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Hardening phenomena in nanocrystalline metals after annealing have been widely reported, and the subject of much recent debate. Solute seg-
regation to grain boundaries and dislocation source hardening have been proposed to cause the strengthening. To shed light on the dominant mech-
anisms, we present results from mechanical experiments and atom probe tomography on samples with similar grain size but different amounts of
solute segregation and different boundary chemistries.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/
3.0/).
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Since the pioneering work of Gleiter [1], nanocrys-
talline (nc) materials have received enormous attention in
the past decades. It is well known that this class of material
displays not only outstanding mechanical properties, such
as high tensile strength or fatigue strength, but also
enhanced physical properties, e.g. magnetic properties
[2,3]. The production of nc materials is not only restricted
to bottom-up processes such as inert gas condensation or
electrodeposition [1]; severe plastic deformation (SPD)
methods such as high-pressure torsion (HPT) enable the
synthesis of fully dense, bulk nc materials with grain sizes
significantly smaller than 100 nm [4]. The advantage of
SPD processing is that relatively large bulk samples can
be processed, which allows mechanical tests to be per-
formed that require a substantial sample volume, such as
fracture toughness or fatigue testing [5,6]. Although plastic-
ity is still dislocation mediated in the grain size regime of
�20–100 nm [7–8], distinct changes are observed in the
deformation characteristics when compared with coarse-
grained metals. In this grain size regime, grain boundaries
act as sinks and sources for dislocations [7,8]. Characteristic
dislocation cells, which build up in coarse-grained metals
during plastic deformation or fatigue, have not been
observed in ultrafine-grained or nc metals, because the
grain size is smaller than (or at least of the same order
as) these cells [9,10]. Furthermore, unusual hardening phe-
nomena after annealing treatments well below the temper-
atures at which grain growth occurs have been observed

for nc materials produced by both SPD techniques and bot-
tom-up processes such as electrodeposition (e.g. [11–14]).

Although these hardening phenomena have been recog-
nized for several years, the mechanisms behind them are
still the subject of much debate in the literature. Some of
the explanations are outlined here.

For pure nc materials, hardening has been attributed to
a significant decrease in the dislocation density within the
grains and a relaxation of the boundary structure during
heat treatment. The large number of dislocation sinks
(grain boundaries) present during annealing may cause a
significant reduction in the dislocation density. As a conse-
quence activation of dislocation sources is needed to realize
plastic strain after the heat treatment [13,15]. Similar results
were found in MD simulations [16]. The bowing out of a
dislocation from a grain boundary that has rearranged into
a more equilibrium-like structure is expected to be rather
difficult, necessitating high stress levels for the movement
of dislocations after annealing [13,15,16]. Interestingly, sim-
ilar results were obtained during cyclic deformation of nc
materials. Experiments and molecular dynamic (MD) sim-
ulations showed that plastic strain can cause a similar
change in the grain boundary structure to that observed
after annealing, leading to cyclic hardening of the samples
[17–18]. Similar behaviour was also observed during cyclic
loading of the nc 316L steel used in the present study [19].

Other groups explain the hardening phenomenon on the
basis of small amounts of impurity atoms that segregate to
the boundaries of the nanocrystallites during annealing.
Their contribution to the hardening remains unclear [15].

http://dx.doi.org/10.1016/j.scriptamat.2014.09.023
1359-6462/� 2014 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).

⇑Corresponding author; e-mail: oliver.renk@stud.unileoben.ac.at

Available online at www.sciencedirect.com

ScienceDirect
Scripta Materialia 95 (2015) 27–30

www.elsevier.com/locate/scriptamat

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.scriptamat.2014.09.023
http://creativecommons.org/licenses/by/3.0/
mailto:oliver.renk@stud.unileoben.ac.at
http://dx.doi.org/10.1016/j.scriptamat.2014.09.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2014.09.023&domain=pdf


Segregated solute might supress dislocation emission from
the boundaries, pin them or hinder relaxation of the dislo-
cation at the boundaries, all leading to higher stress levels
for plastic deformation of the material [15,20,21]. Indeed,
the hardening behaviour upon annealing was often attrib-
uted to segregated solute for both alloys and metals that
contain a certain amount of impurities [22,23]. Interest-
ingly, the unexpected strength increase in 316L steel was
attributed to segregated solute too [24]. In addition, recent
MD simulations indicated that solute segregation should
lead to enormous strengthening effects [25].

