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1. Introduction

ABSTRACT

The present study reports on microstructural evolution upon static annealing treatment and
elevated-temperature low-cycle fatigue (LCF) of an ultrafine-grained (UFG) body-centered cubic (bcc)
niobium-zirconium (NbZr) alloy, processed by equal channel angular processing (ECAP) at room tem-
perature.

UFG NbZr showed recovery and recrystallization at homologous temperatures, which are in the same
range as those of another UFG bcc material, i.e. interstitial free (IF) steel. Unlike the UFG IF steel, the
UFG NbZr featured a distinct plateau of decreased hardness due to recovery at temperatures below
the recrystallization limit. This was attributed to the absence of dynamic recovery during ECAP due
to the low homologous temperature of T, =0.11 (T;, =0.16 for IF steel) at room temperature processing.

Strain-controlled elevated-temperature LCF tests performed in vacuum revealed stable cyclic deforma-
tion response up to 600 °C (T, =0.32). At higher temperatures, but still below the static recrystallization
limit (*900°C, T, =0.43), cyclic softening, rapid decrease of mean stress and premature failure were
observed. As compared to the UFG IF steel, cyclic stability is preserved up to higher T;, due to the stabilizing
effect of solid solution alloying elements, i.e. mainly Zr.

In the case of the UFG IF steel, localized grain coarsening at the crack tip caused premature failure upon
elevated-temperature LCF below the static recrystallization temperature. The more stable microstructure
in the UFG NbZr did not show any localized alterations in the vicinity of the crack tip, but instead slightly
coarsened throughout the whole gauge length.

In combination with the results obtained on the UFG IF steel in previous studies, a comprehensive
summary of the microstructural evolution of UFG bcc materials at elevated temperatures is presented.

© 2011 Elsevier B.V. All rights reserved.

high microstructural stability upon monotonic and cyclic loading
[9,11-13].

Ultrafine-grained (UFG) metals and alloys have been widely
studied during the last decade, since they feature both higher
strength and good ductility, as compared to their counterparts
of conventional grain-size (CG). In most bulk UFG materials, this
favorable combination of properties is introduced by severe plas-
tic deformation (SPD) [1-7]. Among other SPD techniques, equal
channel angular processing (ECAP) has proven suitable for cre-
ating relatively large volumes of homogenously deformed bulk
UFG materials [2,3,8]. When efficient processing routes are used
uniform microstructures are achieved, featuring equiaxed grains
with average diameters in the sub-micron regime and a large
fraction of high-angle grain boundaries (HAGBs) [9-11]. These
characteristics promote nearly isotropic mechanical properties and
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However, a significant amount of energy is introduced into a
material by SPD, causing instability of the UFG microstructure when
distinct temperatures and strain amplitudes are exceeded during
operation. These limits highly depend on the lattice structure and
the chemical purity of the material investigated, as well as on the
processing route, which determines the microstructural character-
istics [9,12-15].

Above a critical temperature, recrystallization and grain growth
may occur. Eventually, these mechanisms set an inherent upper
limit to operating temperatures for SPD materials. Of course, they
are not limited to UFG materials. However, the latter are usually
more prone to grain coarsening at relatively lower temperatures
since the activation energy for recrystallization is decreased by
the high dislocation density present in typical SPD materials and
the driving force for grain growth is high because of the high
fraction of non-equilibrium grain boundaries [16]. Cyclic plastic
deformation may similarly contribute to microstructural instability
as additional energy is induced and strain localization may lead to
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dynamic recrystallization at temperatures significantly lower than
those under static conditions [17-19].

Thermal stability of several UFG face-centered cubic (fcc) mate-
rials, especially Cu, Al and its alloys, has been studied in recent
years. Also, cyclic deformation responses (CDRs) and their rela-
tion to microstructural features have been investigated for these
materials [13,17,18,20,21]. However, for UFG body-centered cubic
(bcc) materials, there is still a lack of knowledge regarding ther-
mal stability and especially the effect of combined thermal and
fatigue loading. In a previous study, the authors have investi-
gated elevated-temperature fatigue behavior of UFG interstitial
free (IF) steel and pointed out the microstructural mechanisms of
cyclic softening at these temperatures [15]. In the present study, a
comprehensive summary of microstructural evolution in UFG bcc
materials at elevated temperatures under static and fatigue loading
conditions is presented, combining the current results on UFG bcc
NbZr and the previous results on UFG IF steel.

