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ABSTRACT

Aluminum-lithium alloys and mechanically alloyed aluminum alloy have

considerable potential for structural application in aerospace industry.

These alloy systems are being investigated in this research program. The

constitutive equation for superplasticity suggests that the strain rate is

very sensitively dependent on the grain size. However, one usually

encounters a range of grain sizes in the microstructure. The current

investigation reveals that under such circumstances, in the classical

superplastic domain i.e. region II, both coarse and fine grains deform in the

typically superplastic mode, i.e., they do not reveal too much of

intracrystalline slip activity in the grain interior. However, in the higher

strain rates (region III), the coarse grains were shown to deform by

transcrystalline mode, whereas the fine grains were found to deform by

intercrystalline mode. This will have important implications on the

theoretical modelling for superplasticity.

The mechanically alloyed IN90211 showed tensile elongations in excess of

500 percent at the fast strain rates between 1 and 10 per second at 4750C.

This superplasticity-like behavior at high strain rate appears to be

associated with the fine grained (0.5 micron) microstructure of this alloy.

Grain boundary sliding was clearly observed. A stress exponent of three was

obtained in the superplastic-like regime. Current theories of

superplasticity do not fully account for the observed stress exponent. This

continuing investigation involving measurement of threshold stress and

transmission electron microscopic observation of the deformed microstructure

are expected to shed more light on the micromechanism.

.1
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PARTA A TOPOLOGICAL STUDY OF SUPERPLASTIC DEFORMATION IN AN Al-Li
ALLOY WITH A BIMODAL GRAIN SIZE DISTRIBUTION

1. Introduction P

The ability of a class of fine-grained polycrystalline materials to

exhibit extremely large strains to failure, termed superplasticity, has been

demonstrated not only in metallic alloys I-3 but also, increasingly, in

4,56,composites and ceramics6'7  The mechanical properties of these materials

may be characterized in terms of the following expression:

B*m (1)

where is the strain rate, a is the flow stress, m is the strain rate

sensitivity and B is a constant incorporating the effect of temperature and

microstructure on the flow stress. Superplastic metallic alloys exhibit a

sigmoidal relationship between the flow stress and the strain rate and this

flow behavior may be divided into three regions: a superplastic region II

with m 2 0.5 at intermediate strain rates, and the non-superplastic regions I

and III with m : 0.3 at low and high strain rates, respectively. This flow

behavior is generally interpreted in terms of three different rate

controlling mechanisms for the three regions of deformation. The

rate-controlling mechanism for deformation in the superplastic region II has

not yet been identified unambiguously; the various mechanisms proposed have

8been reviewed in detail by Kashyap and Mukherjee.

9Ghosh and Raj developed a model for superplastic deformation by

recognizing that polycrystalline materials generally have a distribution of

grain sizes. Their model postulated that fine grains will deform by a
N

Newtonian viscous Coble diffusion creep mechanism and that coarse grains will
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deform by an intragranular dislocation power-law creep mechanism. It is to

be noted that the Coble creep rates are inversely proportional to the cube of

the grain size and that the power-law creep rates are independent of grain

size. Assuming that the fine grains and the coarse grains deform at the same

strain rate (iso-strain rate assumption), Ghosh and Raj9'10 were able to

produce sigmoidal plots of the variation in stress with strain rate similar

to those reported in superplastic alloys, and the model was shown to be in

agreement with some of the available experimental results. 9-11 This is a

simple and attractive model for superplasticity by which it is possible to

obtain the three regions of flow based on a suitable combination of two creep

mechanisms and an appropriate grain size distribution. However, Gifkins12

raised an important objection to the validity of the iso-strain rate

assumption. In addition, the Ghosh and Raj model does not take into account

explicitly the observed microstructural aspects of superplastic deformation

such as grain boundary sliding, grain switching and the emergence of new

grains on the surface. The present study was undertaken with a view to

examining the possibility that, in a superplastic alloy, fine grains and

coarse grains may deform by different mechanisms.

2. Experimental Material and Procedure

A superplastic Al-2.6% Cu-2.4% Li-0.2% Zr-O.07% Fe (constituents by wt.

