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Damage localization during power law creep of copper has
been investigated in situ with synchrotron X-ray microto-
mography. The analysis of the area fraction of cavities cor-
responding to a given material slice has revealed that dam-
age localization begins relatively early at the half of the
creep lifetime. The amplitude of the maximum fluctuation
shows parabolic behavior as a function of mean void vol-
ume fraction. Existing models of damage evolution under-
predict the amount of real damage and overpredict power-
law creep life-time.

Keywords: Creep damage; Damage fluctuations; Microto-
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1. Introduction

Fracture of metals and alloys during creep at elevated tem-
peratures occurs generally by nucleation, growth and coa-
lescence of grain boundary voids. Since the nucleation pro-
cess is taking place at the nanometer scale or below, present
day characterization techniques allow a more adequate de-
scription of void growth and coalescence. Our present ex-
perimental knowledge on void growth is summarized in
creep damage mechanism maps [1], similar to the well-
known deformation mechanism maps [2]. There are three
basic mechanisms of void growth that depend on deforma-
tion conditions [3]: at low strain rates and stresses the diffu-
sive mechanism dominates [4, 5], while at high rates and
stresses growth becomes controlled by plastic flow [6, 7].
At intermediate values a coupling between diffusive growth
and plastic flow is expected [8, 9], but the mechanism has
never been observed experimentally in spite of several at-
tempts [10]. Present work focuses on the plastic creep
mechanism characteristic for deformation conditions im-
posed in the experiment. For the same samples presented
here, Dzieciol et al. [11] have shown that growth mecha-
nism of cavities is viscous flow and was identified with the
glide and climb mechanisms of dislocations. Considering
the viscous material flow for creep Cocks and Ashby [7]
have developed a general continuum model, which predicts
the time evolution of the area fraction of the voids prevail-
ing on sample cross-sections lying perpendicular to the ex-
ternally applied stress. The model emphasizes that damage

evolution is deterministic, in the sense that material sec-
tions with initially higher amount of damage have higher
damage rates. The aim of the present work is to study the lo-
cal evolution of the area fraction of voids and to compare it
with predictions of the existing model [7].

Experimental investigation of damage evolution is a
challenging task since, as mentioned above, the damage
rate depends on the amount of damage present in the mate-
rial. This makes difficult the comparison between results
obtained on different specimens by destructive techniques
such as optical or electron microscopy. Moreover, damage
assessment at the surface of the material can be quite differ-
ent from damage in the bulk, for which reason application
of non-destructive investigation methods capable of captur-
ing these changes is desirable. Among several methods able
to monitor damage we mention acoustic emission (AE)
which is a standard qualitative technique [12] as well as
synchrotron X-ray microtomography that opened new per-
spectives for three-dimensional quantitative characteriza-
tion of heterogeneous materials [13—17]. Microtomogra-
phy has been already applied to in-situ characterization of
creep damage [11, 15, 18] and the results show that the
growth rate of single cavities in copper [11] and brass [18]
is much faster than predictions of the continuum theory [3,
19]. Compared to our previous work focusing on cavity
growth mechanisms at the single void level [11], here we
expand the scale of analysis to the level of sample size (in
directions perpendicular to the externally applied stress).
Along the sample length, however, we keep the micrometer
resolution to better describe damage localization. The ana-
lysis of damage at the lengthscale of the sample’s size al-
lows a novel treatment of the experimental data from the
point of view of a statistical system with monotonically in-
creasing fluctuations.

2. Experimental procedure

Cylindrical specimens of 1 mm in diameter and 1 mm in
gauge length were creep deformed under uniaxial tension
using a miniaturized creep machine mounted on the goni-
ometer used for tomography scanning (a detailed descrip-
tion of the setup can be found in Ref. [20]). In-situ monitor-
ing of sample deformation was made with an inductive
displacement transducer, however, the local strain and
strain-rate of the samples was evaluated from the 3D tomo-



graphic reconstructions through image correlation [21]. The
force necessary for deformation was supplied by two
springs and was measured with a load cell. The samples
were heated and kept at high temperature by two resistive
coils positioned at the top and at the bottom part of the
gauge. Three samples made of oxygen free high conductiv-
ity copper (OFHC) were creep deformed at temperatures of
573 K, 723 K and 773 K, respectively.

