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Abstract: Micrograin Superplasticityrefers to the ability of fingrained materials
Ipn<d< 10 whemdis the grain size) to exhibit extensive ndoke elongations

during deformation at elevated temperatures. Over the past three decades, good progress
has been made in rationalizing this phenomenon. The present paper provides a brief review
on this progressin several areas that have been related to: (a) the mechanical
characteristics of micrograin superplasticity and their oyign) the effect of impurity

content and type on deformation behavior, boundary sliding, and cavitation during
superplastic deforation; (c) the formation of cavity stringer&) dislocation activities and

role during superplastic flovand (e) the utilization of superplasticity.

Keywords: cavitation; cryomilling dislocation activity; ductility, grain boundary sliding;
high-strain  rate  superplasticity; impurity effect; micrograin  superplasticity;
nanocrystalline materials

I. Introduction

Superplasticity refers to the ability of fhggained materialsl(e m d<< 1 0O, whera d is the
grain size) materials to exhibit extensive né@e elongations during deformation at elevated
temperaturesT( > 0.5 Tm, where Ty is the melting point). An example that illustrates ductility
associated with superplastic flow ivgn in Figure 1.

Considerable interest has developed in micrograin superplastieB8) [Mhis interest has arisen
partly from a scientific viewpoint and partly from the increasing awareness that superplastic materials
can be utilized in forming complex apes in simple and inexpensive forming operations. There are
two main advantages in utilizing superplastic materials for metal forming operations. First, large
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strains can be achieved without necking. Second, the stresses required for superplastidaleyemat
generally low.

Figure 1. Ductility associated with micrograin superplasticity

Zn-22wt%Al

The two basic requirements for the observation of micrograin superplasticity in materials are:
(a) a temperature greater than about-loalké of the melting pointsTm, and (b) a fine and equiaxed
grain size (<10 pm) that does not undergo significant growth during high temperature deformation. In
addition to these two requirements, grain boundaries need to be mobilanigigd and able to resist
tensile separation. Ehrequirement of a small grain size has resulted in the development of several
superplastic alloys based on binary or ternary eutectic or eutectoid systems since grain growth is ther
inhibited by the presence of two or more phases.

Over the past four decas, significant progress has been made not only in understanding the origin
of micrograin superplasticity but also in utilizing this phenomenon for structural applications.
Accordingly, the purpose of this paper is to review some of the fundamental grétggehas been
made. In particular, the paper will focus on reviewing the following aspects of the fundamental
progress: (a) the origin of the relation between stress and strain rate, (b) effect of impurity content and
type on deformation and boundarydstig, ) the mechanism by which cavity stringers are formed
during superplastic deformationd)(the role played by lattice dislocation during superplasticity. In
addition, the paper will address some concepts that have introduced to exploit supéypfastici
commercial foming of structural components.

2. Discussion
2.1. Mechanical Characteristics

Micrograin superplasticity is regarded as a creep phenomenon since it has been observed a
temperatures at or above 0.5 of the melting point. Accordingly, in establishing the mechanical
behavior of superplastic alloys, investigators extensively studietbiiba/ing four relationships that
define the basic deformation characteristics associated with a creep process: (a) the relationshiy
between stress and strain rate, (b) the relationship between strain rate or stress and temperature, (c)
relationship letween strain rate or stress and grain size, and (d) the relationship between strain
contributed by boundary sliding and total strain. As a result of the studies on the aforementioned
relationships, three findings are well documented. First, micrograinergagticity is a
diffusion-controlledprocess that can be represented by the follgwimensionless equation [4,5]:

T ab s 4"
KT _p8P 0 & (1a)
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where § is the shear creep ratke,is Boltzmanids constant]T is the absolute temperatur@, is the

diffusion coefficient that characterizes the creep prodéss, the shear modulu$ is the Burgers
vector, A is a dimensionless constamt,is the grain sizes is the grain size sensitivityr is the

applied sheastressn is the stress exponer, is the activation energy for the diffusion process that
controls the creep behavior, abg is the frequency factor for diffusion. Second, the relationship

between stressy, and strain rate(, is often sigmoidal [610]. Under creep testing conditions, this
sigmoidal relationship is manifested by the presence of three regions, as illustrated in Figure 2(a):
Region | (the lowstress region)Region Il (the intermediatstress region or the sup&sgtic region),
andRegion Il (the highstress region). IiRegion III (the highstress region), the stress exponeris

higher than 3, the apparent activation energy,@nis higher than that for grain boundary diffusion.
Region Il (the intermediatgtress region) covers several orders of magnitude of strain rate and is
characterized by a stress exponentpf 1.5 to 2.5, an apparent activation enef@y,that is close to

that for boundary diffusion, and a grain size sensitiatyf, about 2. In ths region, maximum ductility
occurs [1113]. Because of this characteristiRegion Il is often referred to as the superplastic region.
Region | is characterized laystress exponent of 3 to 5, and an apparent activation energy higher than
that for grain bandary diffusion. However, the creep behavior in this region exhibits essentially the
same grain size sensitivity notedRegion Il. Finally, the percentage contribution of boundary sliding

to total strain generally ranges fromi50% in Region Il but itdecreases sharply, to approximately

20i 30%, inRegions | and 1l [14,15] as shown in Figure 2(b).

~

Figure 2. (a) Schematic representation regarding the relation between applied stress and
strain rate for micrograin superplastigityb) A schematic representation for the
characteristics of micrograin superplasticity
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Figure 2. Cont.
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2.2. Origin of the Sigmoidal Behavior

The deformation mechanism responsible Region 111 is not well established. Early observations
have suggested th&egion Ill in superplastic alloys represents normal pelaer creep, which
controls the behavior of larggrained metals at elevated temperatures [4,5]. These observations [16]
included: (a) measurements of high stress exponents in several superplastic alloys, (b) the presence ¢
extensive dislocation activity in the interiors of grains, (c) the occurrence of changes in grain shape (d)
increases in the texture after deformation, a@dtile close correspondence between the transition
stresses froniRegion Il (the superplastic region) Region Il and those predicted from the equation
that describes the dependence of the average subgraia; $aened during the creep of metals on the
applied stress [5]. This correspondence impliesRegjion Il occurs at higher stresses where a stable
subgrain structure begins to develop [17]. However, the above suggestion that the creep behavior o
superplastic alloys irRegion Ill is controlled bythe same type of dislocation process, which is
dominant in metals at high temperatyrssnot entirely satisfactory for two primary reasons. First,
experimental data reported for a superplastic copper alloy [10] have revealed an inverse dependence c
creep rate on grain size iRegion llI; this behavior contrasts with that of pure metals at high stresses
where creep rates are essentially insensitive to changes in grain size [5]. Second, experimenta
evidence indicates that at high stresses no-alEloged subgrains are formed in the interiors of
grains; only dislocations tangles are present [16]. On the basis of the above findings, it seems mosi
likely that Region Ill is the result of the operation of some form of an intergranular dislocation
process, wich is influenced by the presence of grain boundaries. It is worth mentioning that there are
difficulties in establishing the mechanical characteristicRagjion Il because of the fast creep rates
associated with this region.

As mention earlier, Region 1 (the superplastic region) is associated with maximum
ductility [11-13]. The strong sensitivity of steadyate creep rates measured during superplastic flow
in Region Il to changes in grain size have indicated that boundaries play an important rotejswhi
related to their ability to contribute to deformation through the process of boundary sliding. Over the
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past four decades, considerable efforts have been made to characterize the nature and significance
such a rolen terms of deformation mechanis. As a result of these efforts, a number of deformation
mechanisms were developed or speculatee2f]8 Depending on the nature of the accommodation
process that is necessary to relieve stress concentratigrathdoundary slidingGBS) models may

be divided into two types: diffusional accommodation and dislocation accommodation.