Two refractory niobium-zirconium (NbZr) alloys were investi-
gated in the current study, which are both characterized by good
ductility and excellent corrosion resistance in aggressive envi-
ronments provided by a dense passive surface layer. Currently,
NbZr alloys are often employed in nuclear power systems, but
more recently, Nb-based alloys have been envisaged for biomed-
ical applications due to their excellent biocompatibility [22-24].
The relatively low ultimate tensile strength in the CG condition is
increased significantly from 250 MPa to 690 MPa by ECAP follow-
ing route 16E! (NbZr alloy 1), without sacrificing ductility [25]. The
two alloys investigated in the current study, which mainly differ in
their Zr content, were chosen since the (thermal) stability of UFG
fcc microstructures strongly depends on the content of alloying
elements and impurities [18-20,26], and thus, the alloying con-
tent is expected to have a similar influence in UFG bcc materials as
well.

Low-cycle fatigue (LCF) tests conducted in a previous study
showed pronounced cyclic stability of the UFG NbZr for strain
amplitudes up to 0.5% at room temperature (RT) [25]. Conventional
Nb alloys are known to have favorable mechanical properties at ele-
vated temperatures due to their high melting point. However, the
stability of the UFG microstructure in NbZr at elevated tempera-
tures has remained unexplored so far.

In order to shed light on this aspect, annealing treatments and
elevated-temperature LCF tests in combination with subsequent
microstructural investigations were performed.

2. Experimental procedures

The chemical compositions of the two NbZr alloys investigated are given in
Table 1. Both were obtained as hot rolled plates. Billets with the dimensions of
25 x 25 x 175 mm?3 were cut from the plates by electro-discharge machining (EDM).
Subsequent ECAP was performed at RT at a processing speed of 2.5 mm/s follow-
ing the processing routes 16E (NbZr alloy 1) and 8E (NbZr alloy 2). The numerical
characters of the routes denote the total number of processing passes while the
alphanumerical characters indicate the rotation of the billets between two consec-
utive passes (route E processing schedule is a sequence of 180°/90°/180° rotations
around the longitudinal axis). The ECAP tool used has a cross section of 25 x 25 mm?
with a sharp 90° angle die and benefits from the “sliding walls” concept [27]. For
further information on ECAP, processing routes and their nomenclature, the reader
is referred to [3,8].

Routes 16E and 8E have been chosen because they provide cyclically stable
microstructures at room temperature with an equiaxed grain morphology and a
high volume fraction of HAGBs. Moreover, using route E, relatively large volumes of
homogenously deformed material can be extracted from the billets, as compared to
other ECAP routes [8]. Irrespective of the higher number of passes, route 16E mate-
rials have demonstrated very similar microstructural and mechanical properties as
route E with only 8 passes due to saturation effects [25,28].

All UFG NbZr specimens used in the present work were EDMed from the
homogenously deformed volume of the ECAP billets and then ground in order

! Information on ECAP and its nomenclature is given in Section 2 and in [3,8].

to remove the EDM-affected surface layer. The static annealing specimens had a
cuboidal shape with dimensions of 10 x 5 x 1.5 mm?. Prior to annealing, each spec-
imen was sealed in a silica glass tube in vacuum environment with a pressure of
p<10~*mbar in order to minimize oxidation processes. Heat treatments were per-
formed, always for 1h, at different temperatures ranging from 400 to 1200°C in
a furnace with subsequent cooling at ambient temperature. Prior to the hardness
measurements, specimens were ground, starting with coarse 320 SiC paper in order
to remove any potentially affected surface layer, down to a grit size of 5 um. For the
electron backscatter diffraction (EBSD) measurements, specimens were polished in
an alternating process of mechanical polishing using 1 wm alumina suspension and
chemical etching? at RT.