Microtomography was performed in situ at ID 15A of the
ESRF using an intense and parallel synchrotron beam gen-
erated by an undulator source. The mean energy of the
beam was of about 80 keV and had a large band-width.
The transmitted intensity was recorded using an X-ray de-
tector with an effective pixel size of 1.4 x 1.4 um?. The
CCD of the detector with a resolution of about 2.1 pm [22]
was working in frame transfer mode. The readout speed of
60 frames per second of the CCD allowed operation without
mechanical shutter. Motorized slits defined the horizontal
and vertical beam sizes of 1.7 mm and 1.3 mm, respec-
tively. 800 radiographs with an exposure time of 250 ms
each were collected in about 3 min and scans were per-
formed every 15 min.

3. Results

3D tomographic scans were reconstructed using in-house
developed software based on the filtered back projection al-
gorithm and accounting for the specific noise present in the
measurement. The images were segmented with the wa-
tershed algorithm using markers originating from a local
threshold criterion [23]. Damage was characterized by the
area fraction of voids Ay, on slices lying perpendicular to
the external stress. The evolution of A4 on each material
slice has been followed through image registration by cross
correlating slices of consecutively reconstructed volumes
[21]. Figure 1 shows, for example, void evolution in a re-
gion of interest containing the most damaged slice (in the
last reconstructed state) corresponding to the sample de-
formed at 773 K. The area fraction of cavities for all regis-
tered material slices is shown in Fig. 2 as a function of the
slice number in the initial state and at different reduced
creep times (creep time as multiple of creep lifetime). The
figure indicates well damage localization by the gradually
increasing local amplitudes. We should emphasize that re-
markable fluctuations are already present at the beginning
of secondary creep regime (0.36 #;).

The results of slice registration can be used for the eval-
uation of the local strain and strain rate in the sample, too.
Selecting an initial reference distance along the Z axis of
lo =50 layers (70 pm), the results of slice correlation will
also provide the length [ between selected reference slices.
The local true strain is simply obtained as:

Fig. 1. Damage evolution on slice no. 56
(Fig. 2) having the highest void area fraction
in the last reconstructed state of the sample de-
formed at 773 K. (a) 1 =0.36 #;, (b) t=0.53 1;
and (c) 1 =0.79 t;. The creep time is indicated
as part of the failure time f;.

Eloc =In— (1)

The strain rate is obtained in a second step by dividing the
strain with the time interval between cross-correlated re-
constructions, typically of 30 min. Figure 3 shows the dis-
tribution of the local strain rate (left axis) along the gauge
length of the sample deformed at 773 K at two characteris-
tic points of the creep curve: a) at the middle of secondary
state and b) at the beginning of tertiary state. The strain rate
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Fig. 2. Evolution of the area fraction of cavities on material slices ly-
ing perpendicular to the external load at different creep times. The slice

number corresponds to the initial state. The upper horizontal scale
gives the position of the slices in pm (sample deformed at 773 K).
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Fig. 3. Local strain rate along the gauge length at two deformation
states (t = 0.53 #; and 7 = 0.73 #;) and the corresponding distribution of
Ay



at 0.53 #; decreases slightly (by about 20 %) from layer 100
to layer 700. This decrease is larger than the error of the
strain rate estimated from cross-correlation analysis to be
of about 5 %. A possible reason for this could be the small
temperature gradient pointing towards the bottom of the
sample. At the beginning of the tertiary creep stage, how-
ever, the strain rate shows quite different behavior with
higher values near the extremities of the gauge length. This
is in good agreement with the variation of the average area
fraction of voids (Fig. 3 right axis). The comparison empha-
sizes the strong coupling between local damage and local
strain rate.

To describe damage localization the evolution of poros-
ity on the material slice having the largest area fraction
Aamax, (in the last reconstructed state) was selected. In order
to compare the samples creep deformed under different
conditions, the average value of A4 (global porosity) was
chosen as an independent variable. Figure 4 shows that the
evolution of Aap,x is very similar for the three samples not
depending on temperature, strain rate or stress. This empha-
sizes that the damage mechanism (growth and coalescence
of voids by viscous flow) is the same in each case. The lar-
gest area fraction of voids for the sample deformed at the
lowest temperature 573 K and highest stress 87 MPa is rela-
tively small (~0.0075) since the last analyzed state is still
in the secondary creep regime. The reason for this is the re-
latively long acquisition time of a tomographic scan
(~3 min) compared to the actual strain rate. During the ac-
quisition time the movement of material layers due to sam-
ple elongation is larger than the pixel size, which leads to
blurring of the image. The last reconstructed state for this
sample corresponds only to 75% of creep lifetime (see
Fig. 6). For the case of samples deformed at 723 K and
773 K the last reconstructed state is in the tertiary stage at
88 % and 90 % of the lifetime, respectively.