GBS accommodated by diffusion flow is the basis of the model by Ashby and Verrall [18]. This
model, which involves a graiswitching event, predicts the presence of a sigalorelationship
between stress and strain rate, the retention of an equiaxed grain structure, and the absence of
significant dislocation activity. While these predictions are in harmony with experimental evidence,
there are several problems associateth ihe model. These problems were discussed in detail
elsewhere [6]. In particular, the model predicts that the apparent activation eneRpgsoins 1l and |
are the same. This prediction is in conflict with the present findingRégion | is assoctad with a
higher apparent activation energy16].

Several models based on GBS accommodated by dislocation motion were develep@d These
models are different in assumptions and details. For example, in the model of Mukherjee [20], large
ledges omprotrusions on the grain boundary surface provide most the obstruction to boundary sliding.
As a result, dislocations are generated at the obstructing ledge. Then, the generated dislocations mov
into the grain and pileup against the opposite boundaryenthely climb and are annihilated. On the
other hand, the model of Gifkins [21] involves sliding by dislocation movement in the mantle (a
narrow region adjacent to boundaries) and accommodation occurs by the glide and climb of
dissociated dislocations alomgundaries; there is no dislocation activity in the core. Despite various
differences in assumptions and details, all models based on GBS accommodated by dislocations can b
represented by the following ratentrolling equation that predicts the deforimatcharacteristics
reported for the superplastic region, in which ductility exhibits a maximum value:

D, Gbaboéz‘ g & Q.0

I=CT T @° 2362 “RBRrT 8 @

whereC is a constant and all other terms have been defined previously; the ealbidsr the above
mentioned models are given in Table 1.

Table 1. Proposed deformation mechanisms for the superplastic reRgmionll).

Model C Comments

Sliding of group of grains; dislocations are created at trif
points and annihilated by the process of climb into oppo
grainboundaries

D = Dab

Grains slide individually; dislocations are produced by
Mukherjee [20] 12 ledges and protrusions

D= qu

Dislocation movement by glide and climb in the mantle
Gifkins [21] 384 along the adjacent grains

D= qu

Ball-Hutchison [19] | 600
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Table 1.Cont.
Model C Comments
Gittus [22] 320 Pile up of tlcn.m.dary dislocation§ at interphase boundarie
D = DipB, Y is ignored for Region Il
The creation of dislocations on a solfitee mantle by
Arieli-Mukherjee [23]| 480 BardeerHerring multiplication

D = Dab

Grain rolling; GBS by the glide of GB dislocations on
sliding grain facets; accommodation by the climb of GBS
dislocations on facets with normal stresses

D= ng

q = atomic size = 0.7

U = boundanythickness = 2b

PaidarTakeuchi [24] | 30

Early explanatioa for the origin of Region | were centered around: (a) the operation of
temperaturansensitive threshed stress processes [25], (b) the emergence of new deformation
mechanism [6,7], or (c) the occurrence of concurrent grain growth [26]. Howevennakided
elsewhere [27,28these explanations are not entirely consistent with available experimental evidence.

It has been suggested [27] on the basis of an analysis of superplastic flow at low stresses, tha
Region | behavior may be a consequence of the operation of a threshold stress process whose origin |
related to the segregation of impurity atoms at boundaries and their interaction with boundary
dislocations; in this case, the threshold strégsjs equvalent to the stress that must be exceeded
before boundary dislocations can break away from the impurity atmosphere and produce deformation.
Consistent with the above suggestion are several observations. First, it was demonstriaeggichat
behavior vas influenced by # purity level of the alloy [281]. This finding was reflected in three
primary observations: (a) Z22% Al did not exhibit as indicated by Figaré& 5 Region | when the
level of impurities in both alloys was reduced to about 6 ppnoytiirout this work ppm will refer to
wt. ppm, unless otherwise stated) [28], (b) increasing the impurity level at constant initial strain rate
reduced ductility [32]. Second, creep data reported for several grades-2#%ZmAl containing
different levels ofimpurities [28], in particular Fe [30], revealed the presence of a threshold stress
whose characteristics were consistent with various phenomena associated with boundary segregatior
For example, the temperature dependence of the threshold stress wathededoy
t,/G=b,exp(Q,/RT) is similar in form to c=c, expfV/RT) (c, is the average concentration of
impurity, andW is the interaction energy between a boundary and a solute atom), that gives, to a first
approximation, the concentration of impurity atoms segregated to boundar&s,a function of
temperature [33]. Third, the presence of other impurities in addition to Fe-22%nAl resulted in
enhancing cavitation [32]. This observation appears to be consistent with the synergistic effects
associated with impurity segregationteundaries [34,35]. Fourth, the Fe level (120 ppm) at which
the threshold stress for creep in-Z&% Al appears to approach a limiting value most likely represents
the concentration at which boundary sites available for Fe segregation approach asdmrafB0].

