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Abstract

Creep fracture behavior has been studied in Al-Mg and Al-Mg-Mn alloys undergoing
solute-drag creep and in microduplex stainless steel undergoing both solute-drag creep
and superplastic deformation. Failure in these materials is found to be controlled by
two mechanisms, neck formation and cavitation. The mechanism of creep fracture dur-
ing solute-drag creep in Al-Mg is found to change from necking-controlled fracture to
cavitation-controlled fracture as Mn content is increased. Binary Al-Mg material fails by
neck formation during solute-drag creep, and cavities are formed primarily in the neck
region due to high hydrostatic stresses. Ternary alloys of Al-Mg~Mn containing 0.25 and
0.50 wt pct Mn exhibit more uniform cavitation, with the 0.50Mn alloy clearly failing
by cavity interlinkage. Failure in the microduplex stainless steel is dominated by neck
formation during solute-drag creep deformation but is controlled by cavity growth and
interlinkage during superplastic deformation. Cavitation was measured at several strains,
and found to increase as an exponential function of strain. An important aspect of cavity
growth in the stainless steel is the long latency time before significant cavitation occurs.
For a short latency period, cavitation acts to significantly reduce ductility below that
allowed by neck growth alone. This effect is most pronounced in materials with a high
strain-rate sensitivity, for which neck growth occurs very slowly.




Introduction

It has long been known that both neck development and cavitation are factors which
control tensile ductility. Previous investigations of Al-Mg and Al-Mg-Mn materials have
shown a transition in behavior between necking-controlled and cavitation-controlled failure
mechanisms with increasing Mn additions [1-5]. These data are of particular interest
because deformation occurs by solute-drag creep, which leads to enhanced ductilities of
up to 300% when failure is controlled by necking alone. Solute-drag creep provides a
low stress exponent of n = 3, causing slow neck growth. This effect is analogous to
superplasticity, where the stress exponent is 7 = 2 because of a grain-boundary-sliding
creep process. Solute-drag creep is not dependent on grain size, unlike grain-boundary-
sliding creep. The requirement of a fine, stable grain size to achieve grain-boundary
sliding is a major contributor to the high cost of superplastic materials. These results
are significant because materials with enhanced ductilities (100-300%) from solute-drag
creep could be used in superplastic forming operations, and would be much less expensive
than current superplastic materials. Because cavitation markedly reduces the ductilities
of these materials, an understanding leading to its prevention is of great interest.
Experimental data from several aluminum alloys subject to solute-drag creep are pre-
sented. These include two binary Al-Mg alloys (Al~2.8Mg and Al-5.5Mg) and two ternary
Al-Mg-Mn alloys (Al-3Mg-0.25Mn and Al-3Mg-0.5Mn). Mechanical testing and mi-
croscopy data are used to correlate cavitation behavior during solute-drag creep with

alloy content. Data from a microduplex stainless steel, Nitronic 19D, are also presented.

This material is of particular interest because it deforms by a solute-drag creep process
at temperatures of 950°C and below and deforms by a grain-boundary sliding process
at temperatures of 1000°C and above [6]. Mechanical testing and microscopy are used
to study cavitation behavior in this material during deformation by each of these creep
mechanisms. Two creep mechanisms occur because of a phase transformation from y+4-o
at low temperatures to  +  at temperatures of approximately 1000°C and above [6].

Experimental Procedure

The four aluminum alloys of this study were cast by Kaiser Aluminum Center for Tech-
nology to have low impurity contents. Typical processing included homogenization after
casting, quenching from the homogenization temperature, then either upset forging and
warm rolling or simply warm rolling. One alloy, Al-2.8Mg, was specifically processed to
create two materials with different grain sizes. The composition of primary elements and
measured grain sizes in each aluminum material are given in Table 1. True grain sizes are
reported using the relationship between true grain size, d, and linear-intercept grain size,
I, as given by d = 1.751 [7). The Al-3.0Mg-0.50Mn material exhibits a bimodal grain
size distribution; the most dominant grain size is reported in Table 1. The Nitronic 19D
material was obtained from Armco Research and Technology in sheet form hot rolled at
1270°C. The composition of this material is given in Table 2. The grain size of the Ni-
tronic 19D after processing was measured to be d = 26 pm. The microstructure consists
of an essentially continuous matrix of d-ferrite with islands of v, austenite.