The dog-bone shaped specimens used for fatigue testing were also ground down
to 5 wm grit size in order to provide for smooth unnotched surfaces. Fully reversed
push-pull LCF tests were performed in an MTS servohydraulic testing rig equipped
with a vacuum chamber. All tests were conducted in total strain control with a
constant strain amplitude of 5 x 10-3 and a strain rate of 6 x 10~3 s~! using a high-
temperature extensometer with ceramic rods and a gauge length of 12 mm. This
specific strain amplitude was chosen since previous LCF studies have demonstrated
cyclic stability up to that strain amplitude at RT. In addition, when taking into
account the different Young’s moduli, these test parameters were supposed to yield
similar plastic strain amplitudes as those obtained on IF steel in [15]. In order to
avoid buckling of the relatively thin specimens, tight brackets were attached. Spec-
imens were heated using a high frequency induction generator and a copper coil,
which was adapted to the specimens’ geometry in order to provide for ahomogenous
temperature profile throughout the gauge section.

Temperature was controlled using a thermocouple spot-welded to the brack-
ets. In order to obtain accurate specimen temperature levels, a calibration specimen
equipped with three thermocouples in the center and at the ends of the gauge
length had been used prior to fatigue testing, such that actual specimen temper-
ature could be related to the temperature of the thermocouple at the brackets used
for temperature control.

All fatigue tests were performed in vacuum at a pressure of <10~> mbar. Samples
were heated within 60s and tests were started directly after reaching steady state
temperature in order to avoid microstructural changes prior to fatigue testing.

For subsequent EBSD microstructure analyses of the fatigued material, sam-
ples were cut from the center of the gauge section of the fatigue specimens,
ground and polished the same way as described for the static annealing
specimens.

TEM specimens were extracted from the same sections as those used for
EBSD and mechanically ground down to 0.15mm foil thickness. Large electron-
transparent areas were obtained by ion milling with an inclination angle of +4.5° on
both sides of the specimen with 5.5 keV and 30 pA ion current. The milling affected
surface layer was removed by a 1 keV and 5 A ion beam. For the TEM investigations
the microscope was operated at a nominal voltage of 200 kV.

3. Experimental results and discussion
3.1. Static annealing treatment

In Fig. 1 a comparison of hardness values after annealing treat-
ments at different temperature levels is given for UFG NbZr and
UFG IF steel. Above a critical temperature, hardness is significantly
decreased - mainly due to (partial) recrystallization - in all three
materials, before the final saturation hardness level is reached due
to complete recrystallization. While different contents of alloying
elements have shown to exert significant influence on the critical
recrystallization temperature of other UFG materials due to their
stabilizing effect on the microstructure [18], the critical levels in
the present study are very similar for all three materials if homol-
ogous temperature is considered instead of absolute temperature
values (Th,critical ~ 043)

In the case of IF steel the hardness decrease at T}, >0.5 is more
pronounced than for the two NbZr alloys, which indicates the
effectiveness of the solid solution hardening in the latter alloys.
NbZr alloy 2 features higher hardness values than NbZr alloy 1 in
both, UFG and recrystallized conditions. This effect could stem from
either the different chemical composition or - in the UFG condition
- from the processing route. In the case of the IF steel, however,
different processing routes led to very similar hardness at all tem-
peratures [15]. Hence, the differences observed in case of the NbZr