Fifth, experimental results on cavitation revealed the following observations: (a) cavities were not
observed in higipurity Zn22% Al [31,32], and (b) the extent of cavitation in-Z&% Al was
dependent on the impurity content of the al[8¢]. Findings (a) and (b) are illustrated in Figdre
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The observed correlation between the level of impurities and the extent of cavitatio229ZAl is

most probably related to effects associated with the presence of excessive impurities at Isodunelarie

to their segregation [32,36,37]. Finally, a detailed investigation [38] was conducted to study the effect
of Cu, as a selected impurity, on superplastic deformation and cavitationrdB8%rAl. The results

have shown that cavitation is not extensiv&n-22% Al doped with 1300 ppm of Cu (Figue This
characteristic is essentially similar to that reported for dpighty Zn-22% Al [31] but is different

from that documented for a grade of the alloy containing a comparable atomic concentratif@2pf Fe
(Figureb). This observation appears to be consistent with the expectation that impurities vary greatly
in tendency to segregate at boundaries. Also, this observation is in harmony with the absence of
Regionl in the logarithmic plot of strain rate aigst stress for Z22% Al doped with Cu [38].

Figure 3. Shear strain rates. shear stress (logarithmic scale) for three grades 2224
Al having a grain size of 2pm at 473 K
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Figure 4. Cavitationin Zn-22% Al grades at a strain rate of 1.830° s . (a) grade 1
(180 ppm of impurities)(b) grade 2 (100 ppm of impuritiesand €) grade 3 (6 ppm
of impurities)

S [

Figure 5. Cavitation in different grades of Z22% Al tested at 473 K and a strain rate of
1.33x 10°°. (a) Zn-22% Al014 % Fe (b) grade 1 with 180 ppm impuritieéc) grade 2
with 100 ppm impurities(d) high-purity Zn-22% Al, and €) Zn-22% 22% A0.13%Cu.
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The concept of an impurigiominated threshold stress signifies that the same deformation process
controls bothRegion Il (the superplastic region) arfdegion | (the lowstress region) and that the
apparent difference in stress and temperature dependencies between the two regions are the result
the increasing importance & with decreasing creep stress in grades containing sufficient impurity
levels. Consistent with this concept is the finding that the experimental data obtained for superplastic

alloys inRegions | and Il at various temperatures can be described by a deigtenation process
that incorporated, and may be given by [27,28,30]:

OKT _ &b @e- ¢
D,Gb ¢d £ G ¢
where s is about 2 andh is about 2.5. Such a description is illustrated in Figbirevhere the
normalized creep rate multiplied by the normalized grain size s plotted as a function of the normalized
effective stress. It is clear from the plot in Figure 4 that the data &22%nAl, regardless of the value

of the grain size and the levef impurities, coalesce into a straight line, whose slope is about
2.5 (h = 2.5) and which extend over more than five osdefr magnitude of strain rate. These
characteristics demonstrate that the following important point: superplasticity does noenepres
transition region between the domains of two deformation processes but arises from a single
deformation mechanism.