The materials were tested in tension at elevated temperatures by two types of me-
chanical tests, elongation-to-failure and strain-rate-change tests. For elongation-to-failure
tests, samples were pulled at a constant true-strain rate until failure. Constant values of
true-strain rate were maintained by using a computer-controlled, screw-driven testing ma-
chine. Elongation-to-failure and strain-rate-change tests were conducted at temperatures




Q" S
220500
itéxszg‘

Table 1: Composition and true grain sizes, d, of the aluminum materials.

Composition, wt pct

Material Al Mg Mn |d, um
Al-2.8Mg, fine bal 28 0 30
Al-2.8Mg, coarse | bal 2.8 0 450
Al-5.5Mg bal 55 0 250
Al-3.0Mg—0.25Mn | bal 3.0 0.25 200
Al-3.0Mg-0.50Mn | bal 3.0 0.50 140

Table 2: Composition of Nitronic 19D in wt pct.

Fe Cr Ni Mo Mn Si Cu N C
bal 21.3 2.1 02 42 099 0.74 0.16 0.03

from 300 to 500°C for the aluminum samples and 900 to 1050°C for the Nitronic 19D
samples. For strain-rate-change tests, samples were subjected to a series of discrete steps
in true-strain rate, varying from slow to fast rates. At the beginning of each strain-rate-
change test an initial prestrain of approximately 10% was imposed at a low rate in order
to stabilize the microstructure before subsequent strain-rate changes were performed.

Optical microscopy was performed on all materials. Metallography samples of the
aluminum materials were prepared using lead anodization to make individual grains dis-
tinguishable under polarized light. Samples of the Nitronic 19D material were etched using
a glyceregia solution to outline §-y boundaries. Samples of Nitronic 19D tested to failure
at temperatures of 900, 950, 1000, and 1050°C were sectioned after making reduction in
area measurements at several intervals of 2.54 mm each. Photo-micrographs were taken
along the length of each polished sample at a magnification of 50x, and measurements of
cavity area were taken using the grid-point intercept technique. Transmission electron mi-
croscopy, TEM, was performed on the A1-3.0Mg-0.25Mn and Al-3.0Mg-0.50Mn materials
using standard techniques.

Results and Discussion

Because the only difference between the binary Al-2.8Mg materials is in grain size, 450 ym
versus 30 pm, the effect of grain size on strength and strain-rate sensitivity should be
evident in strain-rate-change tests. Data from strain-rate-change tests at 400°C are given
in Figure 1 as a plot of true-strain rate against true stress on dual-logarithmic scales. The
data from four Al materials with widely different grain sizes fall onto a single curve. The
slope of this curve yields the stress exponent, n, which is the inverse of the strain-rate
sensitivity, m. The stress exponent of both Al-2.8Mg materials is found from Figure 1
to be n = 3.5. This value of n is very close to that predicted for solute-drag creep
(n = 3) [8], and agrees with values reported for similar materials by other investigators [9,
10]. The data of Figure 1 provide evidence that neither strength nor the stress exponent
in the solute-drag-creep regime are significantly affected by grain size within the examined
range. Below 30 um, grain size could affect creep behavior if grain-boundary sliding
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Figure 1: Strain-rate-change test data are plotted as logarithm of true-strain rate versus
logarithm of true stress for Al-Mg materials.

becomes a dominant deformation mechanism. Although strain-rate-change data for the
Al-3.0Mg-0.50Mn material are not available, the elongation-to-failure data indicate that,
at a constant strain rate, the flow stress is similar to the other four materials. Solute-drag
creep is considered to control deformation at 400°C in all five Al-Mg materials.