2 Etchant: 25 ml ethanol, 50 ml H,0,, 25 ml HNOs, 1 ml HF.
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Table 1
Chemical composition of the two NbZr alloys investigated, as determined using inductively coupled plasma-atomic emission spectroscopy.
Zr (wt%) Ta (wt%) Fe (ppm) C(ppm) 0> (ppm) H, (ppm) Nb
NbZr alloy 1 1.02 <0.01 <5 140 202 49 Balance
NbZr alloy 2 23 0.29 <5 63 44 76 Balance
homologous temperature of heat treatment 3.2. Elevated-temperature fatigue
0.1 0.2 03 0.4 05 06
300
The cyclic stability of fcc UFG materials has been reported
a) to significantly depend on the content of alloying elements and
250 -/ b) . o o . .
L TI—— i / P impurities [4,13,18]. The presence of precipitates, solid solution
- 1 A B v . hardening elements or impurities contributes to microstructural
Z200 | I Te— it [ A /) stability in a similar way. The mobility of grain boundaries is
— L] A v . . . . . . .
9 . o LN NbZr aloy 2 impeded, such that cyclic softening due to grain coarsening is hin-
8 ~-F-- e (ECAP 8E) . . .
£150 R U | dered and shifted to higher temperatures as compared to higher
2 = NbzZr alloy purity materials. A higher content of solid solution hardening ele-
€100 "3~ -]} - - (ECAP 16E) ments promotes increased cyclic stability as shown e.g. for UFG
E AlMg0.5 and UFG AlMg2 [18].
& When fatigued at different temperature levels, NbZr alloy 2
showed pronounced cyclic stability up to 600°C, i.e. Tj,=0.32
_ (Fig. 3). Cyclic softening and reduced fatigue lives occurred upon
O gt 280 °C 550 °C 830 °C 1100 °C NbZr increasing the temperature to 650°C (T, =0.34) and above. This
9°C 270°C 450 °C 630 °C IF-Steel behavior clearly indicates the onset of microstructural changes and

actual temperature of heat treatment

Fig. 1. Micro-hardness of UFG NbZr and UFG IF steel specimens after static annealing
treatment for 1 h at various temperatures. The curves are plotted such that the upper
scale bar shows homologous temperature for both, UFG NbZr and UFG IF steel, the
corresponding actual temperature values for the different materials are given on the
lower scale bar. Values for UFG IF steel were recompiled from [15]. The indicators
a, b, c and d refer to the micrographs shown in Fig. 2.

alloys are attributed to the additional content of Zr and Ta and
therefore a higher degree of solid solution hardening in the NbZr
alloy 2.

Between 0.35<T}, <0.43 a slightly decreased hardness plateau
level is observed for the NbZr alloys, which is absent in the case
of IF steel. The higher T, during RT ECAP may induce dynamic
recovery due to adiabatic heating during processing of the IF
steel. Thus, no significant additional recovery is assumed upon
further heat treatment. Because of its high melting point, NbZr
is processed at relatively low T}, at RT so that no dynamic recov-
ery is prevalent and a higher dislocation density remains after
ECAP [25,28]. Therefore, during static annealing conducted below
the recrystallization temperature, softening due to pronounced
recovery is assumed to occur in UFG NbZr but not in UFG IF
steel.

Fig. 2 shows different microstructures of UFG NbZr alloy 2 after
annealing treatment at 700, 950 and 1000 °C and their respective
grain size distributions. The corresponding hardness values are
marked in Fig. 1. Despite the decreased hardness, grain size and
overall appearance are not altered upon heat treatment up to 700 °C
as compared to the 8E as-processed condition, clearly indicating
that recovery is solely prevalent at this temperature.

At 950°C a partly recrystallized microstructure is apparent
as also shown by the shift of the grain size distribution curve
towards larger grain sizes. At 1000°C, near the lower satura-
tion level of the hardness curve in Fig. 1, the largest mean grain
size is observed, which is due to recrystallization and/or grain
growth.

Although some residual fine grains remained in Fig. 2c and d,
true bimodal structures, as observed in several other UFG materials
after annealing in a suitable temperature range [29-31] leading to
few coarse recrystallized grains in an overall UFG structure were,
however, not observed in the current study.

is therefore considered as instable although no grain coarsening
was detected by EBSD.

Under similar loading conditions,> UFG IF steel did not show
pronounced cyclic softening at any temperature level up to
T, =0.32. However, already at a Ty, of 0.26, fatigue life was reduced
to less than 50% of fatigue life at room temperature and EBSD
scans clearly revealed a coarsened grain structure, such that the
microstructure of the UFG IF steel is considered as instable at that
temperature level and above. Obviously, the solid solution harden-
ing prevalent in UFG NbZr is more effective for stabilization of the
microstructure than the small amount of carbides present in the
UFG IF steel.