3

Figure 6. A plot of normalized creep rates.normalized effective stress for several grades
of Zn-22% Al containing different impustlevels. Data were taken from [30]
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2.3. Effect of Impurities on Boundary Sliding

Grain boundary sliding (GBS) is a process that occurs during the high temperature creep of
polycrystalline materials and in which one grain slides over another grain under the action of a shear
stress. A schematic representation of sliding is shown inr€&iffa). As a result of the sliding of the
two grains, offsets are produced at their common boundary. In the fogusethe sliding vectony is
the component of sliding resolved along the stress axssthe component measured perpendicular to
both he stress axis and the specimen surfacewaisdthe component measured perpendicular to the
stress axis but in the plane of the surface. Also, as shown in Fi@)rehe orientation of the grain
boundary is defined by two angldsind U d is the anglebetween the stress axis and the trace of the
boundary in the plane of the surface, ani the internal angle made by the boundary trace on a
longitudinal section cut perpendicular to the surface.

Figure 7. (a) Schematic representation of grain boundatiding, (b) Schematic
configuration of marker lines, longitudinal and transverse and their offsets.

(a) Grain A
s Grain B

143
i o 5 |~>©
longitudinal g i ....%‘1 i i
marker linc ' "”"’f"’- Eia::dary w v
grein boundary Wy transverse '
marker line

The occurrence of micrograin superplasticity in metallic systems requires a stable and equiaxed
grain size of less than 10 pm. This requirement along with the strong sensitivity of -staaelyreep
rates measured during superplastic flow to changesain gize,d, has demonstrated the significant
influence of boundaries on the superplastic behavior. Over the past four decades, considerable effort:
have been made to characterize the nature and significance their role. For example, as mentione
previously the concept of boundary sliding accommodated by some form of dislocation activity was
adopted in developing several deformation models2d]9that treated steaestate superplastic
deformation inRegion Il. In addition, many investigations have beerigoered in tension on several
different superplastic alloys to evaluate the significanceR®® (& the above three regions of behavior.
In these investigations, measurements of sliding offsets along prescribed Inaken the surface of
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tensile specimenwere taken and the contribution of GBS to the total strain was estimated using
appropriate equations. In particular, in superplasticity experim#r@dongitudinal offsety, and/or

the transverse offsets, are considered in calculating the strain contribution from boundary sliding to
total strain. As described elsewhere [14,15], the strain due to boundary slidilgpbtained fromu

and W through the following expressions:
Egbs =Y U/ L (48
€gbs = W/ L (4b)

wherey is a geometric constant which is equal to 0.8 for the longitudinal offsistthe average
offset. L is the average linear intercept grain sfas,a geometric constant that is equal to 1.5 for the
transverse offset [14,15], and@ is the average transge offset. The method of calculating from

u is applicable only when the grains are equiaxed, a condition that is satisfied during superplastic
deformation. The contribution of boundary sliding to the total stris,calculated from the equation:

X=€ydq (5)

In taking measurements o8BS, several steps are carried out. Fipstor to testing, one of the flat
surfaces of each specimen is polished to a miikerscratchfree surface, and very fine lines (marker
lines), either parallel or perpendicularttee specimen axis, are placed on the polished gauge surface.
One method of creating such lines is by drawing a lens tissue containing 1 mm diamond paste acros:
the surface only once in either the longitudinal or the transverse direction. Longitudinat hmerke
are used to measure the sliding offsgtperpendicular to the stress axis. Transverse marker lines are
used to measure the sliding offsgtparallel to the stress axis. Figure 5(b) illustrates the two types of
marker line, longitudinal and tramerse, and the two classes of offsendu. It is also possible to
take measurements of sliding using a prirgeid technique. However, as reported elsewhere [39], the
technique can be unsatisfactory due to resolution difficulties in the scanningmeletcroscope.
Second, tensile specimens are deformed at a constant temperature on a testing machine operated a
constant crosbead speed. Tensile tests are conducted to a predetermined strain in the range of
20% 100% at various initial strain ratebhird, after testing and cleaning in an ultrasonic cleaner, the
specimens are examined in the scanning electron microscope (SEM) and a number of representativ
photomicrographs are taken within the gauge length. These phictographs are enlarged and
individual sliding offsets are measured. In general, aboutS8@readings are taken on each one of
the specimens.