Elongation-to-failure tests were used to evaluate the tensile ductilities of the five Al-
Mg materials. Ductility, as well as stress exponent and creep mechanism, have been
found to correlate best with diffusivity-compensated strain rate, é¢/D, where D is the
diffusivity of Mg in Al [3, 4, 11]. The diffusion coefficient is calculated using a value of
Dy = 5 x 1075 m2/s [12, 13] and an activation energy of @ = 136 kJ/mol [11]. This
-activation energy matches the activation energy for creep measured for the Al-5.5Mg
material between 400 and 500°C. Tensile ductility of the five Al-Mg materials taken at
identical values of diffusivity-compensated strain rate, ¢/D = 7.2 x 10, are given in
Table 3. This value of é¢/D provided the best ductility for each of the materials, and
occurs in the regime of solute-drag creep.

The fine-grained Al-2.8Mg exhibits the highest ductility, 325%, of the five Al materials
and produces a very gradual neck with a sharp, pin-point failure. The coarse-grained Al-
2.8Mg material exhibits a ductility, 233%,.lower than that of the fine-grained material,
despite nearly identical behavior in strain-rate-change tests, Figure 1. The reason for
this is evident by examining the tested samples. Although both materials exhibit sharp,

, pin-point failures with no observable cavitation, the surface of the coarse-grained material
‘:;;';ziff becomes very rough, almost faceted, after testing. For comparison, the surface of the
fine-grained Al-2.8Mg material is very smooth after testing. The rough surface of the
coarse-grained Al-2.8Mg material is due to inhomogeneous deformation, leading to grain

rotation and rapid neck development.

The ductility of the Al-5.5Mg material, 254%, is within the same range as the Al-
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Table 3: Ductilities and failure modes of the Al-Mg materials at é/D = 7.2 x 10! m~2.

Material Ductility, % Failure Mode
Al-2.8Mg, fine 325 pin-point failure, no cavitation
Al-2.8Mg, coarse 233 pin-point failure, no cavitation
Al-5.5Mg 254 pin-point failure, minimal cavitation
Al-3.0Mg-0.25Mn _192 dull point at failure, some cavitation
Al-3.0Mg-0.5Mn 152 cavitation-induced failure

Figure 2: The failure region of an Al-5.5Mg sample after testing is shown. Arrows indicate
triple points at which cavities have formed. This sample was subjected to an elongation-to-
failure test at a temperature of 300°C and a strain rate of 1073 s~! (¢/D = 5.0 x 10" m~2),

2.8Mg materials. The Al-5.5Mg material necked down to a sharp, pin-point failure with
minimal cavitation. Cavitation which was observed in the Al-5.5Mg material occurred at
triple points near failure surfaces. The location of cavities can be attributed to the high
hydrostatic stresses which occur in a necked region. A possible explanation for observation
of cavitation in the Al-5.5Mg material and not in the Al-2.8Mg materials is the weakening
of grain boundaries by high Mg concentrations. The Mg concentration of 5.5 wt pct
approaches the solubility limit in Al at 300°C, making even the precipitation of small
quantities of § phase, Al3Mg,, possible at grain boundaries. The preferential precipitation ~
of B at grain boundaries in Al-Mg alloys with high Mg content is a common phenomenon,
sometimes used for preferential etching of grain boundaries for metallographic study. A
photo-micrograph showing an area near the failure region of a tested Al-5.5Mg sample is
given in Figure 2. The arrows indicate examples of cavities which have formed at triple
points.