%) was obtained from Reynolds Aluminum Co. in the form of sheets of thickness

-2.2 pm. The alloy had been processed to statically recrystallize prior to

superplastic deformation. Annealing the alloy for 11 hours at 773 K in air

led to the development of a bimodal grain size distribution at the specimen

surfaces, with coarse grains having dimensions of -50 pm and fine grains

. •
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having dimensions of -5 pm. This microstructure is well suited to studying%
the effect of grain size distribution on the deformation mechanisms operating

in superplasticity.

Tensile specimens with gage lengths of 6.4 mm were machined with the

tensile axes parallel to the rolling direction. Tensile tests were conducted

in air at 723 K in an Instron machine modified to operate at constant true

strain rates. The variation in flow stress with strain rate was determined

by testing specimens over a range of strain rates between 10- 5 and 10-1 s- .

Two additional tests were conducted to examine the topological changes

occurring during superplastic deformation at strain rates of 3 x 10-4

s"!  and 1.3 x 102 s-I, corresponding to the optimum strain rate for

deformation in region II and in region III, respectively. For the

topological study, the specimens were polished to a smooth finish and marker

lines were inscribed on the surfaces parallel to the tensile axes by rubbing

the specimen surfaces with a lens tissue containing 3 pm diamond paste. The

specimens were tested to strains of -15% and removed from the Instron

machine. They were examined in a scanning electron microscope (SEM) and a

few grains on the specimen surface were identified. The specimens were then

re-introduced into the Instron machine, pulled further and examined by SEM to

study the topological changes occurring in the grains identified previously.

3. Results and Discussion

Figure I illustrates the experimentally determined variation in flow

stress with strain rate on a logarithmic scale. This Al-Li alloy clearly

exhibits a sigmoidal relationship between the flow stress and the strain rate

with a maximum strain rate sensitivity of -0.45 at strain rates between -10"

and 10-3 s" . The vertical arrows in Fig. I indicate the strain rates used

NS
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in the topological study described below. At the optimum superplastic strain

rate of 3 x 10-4 s-I in region II and at a strain rate of 1.3 x 10-2 s"I in

region III, the specimens exhibited elongations to failure of 560% and 180%,

respectively.

Figures 2 a-c show SEM micrographs for the same region in a specimen
deformed at a strain rate of 3 x 10- s" to elongations of 16, 45 and 78%,

respectively. These photomicrographs show the topological changes occurring -.

in the coarse-grained region of the specimen with the grains typically having

dimensions of 50 pm. The sharp offsets in the marker lines at grain

boundaries is indicative of the occurrence of grain boundary sliding. An

examination of these micrographs reveals clearly that the coarse grains

elongate during superplastic deformation. In addition, a careful inspection

of these micrographs reveals the bending of the marker lines within the

coarse grains. Both of the above observations are consistent with the

occurrence of intraganular dislocation creep in the coarse grains during

superplastic deformation. Measurements indicate that the relative elongation

of the coarse grains is essentially identical to the relative elongation of

the specimen. Figure 3 is a micrograph of a fine-grained region of the

specimen deformed to an elongation of 16% at a strain rate of 3 x 10.4 s" 1.

The fine grains typically have dimensions of -5 pm. There is clear evidence

of the occurrence of grain boundary sliding; however, it is important to note

that the marker lines remain straight within the grains. Figure 4 shows a

fine-grained region of the specimen at an elongation of 78%. A careful

inspection of Fig.4 indicates that, while there is extensive grain boundary

sliding and grain rotation, there is no evidence for the bending of marker

lines within the grains. An examination of several regions in the specimen

.r .
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indicated that the fine grains did not elongate along the tensile axis. These

micrographs suggest that there is very little intragranular deformation in

the fine grains during superplastic deformation. These results are consistent

wt.th previous topological studies on fine-grained superplastic alloys.
13 16

The above observations on topological changes occurring during

*. superplastic deformation indicate that, in a material with a bimodal grain

size distribution, the coarse grains may deform largely by intraqranular

dislocation creep and the fine grains may deform largely by an interqranular

creep mechanism.

Figures 5 a and b show the topological changes occurring in a specimen

deformed at a strain rate of 1.3 x 10-2 s-1 to elongations of 15 and 42%,

respectively. These micrographs show the changes occurring in the coarse

grains during deformation in region III and they provide clear evidence for

the elongation of the coarse grains along the tensile axis. Careful

inspection also shows that the marker lines bend within the coarse grains and

that the relative elongation of the coarse grains is similar to the relative

elongation of the specimen.