In the UFG NbZr, increased temperatures led to decreased cyclic
stress levels. This behavior is common for most materials, how-
ever, in the case of UFG IF steel initial cyclic hardening led to the
same saturation stress level at all temperatures over a wide T, range
between 0.16 and 0.32. The UFG NbZr did not show significant cyclic
hardening during the first load cycles (Fig. 3), which again indicates
the absence of process induced recovery during RT ECAP in UFG
NbZr, whereas the higher T}, during RT processing of IF steel causes
dynamic recovery and thus facilitates work hardening upon cyclic
loading (c.f. inset to Fig. 3).

In addition to the CDR, mean stress evolution during cycling
(Fig. 4) is a sensitive indicator for microstructural stability. Mean
stresses generally evolve during fatigue in several UFG materi-
als due to relaxation of internal stresses induced by SPD and
microstructural rearrangement upon cyclic plastic deformation. In
the case of UFG NbZr, maximum mean stresses of 100 MPa occurred,
which were not relaxed in RT LCF. At higher temperatures, the
lower initial mean stresses were completely relaxed. In the 600 °C
test, mean stress evolution (Fig. 4) does already indicate some
microstructural changes, which are not yet apparent in the CDR
(Fig. 3).In the case of the UFG IF steel, similar mean stresses evolved
at low Ty, but were relaxed rapidly even at RT, indicating again the
inferior microstructural stability as compared to the UFG NbZr (c.f.
inset to Fig. 4).

3 The strain amplitude used for LCF of UFG IF steel was 2.8 x 10~3. Taking

into account the different Young’s moduli of IF steel and NbZr (210GPa vs.
85GPa) and their similar monotonic strength, similar plastic strain amplitudes of
Aégp[2~1.3 x 1073 were observed at RT in both cases [28,32,33].
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Fig. 2. EBSD micrographs depicting the microstructure evolution upon static annealing of UFG NbZr alloy 2 (a-d) and corresponding grain size distributions. Grain size
remains unchanged up to 700°C (b) as compared to the as-received condition (a). At 950°C (c) and 1000°C (d), the structures are (partly) recrystallized and average grain

sizes are significantly increased.

The CDR of UFG NbZr alloy 1 at different temperatures is
depicted in Fig. 5. As compared to alloy 2, the LCF behavior at all
temperature levels was very similar. From RT up to 600 °C stable
CDR is achieved, whereas 800°C led to a similarly severe cyclic
softening and premature failure as in alloy 2 (c.f. Fig. 3). Stress
amplitudes of alloy 1 are clearly lower than those of alloy 2 which
is in accordance with the inferior monotonic strength [25,33] and
LCF responses at different strain amplitudes at RT.

The initial cyclic hardening during the first 80 cycles at 800°C
is similar to the behavior of UFG IF steel but unusual for UFG NbZr.
This effect was reproducible and could stem from a combination
of initial recovery before cycling followed by work hardening upon
fatigue loading. However, the actual reason remains unclear.

The test at 800 °C was stopped prior to final failure, such that
microstructural investigations could be performed in direct vicinity
of the fatigue crack tip in order to reveal the mechanisms that led
to the pronounced cyclic softening.

3.3. Microstructural characterization

In several UFG materials, grain coarsening is reported to be the
dominant mechanism for cyclic softening, especially at elevated
temperatures or when inefficient ECAP routes, leading to low-angle
grain boundary dominated structures, are used [18,29]. While pure
fcc UFG metals have a strong tendency to coarsen upon cyclic plastic
deformation even at RT, UFG fcc alloys and UFG IF steel showed
grain coarsening only at elevated temperatures, and in a localized
form in the case of the UFG IF steel [15,18,20,29].

In order to clarify the dominating mechanism for UFG NbZr,
EBSD measurements have been performed on selected conditions
of UFG NbZr alloy 1 (Fig. 6). Obviously, the grain size in general
is not altered upon fatigue at 800°C (b), as compared to the as-
ECAPed condition (a). According to Fig. 1, no grain coarsening is
expected at this temperature level under static conditions. How-
ever, even moderate cyclic plastic deformation could contribute to
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Fig. 3. Cyclic deformation response of UFG NbZr alloy 2 fatigue tested with constant Ag/2=0.5% at various temperatures. Temperatures up to 600°C yield stable cyclic
responses, whereas cyclic softening is prevalent at temperature levels of 650 °C and above. The inset depicting the CDR of UFG IF steel was recompiled from [15].
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Fig. 4. Mean stress evolution upon elevated-temperature LCF of UFG NbZr alloy 2. Temperature levels of 650°C and above, which are considered as cyclically unstable in
Fig. 3, show rapid degradation of mean stress. The inset was recompiled from [15] and depicts the mean stress evolution of the UFG IF steel, corresponding to the inset of