Because the ductilities of the Al1-2.8Mg and Al-5.5Mg materials are clearly controlled
by neck formation, it is possible to use theoretical models of neck development in order
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Figure 3: Numerical predictions of ductility when necking controls are given along with
experimental data.

to predict ductility. Such models typically depend on the stress exponent, n, as supplied
by strain-rate-change tests. A numerical model, which follows closely that of Burke and
Nix [14], is used to predict tensile elongation as a function of the strain-rate sensitivity,
m = 1/n. Failure was assumed to occur when the cross-sectional area of the necked
region reached 90% or less of that in the unnecked region. An initial perturbation of
cross-sectional area was introduced using a half-sine wave variation in sample radius,
with minimum diameter at the sample midpoint. The initial cross-sectional area at the
sample center, A5, is related to the initial cross-sectional area at the sample end,
A" by the area perturbation, 4, in order to numerically begin the process of necking
(Agenter = (1 — 6) Agd). Failure was calculated for three different perturbations of cross-
sectional area that have been accepted as reasonable in the literature [15, 16): § = 1.0%,
§ = 0.5%, and § = 0.1%. Predictions of tensile elongation are plotted in Figure 3 against
strain-rate sensitivity for the three values of 4. The experimental data fall within the range
of ductilities predicted for area perturbations from 0.1 to 1.0%. These predictions are in
agreement with experimental data because only data where failure was clearly controlled
by necking were selected.

The ductilities of the Al-3.0Mg—0.25Mn and Al-3.0Mg-0.50Mn materials, as given in
Table 3, cannot be so easily predicted. While some samples of the Al-3.0Mg-0.25Mn
material do neck to a point, the necks are more concentrated than in the binary Al-

‘ Mg materials and more cavitation is evident. The Al-3.0Mg-0.50Mn material exhibits a
(f{rf marked transition to cavitation-controlled failure. Figure 4 shows the contrast in behavior
between the Al-3.0Mg-0.25Mn and Al-3.0Mg—0.50Mn materials. The Al-3.0Mg-0.50Mn
sample shows much cavitation and a jagged fracture surface, Figure 4(a). The Al-3.0Mg-
0.25Mn sample shows some minor cavitation and a very steep neck, Figure 4(b). The

reason for this transition in failure behavior can be related to the Mn additions.
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Figure 4: Cross-sections of failure regions are shown for (a) the Al-3.0Mg-0.50Mn material
and (b) the Al-3.0Mg-0.25Mn material. Both samples were tested to failure at 500°C
and a strain rate of 1074 5! (¢/D = 3.1 x 10° m™2).

In order to evaluate why Mn additions significantly increase cavitation and reduce
ductility, TEM studies were performed on the two Al-Mg-Mn materials. Two TEM mi-
crographs which illustrate why Mn additions have an ill effect on ductility are shown in
Figure 5. Although the majority of material from both samples appeared free of precip-
itates and pro-eutectic products, particulates were found in some grain boundaries, as
shown in Figure 5. The Al-3.0Mg-0.25Mn material revealed a few, very fine particles
on the order of 0.1 um in size, as illustrated at the arrows in Figure 5(a). The Al-
3.0Mg-0.50Mn material exhibited larger agglomerations of particulates reaching several
micrometers in size. The particulates observed in the TEM studies are most likely to
consist of Al¢Mn. The particulates, especially in the case of Al-3.0Mg~0.50Mn, can serve
as nucleation sites for cavities, leading to failure by cavitation. Because the Al-2.8Mg ma-
terials, being single phase, exhibit no cavitation the elimination or dissolution of second
phase particles is expected to significantly reduce cavitation.