It was suggested recently [12] that creep lifetime of com-
posites is proportional to the duration of the primary creep
regime. Such a discovery is very surprising and it can offer
a good method of rupture prediction. Exploring the phe-
nomena from a microstructural point of view, this discovery
means that essential features of damage should already be
present in the microstructure at the beginning of the second-
ary creep regime. It is evident that the copper polycrystal
shows less heterogeneity than fiber reinforced composites
[12], but as shown previously (Fig. 2) one cannot exclude
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that an initially present small heterogeneity of damage de-
termines the final fracture and its location. Considering the
distribution of A4 in the final reconstructed state as repre-
sentative for damage distribution before fracture we have
quantified the similarity between this distribution and those
at earlier deformation states. The corresponding cross cor-
relation coefficients CC, are shown in Fig. 5a as a function
of As. All samples show monotonically increasing cross-
correlation coefficients indicating increasing similarity
with the final state. It is remarkable the fast increase of the
correlation coefficients corresponding to the sample de-
formed at the highest strain rate and lowest temperature
(573 K). The two other samples (723 K and 773 K) having
nearly identical strain rate show very similar variations,
which means that the strain rate is an important the parame-
ter affecting localization. Choosing a threshold value for
the correlation coefficient it becomes possible identifying
a previous deformation state, in which damage distribution
already showed a strong similarity to that before rupture.
For the usual “strong correlation” threshold of CCy, = 0.7,
the corresponding “similar” states are indicated by circles
(R) in Fig. 5b (the states before rupture are indicated by F).
It is remarkable that for all samples the state with high simi-
larity already appears in the secondary stage (half of the
lifetime), when the corresponding creep strain is only about
5%. The creep curves in Fig. 5b were calculated from the
measured displacement of samples top using the inductive
displacement transducer. Strain calculation was done
choosing the effective length lsr = 2.3 mm, which led to
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Fig. 5. (a) Variation of the cross-correlation coefficient between the fi-
nal and previous distributions of A4 as a function of the average area
fraction of voids, and (b) corrected average creep curves using an ef-
fective sample length of 2.3 mm.



the same value of the average strain rate in the secondary
stage as the value obtained from tomographic evaluations.
The undulations on the curves originate from the inductive
displacement transducer, the cables of which were moving
during the tomographic scan.

In Ref. [11] a comparison between the evolution of ex-
perimentally determined mean volume fraction of cavities
and the prediction of the Cocks and Ashby model [7] was
presented. Here we use the Cocks and Ashby model to pre-
dict the evolution of damage fluctuations (Eq. (16) of [7]).
Since the model has been developed for the case of non-in-
teracting voids such a comparison allows quantifying the
importance of cavity interaction, which is expected to be-
come more and more important at later stages of creep.
Therefore the evolution of A4 on each material section was
calculated based on the Cocks and Ashby model [7] starting
from initial values corresponding to the “strongly similar”
states identified by cross-correlation. The results show first
of all that local damage evolution is faster in experiment
than in simulation in agreement with previous findings for
A4 [11]. To better emphasize the similarities between ex-
perimental and predicted distributions of A4 the calcula-
tions were continued for a longer time until the model
curves reached one point on the measured curves. As shown
in the Fig. 6 the predicted damage distributions describe sa-
tisfactorily the measured experimental distribution. Excep-
tions are the regions with strong localization of A4.

4. Discussion

There are a relatively small number of scientific publica-
tions dealing with in-situ analysis of damage localization
during plastic deformation of engineering materials [11,
12, 15, 18, 25]. The existing tomographic data describe the
different type of damage in complex composite structures
during room temperature (RT) tensile deformation [16, 24]
or creep at high temperature [25]. Tomographic reconstruc-
tions of these composites clearly evidence different damage
mechanisms, such as particle delamination, particle frac-
ture, void formation and growth at various stages of creep
[16, 25]. This earlier work has mainly focused on describ-
ing damage evolution at the micro-scale in terms of the
average void [15, 26, 27] and in terms of single cavities
[11, 18]. Another parameter investigated was the mean vol-
ume fraction of voids or global porosity, which for RT de-
formation was found to increase much slower with defor-
mation [24] than the prediction of the classical Rice and
Tracey approach [28]. Good agreement has been found,
however, between the predicted and experimentally deter-
mined local porosity for some sub-volumes of the structure
[24]. This clearly indicates damage inhomogeneity and the
inadequacy of a mean field approach. Dzieciol et al. [11]
have described this inhomogeneous distribution of damage
in terms of the area fraction of voids on planes perpendicu-
lar to the applied stress, which is probably the best choice
if the cylindrical symmetry of the deformed sample is taken
into account. The present work further expands the latter
study by analyzing the evolution of damage fluctuations
and trying to answer questions related to damage localiza-
tion and final fracture.