Fig. 3.

dynamic recrystallization such that coarsening might occur at sig-
nificantly lower temperatures [15]. In the case of UFG IF steel, grain
coarsening upon LCF was detected by EBSD at T}, = 0.26. By contrast,
the current findings show that the microstructure of UFG NbZr is
clearly more stable under similar LCF conditions as no significant
grain coarsening is observed up to T, =0.39. While static recov-
ery is clearly prevalent during the fatigue tests at the higher T}, (c.f.
Fig. 1), pronounced cyclic softening at Ty, = 0.34, which is right below
the static recovery limit, does not occur before 1 h of test duration
(~1000 cycles). Therefore, dynamic recovery is assumed to be the
main mechanism leading to cyclic instability in the UFG NbZr.

In order to get a more detailed insight into the microstructural
evolution of the two UFG NbZr alloys, TEM investigations were
undertaken on differently fatigued conditions (Fig. 7). Microstruc-
tures after RT LCF (Fig. 7a and b) are dominated by equispaced
HAGBs, as also shown in a previous study [25], but are also
characterized by grains with ill-defined contours containing a
high amount of substructures and dislocations. As compared
to the initial microstructures after ECAP, no fatigue-induced
changes occurred [25]. Especially, grain coarsening due to dynamic
recrystallization, as observed in several fcc UFG systems after
strain-controlled LCF at RT, is absent [14,29,34]. This observation
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Fig. 5. CDR of UFG NbZr alloy 1 fatigued at constant Ag/2 of 0.5% at various temperatures. At RT and 600 °C, a stable CDR is observed, while pronounced cyclic softening is
prevalent at 800 °C. The inset depicts the specimen geometry used for all elevated-temperature LCF tests in the current study.



66

F. Rubitschek et al. / Journal of Alloys and Compounds 517 (2012) 61-68

a) as received

o

-

o
1

a)

area fraction

c)
0 : >

0.2 1 5
grain diameter [um]

Fig. 6. EBSD micrographs with inverse-pole-figure mapping depicting the microstructure of UFG NbZr alloy 1 in (a) as-ECAPed condition, (b) fatigued condition after LCF at

800°C; (c) originates from the same specimen as (b) but depicts the microstructure in the direct vicinity of the crack tip. The grain size statistics plot shows nearly identical
distributions for all three cases.

UFG NbZr alloy 1 (16E)

fatigued at RT

fatigued at 800 °C

Fig. 7. TEM micrographs depicting the microstructure of UFG NbZr alloy 2 (a and c) and alloy 1 (b and d) in differently fatigued conditions. The images (a) and (b) refer to

fatigue at RT and show microstructures that cannot be distinguished from the as-ECAPed condition. In (c) and (d), which refer to the condition fatigued at 800 °C, coarser
(but still) UFG microstructures featuring a lower fraction of substructures have formed.
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Fig. 8. Schematic summarizing the microstructural evolution during fatigue in the two investigated UFG bcc materials at different homologous temperature levels.

is in good accordance with previous investigations on UFG NbZr
and holds true for UFG IF steel as well.

After fatigue at 800 °C, however, in both UFG NbZr alloys, appar-
ently different microstructures as compared to the RT fatigue case
have evolved. HAGBs are well-defined and most substructures have
been dissolved. For that reason, the grains appear larger than those
after RT fatigue. However, if only HAGBs are considered in both
cases, the difference in grain size is minor. Clearly, even after fatigue
at 800°C, the average grain size remains in the UFG regime. As the
EBSD technique (c.f. Fig. 6) does not reveal as fine details as the TEM,
the current grain coarsening is apparently too weak to be detected
by EBSD, but the microstructural changes can be clearly shown by
TEM.