Superplastic alloys such as-28%Al and PE62%Sn have two phases, and in this case, there are
two intercrystalline boundaries (for examplt-Al and ZnzZn) and an interphase boundary (for
example: AtZn). In order to ensure that sampling of measurement B8 i& not in favor of a certain
type of boundary, the number of each type of boundary counted experimentally were selected in some
investigations according to an approach that Gifkins proposed [40]. The approach by Gifkins [40] is
based on the following assumptions: (a) the ratio of the volume fraction of the two phases of a
micrograin superplastic alloy is equivalent to the ratithanlinear transverse intercept, and (b) grains
make a single transverse array. If théa of the volumeraction of Uandb phasesn the alloy isf,
then this ratio, on the basis of the above assumptions, may be expressed as:
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XL, /YL, = f (69)
whereX andY are the numbeof Uandb grains respectively, andEa and [b are the linear sizesf U

and b phases, respectively. The above expression may be rewritten in a second form using the
following considerationlf x ( ) ooundaries ang ( B poundaries are coted, there would be  ( U)
gr ai ns ( fUopoundameg &hg/2 ( Uains formingd-b boundariesi.e., X = x + y/2. Then, the
number ofb grains,Y, and the number ¢f b Joundariesz, are given, respectively, by

180 & yg
Y=ot x+20
f(;Lb+9X 2~ (6b)
and
z=Y-y/2 (60

Despite minor differences in the procedures and equations use@83ne&imates, the results
reported in the investigations [14,15,39,40] are in general consistent and show that, at low elongations
(20i 30%), the percentage contribution oB& to total strain generally ranges from i5®% in
Regionll but it decreases sharply to approximatelyi 2% in Regions | and lll. It should be
mentioned that GBS measurements in ultrafir@ned Zr22% Al yielded [41]3 = 44% 50%
whenn~2.

The value ofsin Region Il (~60%)3suggests that there is a missing strain of about 40%. This
missing strain is too large to be explained in terms of diffusional creep and/or dislocation motion
considering two weldocumented observations related to superplastic deform#imeontribution of
diffusional creep to the total strain is not significant [42] and strain produced by lattice dislocations is
negligible [43]. Langdon [44] has argued that there is no missing strain and that boundary sliding and
the associated accomdettion process account for essentially all strain produced during superplastic
flow in Region Il. His argument [44] was based on an analysis of the process of measuring sliding
using marker lines parallel to the tensile axis in a two dimensional arragxafjbnal grains. The
analysis [44] has led to the prediction tBagxhibits a minimum value of 45% when sliding is not
accommodated and assumes a maximum value of 90% under the condition that sliding is fully
accommodated. On the basis of this predigtimngdon [44] has concluded that since the
accommodation of sliding is not fully required at the surface of a tensile specimen, the experimental
values ofs-obtained from surface marker lines are expected to be close to the lower bound of the range
of 45% 90%.

Grain boundary measurements in three grades 61224 Al containing different impurity levels
indicated that three grades of the alloy exhibited essentially the same vadue Ragion Il [45]. The
measurements along with those reported foiSRI46] signify that impurity level has no noticeable
effect on steadgtate creep behavior in this region. For illustration, see Figures 6(&)l@nd

As stated earlier, experimental results orRZ286Al and P62 Al indicated thaRegion Il and | are
controlled by the same deformation process and that the apparent differences in the deformation
characteristics between the regions is a reflection of the presence of an ingmmityated threshold
stress, which arise from boundary segregation. Accorgimgkhe absence of boundary segregation, it
is expected that boundary sliding behavior at low strain rates would be similar to that at intermediate



Materials2011 4 120¢

strain rates, where the superplastic region dominates. In this case, there would be no significant
difference between the two ranges of strain rates in terms of the contribution of sliding to the total
strain. The results reported for sliding characteristics in -pighty Zn22% Al (6 ppm of
impurities) [45] and highpurity PB62% Sn (5 ppm of impurities) § has verified such an
expectation as shown by Figures 8(a) and 8(b), respectively. For example, it was found that in the
former alloy, 3 is about 60% at both intermediate and low strain rates. The high valee3df n
high-purity Zn-22% Al at low strairrate is consistent with two experimental observations related to
the alloy [28,31]: (aRegion Il at intermediate strain rates extends to low strain rates with no evidence
for Region | behavior, and (b) cavitation at low strain rates, like that at inteateestrain rates, is

not extensive.