The present results indicated that a strong coupling exists
between the amount of local porosity and the local creep
rate. It is interesting to note that variations of about 1% in

the area fraction between different parts of the gauge length
(Fig. 3) lead to relatively large variation of the local strain
rate. This self-amplifying process is characteristic for ter-
tiary creep stage. The origin of damage localization roots,
however, much deeper in the void growth mechanism. For
viscous flow the volumetric void growth rate is propor-
tional to void volume [19], which means that larger voids
grow faster than smaller ones. Thanks to the sensitivity of
the tomographic evaluation the growth of small fluctuations
is already observable in the secondary stage of creep.
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Fig. 6. Comparison between experimentally determined and predicted
distributions of void area fraction along the gauge length. The experi-
mental distributions correspond to the final reconstructed state (F) and
a previous reference state (R) with a cross-correlation coefficient larger
than 0.7. The reference state has been used as input for prediction of
damage distribution according to the model of Cocks and Ashby [7].
(a) sample deformed at 573 K, (b) at 723 K and (c) at 773 K.



From the point of view of creep lifetime prediction the
most interesting parameter seems to be the fluctuation hav-
ing the maximum amplitude Asn,x. How this amplitude is
related to other structural parameters is a very intriguing
question. Obtaining such a relationship could serve as a
good predictor of creep lifetime once an analysis of the mi-
crostructure has been performed. We have found empiri-
cally a parabolic law describing the evolution of Ap,xas a
function of the mean volume fraction A4:

- T2
Agmax = ao + al(AA) + aZ(AA) (2)

where ap=103+3-10"%, 4, =1.18 £0.06 and
a, = 18.6 = 1.5. As fluctuations depend on the size of the
system Eq. (2) should be considered valid only for copper
specimens with dimensions similar to the ones investigated
in present work. We are also aware that the global porosity
is not the best independent parameter, but the independence
of Amax from temperature and strain rate indicates that this
approach might be adapted to practical cases with well-de-
fined geometry and where creep lifetime prediction is an
important issue. It is important to note the relatively small
value of Agmax =28 % in the last reconstructed state
(t 22 0.9¢). This is much smaller than the value of 25 %
usually considered as a failure criterion [7].

Cross-correlation results between the distribution of in
the last reconstructed state and earlier states revealed a rela-
tively new aspect of damage localization. The strong corre-
lation (CC > 0.7) between the distributions at about 90 %
and 50 % of creep lifetime is remarkable, which clearly in-
dicates again the deterministic nature of damage evolution.
Compared to results originating from the macroscopic be-
havior of the creep curves and relating fracture time to the
length of the primary creep regime [12], the present data
show that damage distribution before rupture is strongly
correlated to a state near the middle of the secondary stage.
As indicated by the rate of AE energy release substantial
damage in composites has already been formed at the end
of primary creep, which might explain the discovered cor-
relation with the creep lifetime [12]. Contrary to this, in
the copper polycrystal damage evolves more progressively,
dominant fluctuations developing only in the secondary
stage. The corresponding creep time is about half of the
creep lifetime, but is also surprisingly small. In line with
previous findings simulations of damage distribution ac-
cording to the model of Cocks and Ashby [7] have been per-
formed. The calculations show that theoretical predictions
and experimental data are in satisfactory agreement
(Fig. 6) suggesting that damage distribution at the half of
the creep lifetime is already characteristic for that in the fi-
nal state. The model does not adequately describe damage
growth in regions of high localization. This faster growth
in experiments can be attributed to void interaction effects
not taken into account by the model. Evidently, the results
for the sample deformed at the lowest temperature having
the last reconstructed state at 75 % of the lifetime are less
characteristic than those of the other two with final recon-
structions at 0.88 #; and 0.90 #;, respectively. Ideally, da-
mage distribution in a state as near as possible to the mo-
ment of the final fracture is needed. This requires faster
tomographic scans, which will probably be available with
a new generation of CMOS based X-ray detectors.

5. Conclusions

Creep damage localization in terms of the area fraction of
voids on slices perpendicular to the external stress was in-
vestigated with in-situ tomography. It was found that:

e damage localization begins relatively early; distribution
of A, along the gauge length of the sample at half of the
creep lifetime shows already strong correlation with the
distribution at t = 0.9 ;.

e the amplitude of the maximum fluctuation increases
parabolically as a function of the average area fraction
of voids. For power-law creep of copper this relation-
ship is independent of temperature, stress or strain rate.

The authors acknowledge the help of the ID-15 beamline staff (ESRF).
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