory results. The yield strength at room temperature of 1# is
ower than that of 2#, which has been proved experimentally [7].
ut from Fig. 1, we can see that the impact toughness of 1# is bet-

er than that of 2#. The Akv results of 1# and 2# at −190 ◦C are the
ame, 14 J, which agrees with the results of ref. [15]. But the Akv
alues of 1# are much higher than those of 2# when experimental
emperature is −100 ◦C, which means that brittle fracture dom-
nates the 2# material from −190 to −100 ◦C. It can be deduced
hat the ductile to brittle transformation temperature (DBTT) is

ower than −100 ◦C for 1# but for 2#, higher than −100 ◦C. Both
he 1# and 2# are of ductile fracture with Akv of 301 and 246 J,
espectively, when they are impacted at 15 ◦C. Hanninen et al. [3]
rgued that nitrogen has a larger impact coefficient on Akv than

Fig. 1. The dependence of Akv on temperature.
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n, Ni and Cr, etc. And the impact toughness is very sensitive
o nitrogen concentration. In this experiment, the test materials
iffer much in nitrogen content. Therefore, the difference of Akv
etween 1# and 2# is mainly caused by the difference of nitrogen
oncentrations. Moreover, the nitrogen concentration should be
arefully controlled to avoid brittle fracture at low temperature.
oo et al. [16] found that low nitrogen content can improve

he impact toughness of austenitic stainless steels. Dai and Huo
15] studied the impact toughness of Fe–28Mn–13Cr–0.5–1Mo
ith different nitrogen contents at low temperature and results

how that there is an optimum impact toughness when nitrogen
ontent is 0.32 wt.%. Therefore, it is not advisable to have too
uch nitrogen content. There must be a tradeoff between yield

trength and impact toughness for the engineering application.

.2. Microstructures

Fractographs of both 1# and 2# impacted at different tem-
eratures are shown in Fig. 2. Fig. 2a and b are fractures of 1#
nd 2# at 15 ◦C, respectively. They are both full of ductile cav-
ties, which are typical microstructures of ductile fracture. But
or 1#, most ductile cavities are stretched. While for 2#, most of
hem are equiaxial. For 1# and 2# impacted at −100 ◦C, so called
ransgranular brittle fracture facets (TBFF) [15] appear but most
f them are surrounded by ductile cavities (Fig. 2c and d, respec-
ively). At −100 ◦C, most of TBFFs are located at the bottom of
he ductile cavities, which indicates that they are at the stage of
ransformation from ductile fracture to brittle fracture. We can
lso find that TBFF has larger percentage of area in 2# than in
#, which means that 2# is more brittle than 1# and this result
s consistent with the Akv results. At −100 ◦C, the difference of
xperimental Akv between 1# and 2# is about 150 J. And for 2#,
he low Akv means it become brittle at this temperature. Fig. 2e
nd f are fractographs at −190 ◦C of 1# and 2#, respectively,
hich are full of TBFFs. Both of them are brittle fractures.
Some special microstructure features are shown in Fig. 3.

uasi-equilateral triangle formed by crossed slip lines on frac-
ure facet is shown in Fig. 3a, which are the characteristic of slip
ystem on {1 1 1}� [16–18] and discovered in fractures of both
# and 2# at temperatures lower than −100 ◦C. In Fig. 3b, the
arallel slip lines cross several slip planes, which is typical for
BFF of both 1# and 2#. Fig. 3c is twin crystal with slip lines

n 2#, which is not seen in 1#. Twinning is one of the deforma-
ion modes other than slipping and seldom appears in austenitic
tructures unless the material has poor plasticity and under large
tress concentration. Therefore, the twinning grains are common
n 2# impacted at −190 ◦C. Peeled off layers is shown in Fig. 3d,
hich can been found in both materials impacted at −190 ◦C.

f compared with those impacted at −100 ◦C, fractographs at
190 ◦C for both 1# and 2# are featured by TBFFs with larger

rea, peeled off layers, and closer spaced slip lines. The latter is
aused by stress concentration, which is resulted from the syn-
hetic effects of high nitrogen content and the low temperature.

n a word, the transformation of fracture microstructures of both
# and 2# with the decrease of temperature is illustrated in Fig. 4.

The peeled off layer has special reason for its formation and
mportant meaning for HNASSs. Due to their high nitrogen con-
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ig. 2. Fractographs of 1# and 2#. (a, c, e) 1# impacted at 15, −100 and −190

ents, both the 1# and 2# are still austenite even at liquid nitrogen
emperature, which is confirmed by experiment and calculation
8,14]. It is well known that there are many slip systems in

ace-centered-cubic (fcc) austenite, as such, it will not occur
leavage fracture at most circumstances. But transgranular brit-
le fractures in nitrogen-alloyed austenitic stainless steel at low
emperature are found by many researchers [2,3,10,11,18] and
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spectively and (b, d, f) 2# impacted at 15, −100 and −190 ◦C, respectively.

lso in this experiment. Whether ductile fracture or brittle frac-
ure is decided by differences between shear resistance force τK
nd direct resistance force SO�. When τK is higher than SO�, the

racture is of brittle type. Generally, SO� is independent of tem-
erature, but τK is of reverse relationship with temperature [19].
n HNASS, nitrogen will greatly increase slip resistance and
nteract with dislocation and stacking fault [20,21], which will
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Fig. 3. Microstructures of (a) inter-crossed slip lines of 1# at −100 ◦C, (b) slip bands cross several (1 1 1) planes of 2# at −100 ◦C, (c) twinning gains of 2# at
−190 ◦C and (d) peeled off layers of 1# at −190 ◦C.
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Fig. 4. Transformation of fracture micr

ecome intense as temperature decreases and greatly increase
he shear resistance force, when the temperature is low enough,
he effect of nitrogen will be able to transform the fracture mode

f HNASS materials from ductile fracture to brittle fracture. That
s the reason for transgranular brittle fracture in fcc structures of
NASS at cryogenic temperature. So, peeled off layer is a good
roof to τK higher than SO�.
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ture with the descending temperatures.

. Conclusions

The impact properties of the two kinds of HNASSs become

orse with the increase of nitrogen content. With the descend-

ng temperature, fracture pattern changes from ductile to brittle
racture. TBFF and peeled off layer are proves of brittle fracture
n HNASS impacted at cryogenic temperature. All these effects
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