Figure 8. (a) The contribution of boundary sliding to the total strain as a function of strain
rates for grades 1, 2, and 3 of-ZR%AIl containing 180, 100, and 6 ppm of impurities,
respectively; ) The contribution of boundary sliding to the total strain as a function of
strain rates for grades land 2 of-&2% Sn. The vertical lines A and B represent the
transitions fronRegion | toRegion Il and fronRegion Il toRegion lll, respectively.
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On the other hand, the occurrence of boundary segregation is expected to reduce the contribution o
sliding at low strain rates whefRegion | is normally observed. This expectation is based on the
argument [30] that the presence of impurities majuarfce accommodation processes for boundary
sliding, which in general include boundary migration, diffusional flow, dislocation motion, or
cavitation. For example, the presence of excessive impurities at boundaries may affect boundary
migration in two ways First, impurities may produce a strong dragging effect on migrating
boundaries. As result, grain boundary migration (GBM), which is a fast process at intermediate
stressesRegion Il) [47], may become too slow to fully accommodate boundary slidingsmahge of
stresses, leading to a decrease in the amount of sliding and an increase in the extent of cavitatior
Second, the presence of excessive impurities at boundaries may lead to the formation of precipitates
These precipitates may reduce slidingeréiy changing originally straight boundaries to serrated
ones [33]. Such a change in boundary configuration could be the result of the following two processes:
the pinning of a boundary at various points by precipitate particles and the occurrenctedf@siM
(due to impurity drag at low stresses).

2.4. Cavity Stringers

It is well established that during superplastic deformation, most materials develop cavities, which
grow and coalesce, leading to cavitation damage. Such damage in turn gives rigeatarpréilure
of the material, thereby limiting the use of superplastically formed components. A major characteristic
of cavitation in superplastic alloys is that cavities usually display an aligned configuratié][43
demonstrated by Figure 9; a gmof cavities aligned in a specific direction is referred to as a cavity
stringer. The morphology of cavity stringers varies from one material to another and is controlled by
the general variables of superplastic cavitation such as strain, strain tatejmperature. Interaction
between cavity stringers also influences the final configuration.

Figure 9. Cavity stringers in superplastic alloys

Al-33%Cu, 1 mm

During prior thermomechanical treatment, most superplastic materials are rolled either to produce
the fine grain size necessary for superplastic deformation or as part of the processing procedure. Larg
particles, if present, can therefore break down ignahs small particles along the rolling direction.
Since superplastic materials have commonly been tested with the tensile axis parallel to the rolling
direction, it was suggested that during testing, cavity nucleation at these particles leads to the
formation of cavity stringers [49,52]. This suggestion was verified by the observation that changing
the orientation of the test samples led to a corresponding change in the arrangement of cavity
stringers [49,52]. Following these results, however, the effiedlling direction on other quasingle
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phase and microduplex alloys was studied and it was found that cavity stringers always align parallel
to the tensile axis, regardless of the rolling direction [53,54].

The key to uncovering the mystery about thigin of cavity stringers was provided by two pieces
of information. First, experimental results reported forzzZnwt% Al have shown that the extent of
cavitation increases with increasing impurity content [31] (see Figure 4). Second, the results of a
study [55] on the effect of heat treatment on the microstructural behavior-82 Zm% Al have
revealed that groups of fin& (Al-rich) and b (Zn-rich) phases, which form by spontaneous
decomposition, are encompassed by fortddsoundaries KUBs) that consist of fine elongateal
grains;UboundarieskUBs) divide the microstructure into equiaxed domains containing fine grains of
Uandb phases. Figure 10(a) shows this microstrural feature. In addition, microstructural observations
following defomation have indicated [55] that these group$§ahdb phases behave as independent
domains and thaUBstend to align parallel to the tensile axis during superplastic deformation. These
findings were significant in two ways: (a) they suggested thaprisence oFUBscould be used as a
tracer to monitor various activities which accompany superplastic flow, and (b) they implied that a link
might exist between the occurrence of cavity stringers and the presdfidasof