Measurements of area reduction and cavity volume percent were conducted on samples
of the Nitronic 19D material in order to better understand cavity development. Elongation-
to-failure tests were conducted at a constant true-strain rate of 3x10~* s~1. Cavity volume
percent, C,, is evaluated as a function of strain by the equation [17]

C, = C,, ™) | (1)

where C,, is the concentration of cavities at a reference strain ¢, and 7 is the cavity growth
rate. The ¢y term represents a latency period before which cavitation is not observed. An
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Figure 5: TEM micrographs are shown for (a) the Al-3.0Mg-0.25Mn material and (b) the
Al-3.0Mg-0.50Mn material. Both samples were tested to failure at a temperature of 500°C
and a strain rate of 10~* 57! (¢/D = 3.1 x 10° m™2).
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Figure 6: Data for cavity volume percent are plotted as a function of true strain measured
from area reduction for samples of Nitronic 19D tested to failure.

increase in €y can increase the usable ductility of a material. Data for cavity volume percent
as a function of strain, measured from area reduction, are given in Figure 6. Fitting the
above equation to the data in Figure 6 resulted in the following relation,

Cv =0.5 62.08(6-0.75) . (2)

The value for cavity growth rate is similar to that of other microduplex stainless steels,
such as IN744, K1970, and K2261 [18]. These materials, however, exhibit no latency
period for cavitation (o = 0) [18].

What is most remarkable about the Nitronic 19D is that cavitation varies with strain
in a similar fashion for all test temperatures. This is in spite of the fact that solute-drag
creep controls deformation at the two lowest temperatures, 900 and 950°C, and grain-
boundary-sliding creep (superplastic condition) controls deformation at the two highest
temperatures, 1000 and 1050°C. Examination of the tested samples after sectioning shows
less cavitation in the samples deformed by solute-drag creep than in those deformed super-
plastically. The reason, however, is that the samples deformed by solute-drag creep have
steeper necked regions, and thus less material with high plastic strains. The material de-
formed superplastically has more diffuse necking and larger regions of high plastic strain,
leading to more cavitation. Never the less, regions of identical plastic strain among all of
the samples exhibit very similar cavity volume fractions, despite a change in deformation
mechanism.

Examination of the Nitronic 19D sample tested at 950°C, which deforms by solute-drag
creep, and the sample tested at 1000°C, which deforms by grain-boundary sliding, shows
very similar cavity morphologies. As in the Al-5.5Mg material, cavities tend to nucleate
at triple points in Nitronic 19D, but at triple points located at interphase boundaries
of the 6 and v phases. Photo-micrographs of the Nitronic 19D material are shown in
Figure 7 after testing at 950°C, Figure 7(a), and 1000°C, Figure 7(b). It is of note that
grain-boundary sliding leads to spheroidization of the microstructure and grain growth
in the sample tested at 1000°C. The photo-micrographs of Figure 7 indicate the same
mechanism of cavity growth by plastic flow at the two temperatures, and diffusive cavity
growth seems totally absent.
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Figure 7: Photo-micrographs of the Nitronic 19D material are shown after testing at
(a) 950°C and (b) 1000°C. Both samples were tested to failure at a strain rate of 3 x

10~% s~1. These photo-micrographs represent regions of different accumulated plastic
strain, and thus regions of different cavity volume percents.




Conclusions

1. Solute-drag creep in Al-Mg alloys can lead to enhanced ductilities of up to 325%
when failure is controlled by necking alone. Theoretical predictions of tensile ductil-
ity based on neck growth correspond well with experimental data for this case.

2. Additions of Mn to Al-3.0Mg alloys lead to particulates which are associated with in-
creased cavitation. Additions of 0.25 wt pct Mn yield very small, infrequent particles
which cause only minor cavitation. Additions of 0.50 wt pct Mn yield agglomerations
of small particles which lead to failure by cavitation.

3. A transition from necking-controlled failure to cavitation-controlled failure during
solute-drag creep in Al-Mg materials decreases tensile ductility.

4. Nitronic 19D exhibits failures which are characterized by both neck development
and cavitation. Failure during solute-drag creep is more dependent on neck growth
than cavitation, while failure during superplastic deformation is more dependent on
cavitation than neck growth.

5. Despite the differences in failure and deformation mechanism of the Nitronic 19D at
different temperatures, cavity volume percent varies as the same function of strain
at all test temperatures studied.
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