The deviation of grain sizes determined by EBSD and TEM,
respectively, originates from their specific principles of operation.
In the TEM, a high contrast is created by different crystallographic
orientations and dislocations prevalent at grain boundaries, and
very fine structural details can be imaged. By contrast, EBSD relies
on diffraction information from a substantially larger volume.
Clearly, different microstructural features are resolved by TEM and
EBSD, which in turn can result in different grain size calculation [9].

As the TEM images do not show the direct vicinity of the fatigue
crack, the coarsening appears to be a bulk phenomenon rather than
alocalized one. According to these findings, the microstructures in
Fig. 7c and d can be considered as recovered and partly dynami-
cally recrystallized, which would explain the cyclic softening and
decreased fatigue life of UFG NbZr above a critical T}, of 0.39 as seen
in Figs. 3 and 5.

Fig. 8 summarizes the findings of the current study and
compares them to those obtained on the UFG IF steel. Microstruc-
tural evolution upon static heat treatment and fatigue loading is
depicted, taking into account the different initial degree of recov-
ery, the different temperature ranges of cyclic stability and the
different types of coarsening, i.e. local vs. global, in cyclically unsta-
ble temperature ranges.

In the left part of Fig. 8 the characteristics of the solid solution
hardened UFG NbZr with high melting point are outlined, the right
part refers to the UFG IF steel, which is stabilized by impurities
and characterized by a lower melting point. Starting from the as
ECAPed condition (lower left), RT fatigue yields stable microstruc-
tures, which show no significant microstructural change in case of
NbZr or cyclic hardening of the recovered structure (IF steel). Above
a critical Ty, the microstructures become cyclically unstable. This

temperature is distinctly higher for NbZr (AT, ). Above the critical
temperature, recovery and slight coarsening lead to cyclic softening
in NbZr, whereas localized grain coarsening can occur in the IF steel.
In the IF steel, cyclic hardening occurs at all temperature levels due
to the presence of an initially recovered as-ECAPed structure. The
latter also explains the absence of a distinct static recovery limit.

4. Conclusions

Static annealing and elevated-temperature fatigue tests were
performed on two ultrafine-grained (UFG) niobium-zirconium
(NbZr)alloys processed by equal channel angular processing (ECAP)
using the efficient routes 8E and 16E. Microstructure investigations
using electron backscatter diffraction and transmission electron
microscopy were undertaken in order to clarify the dominant
microstructural mechanisms in different temperature regimes.
Results were discussed in combination with those obtained on UFG
interstitial free (IF) steel in a previous study such that common
mechanisms in bcc UFG materials are derived. The main findings
are summarized as follows:

1. For UFG NbZr and UFG IF steel static recrystallization was found
to occur at a very similar homologous temperature of T;, ~0.43,
as determined by hardness measurements after static anneal-
ing. An intermediate plateau of slightly decreased hardness was
observed in the two different NbZr alloys studied. This indicates
the onset of recovery at temperatures slightly below recrystal-
lization. This plateau was absent in case of UFG IF steel, indicating
that dynamic recovery during ECAP was absent in UFG NbZr but
occurred in the UFG IF steel due to the higher T}, during process-
ing.

2. Elevated-temperature fatigue of UFG NbZr led to stable cyclic
deformation response up to a T, of 0.32. The transition to
microstructural instability was observed at a critical T;, between
0.32 and 0.34, which is higher than in the case of UFG IF steel
(0.22 < T ¢ritical <0.26) but still below the static recrystalliza-
tion temperature. Above this temperature cyclic softening, rapid
decrease of mean stresses and premature failure occurred. In
contrast to the UFG IF steel, initial cyclic hardening did not occur,
confirming the assumption that UFG NbZr was not recovered
during ECAP because of the lower T}, during processing.

3. For the UFG IF steel localized coarsening at T;, =0.39 led to cyclic
instability. By contrast, localized coarsening was absent in case of
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the UFG NbZr, as demonstrated by EBSD showing the microstruc-
ture in the vicinity of the fatigue crack. Instead, as shown by TEM
images, a uniform rearrangement of low-angle grain boundaries,
subgrains and dislocations along with slight grain coarsening
occurred. Still, the grain sizes remained in the UFG regime.
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