Detailed investigations [56] that involved monitoring both the evolutionFoBs and the
development of stringers led to the following new information:

a. FUBs serve as favorable cavity nucleation sites as demonstrated by Figure 8(b). This role is
attributedin part to the shape of the grains FtBs (elongated) and in part to impurity
segregation at these boundaries [56].

b. There is a direct correspondence between the evolution of these two substructural thatures:
nucleation of cavities onBs and thdormation of cavity stringers

Figure 10. (a) F U B s-22% rl; (1) frormation of cavities and stringers &nU B s
Tensile axis is horizontal.
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Figure 10.Cont.

(b)

On the basis of the above information, the following mechanism was propad3dd §Ecount for
cavity stringers in Z#22 wt%Al. Upon deformation, cavities begin to nucleate FiiBs As
deformation continues, these boundaries change their orientation, approaching the tensile axis anc
resulting in cavity stringers aligned in this directidimis process is illustrated in Figure 11.

Figure 11. Correlation between the rotation B(Bs during superplastic flow and the
formation of cavity stringers

The presence df U BrsZn-22 wt%Al and their initial orientation with respect to the tensile axis
lead to the formation of cavities along inclined directions that, upon superplastic deformation, tend to
align with the tensile axis. Sinde U Base not a common substructural featureviher superplastic
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alloys that also exhibit cavity stringers, a general mechanism was proposed [57] to explain how the
formation of cavity stringers is, in general, accommodated by superplastic flow.

By monitoring the behavior dfUBs during superplastic deformation, it was suggested [57] that, in
general, the formation of cavity stringers is essentially accommodated by superplastic flow. This
suggestion represented the basis of a mechanism that provides a possible explanatiforfioatiba
of cavity of stringers under micrograin superplasticity conditions. The mechanism involves two main
steps: (a) the formation of rows of cavities at directions inclined to the tensile axis, and (b) as a result
of superplastic flow, these rows clggntheir orientation, and approach the tensile axis in a fashion
similar to that ofFUBs This process is illustrated in the following scheme. It is asgiha during a
burst of boundary sliding a group of grains (labefed, C, andD in Figure 12) slile as a unit, until
blocked by unfavorably oriented grain boundaries. This generates a stress concentration at the
corresponding triple junctions shown in Figure 12. In the absence of accommodation by diffusion,
deformation, and/or boundary migration, tbeal stress concentration is relieved by the opening of a
cavity at pointP. According to the results of numerical calculations on boundary sliding and
cavitation [58], the opening of such a cavity results in stressing fAcatsl Y to a higher level thn
other transverse facets. As a result, further cavity nucleation would be favored at these transverse
boundaries. This process, which continues until the accommodation is damped out, could lead to the
formation of a short row of cavities, which is in@dohto the tensile axis. Following the formation of
these short rows of cavities, flow accommodated alignment, as reflected in the behawid@sof
would take place to ultimately form cavity stringers parallel to the tensile axis. In the preceding
discussbn, it is suggested that the alignment of cavities in the form of cavity stringers is naturally
promoted by superplastic flow. On the basis of this suggestion, it is expected that cavity stringers
would form along the tensile axis of superplastic matedaléong as the following conditions exist.

First, stress concentrations resulting from sliding of an individual grain or a group of grains are
relieved by opening cavities,e., sliding is not accommodated by diffusion, deformation and/or
boundary migrabn. Second, early failure due to the interlinkage of cavities in a direction transverse to
the tensile axis or due to the development of a sharp neck does not occur, permitting cavities to
experience flow accommodated alignment. Finally, cavity distobutis nonuniform and very
extensive cavitation does not occur, since under these circumstances, even if the material shows higl
elongations before failure, the directionality of the cavities will be obscured.

Figure 12.General model for the formation cdaty stringers

Favorable
sliding
path