In this paper we present a carefully designed combination
of mechanical and microstructural characterization by atom
probe tomography (APT) to clarify the question of whether
solute segregation or second-phase particles at the boundary
can account for the hardening behaviour observed. Anneal-
ing treatments of a nc 316L austenitic steel allowed variation
of the structure and chemistry of the interface without chang-
ing the grain size. By following this methodology, structures
with different amounts of solute segregated to the boundaries
can be tested mechanically. Linking APT results and the
mechanical datasets should clarify whether segregation is
necessary for the hardening observed.

Disks of 316L austenitic stainless steel (max. 0.03 C, 0.30
Si, 1.70 Mn, 17.50 Cr, 14.50 Ni, 2.70 Mo, all values in wt.%),
35 mm in diameter and 7.5 mm in height, were severely
deformed by quasi-constrained HPT for 15 revolutions at a
constant rotation speed of 0.07 rpm with an applied pressure
of 3.60 GPa at room temperature, resulting in an equivalent
strain e = 116 at a radius of r = 16 mm. Details of the setup
used and the HPT process itself can be found elsewhere
[4,26]. The HPT process leads to a significant grain refine-
ment down to grain sizes of �50 nm, investigated by trans-
mission electron microscopy (TEM) and reported in Refs.
[19,27]. To modify the structure as well as the chemistry of
the boundaries, isochronal (0.5 h) and isothermal heat
treatments at 823 K were subsequently carried out on the
HPT-processed material. Microhardness measurements
were conducted on both the annealed and the as-deformed
samples to test the influence of the annealing treatments on
the mechanical properties. Microhardness measurements of
the isochronally (0.5 h) annealed samples in the temperature
range of 573–973 K are shown in Figure 1a. Figure 1a shows
that the hardness increased steadily with increasing anneal-
ing temperature up to temperatures of 823 K (�0.5Tm). In
fact hardness increased by 20% from 5 GPa for the as-
HPT-processed material up to 6.10 GPa after the 0.5 h
annealing treatment at 823 K. Additionally the hardness val-
ues of the nc material are compared with heavily cold-rolled
(130% logarithmic thickness reduction) coarse-grained
material in Figure 1a. For annealing temperatures higher
than 823 K the hardness dropped, which can be attributed
to partial grain growth of the structure while parts of the
material still remained in the nc state [19]. TEM observations
of the material annealed at 823 K showed no evidence of
thermally induced grain growth (see Fig. 2). The grain
boundaries of the annealed material (Fig. 2b) appear sharper
when compared to the as-deformed condition (Fig. 2a),
which can be attributed to relaxation of grain boundaries
and internal stresses. This is confirmed by a decrease in the
full width half maximum (FWHM) values of the {111} peaks
obtained by X-ray diffraction by 30% upon annealing. As the
grain size is not changing, this is only possible if defects are
annealing out.

To study the kinetics of the hardening process, isother-
mal annealing treatments at 823 K were carried out for dif-
ferent time intervals. The results of these heat treatments on
the microhardness are presented in Figure 1b. It can be seen
that the hardening process takes place rapidly and the max-
imum hardness value of 620 HV was achieved after 2 h of
annealing. Slightly lower values of 610 HV were achieved
after 5 min. No change in the mechanical properties was
observed, even after annealing the material for 830 h, indi-
cating an unprecedented thermal stability of the nc austen-
itic steel.

To link the mechanical data with possible changes in the
grain boundary chemistry due to solute segregation, APT
was carried out on as-deformed samples, samples annealed
for a short time (1.5 h) as well as samples annealed for a
long time (325 h). For specimen preparation, the samples
were dissected into 0.6 mm � 0.6 mm square rods, which
were then sharpened via electropolishing to create needles.
Rough polishing was conducted with an electrolyte of 25%
perchloric acid in (70%) glacial acetic acid and a voltage of
between 10 and 18 V DC. Fine polishing was performed in
2% perchloric acid in 2-butoxyethanol at a voltage of 13–18
V DC. The atom probe experiments were carried out on a
Cameca LEAP 4000X Si in laser pulsing mode at a speci-
men temperature of 25 K, a pulse rate of 500 Hz, a pulse
energy between 100 and 170 pJ and a target evaporation

Fig. 1. (a) Hardness of an isochronally (30 min) annealed nc austenitic
steel as a function of the annealing temperature. The maximum
hardness increase DHmax at 823 K is indicated with an arrow. The
hardness value of coarse-grained heavily cold-rolled material is given
for comparison. (b) Hardness of the nc austenite annealed at 823 K as
a function of annealing time.

Fig. 2. TEM bright-field images of 316L steel in various conditions: (a)
as HPT deformed; (b) HPT deformed + 30 min/823 K.
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