Figures 6a and b illustrate the changes occurring in the fine-grained

region of a specimen deformed at a strain rate of 1.3 x 10-2 s-! to

elongations of 15% and 42, respectively. It is apparent that the fine grains

marked as A and B in Figs. 6 a and b have elongated during deformation in

region III. In addition, the initially straight marker lines are clearly

bent within the grains A and B in Fig. 6b. These observations indicate that

the fine grains also undergo intragranular deformation in region III. The

observations illustrated by Figs. 5 and 6 suggest that, in region III, both

the fine grains and the coarse grains undergo intragranular deformation.

,'|.
-. ,-
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The present study provides experimental support for the theoretical model .*

proposed recently by Ghosh and Raj.lO In this model, it was assumed that the

coarse grains and the fine grains may deform by different mechanisms. An

analysis of the model indicated that, in region III both the coarse and the

fine grains will deform by intragranular dislocation power-law creep whereas

in region II, the coarse grains will deform by power-law creep and the fine

grains will deform by Coble diffusional creep. The experimental results

obtained in region III are in agreement with the analysis by Ghosh and Raj.

In region II, the experimental results show that the coarse grains deform by

an intragranular dislocation creep mechanism whereas the fine grains deform

by an intergranular creep process. These results are consistent with the p

analysis developed by Ghosh and RajO ; however, it is to be noted that the

present results do not necessarily indicate that the fine grains deform by a

Coble diffusional creep mechanism.

Finally, it is important to note that both the observations of grain ,.,%

elongation and the bending of marker lines within coarse grains of the Al-Li

alloy with a bimodal grain size distribution are contrary to typical

observations in uniform fine-grained microduplex superplastic alloys. 13" 6

Thus, for example, Miller et al. 14 examined the changes occurring in the
.;

st-'face grains during superplastic deformation in a fine-grained Pb-Sn

eutectic alloy. Their careful surface study up to elongations of 800%

indicated that the fine grains do not elongate and that the initially

straight marker lines remain straight within the grains during superplastic

9deformation. Thus, while the Ghosh and Raj model may provide a reasonable

explanation for deformation in some alloys, additional theoretical models may
I

'f

ft

'q 'h. ~k. Lar L~lmJ#e ".e' 4".qm f .' .f'. *. lr' d' " • ." . -- . .- " .• . . . . . . . . . . ,,¢ . . . . . . . . . . . . . p-.,



7 '

V.'

be necessary to rationalize the deformation characteristics of other

superplastic alloys.

4. Research Planned for the Follow-On-Year

The major emphasis for research in the following year will be to develop

an understanding of cavitation during superplastic deformation and to examine

the effect of hydrostatic pressure on cavitation.

Hydrostatic pressure may lead to decreases in the total level of S

cavitation by decreasing the level of cavities nucleated, or by decreasing

tte rAte of growth of cavities or both. It is well known that grain boundary

sliding leais '.o stress concentrations at particles, and cavities may

nucleate if this stress concentration is not relieved sufficiently rapidly.

The time to nucleate a cavity from classical theory (for assumed shape

factor) will be compared to the time it takes to relax the stress I

concentration at grain boundary features (i.e., ledges, particles at

boundary) by diffusional processes. Such analysis will give us an indication

of the probability of nucleating a cavity under the given experimental

condition.

S
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PART B SUPERPLASTIC-LIKE BEHAVIOR IN A MECHANICALLY ALLOYED ALUMINUM

1' Introduction

Superplastic behavior is characterized by large tensile elongations [1].

Typically, values of about 500 to 1000% are possible although values of over

5000% have been documented [2]. The phenomenon of superplasticity is of both

commercial and scientific interest. For commercial applications, elongation

of only several hundred percent are necessary; the uniformity of deformation

that usually accompanies superplastic flow is of equal importance.

One of the drawbacks of superplastic forming of commercial alloys is the

relatively slow strain rates at which optimum superplastic elongations are

found. In general, this strain rate is closely related to the principal

microstructural feature governing superplastic flow, i.e., grain size. Thus,

the 7000 series aluminum alloys are superplastic at relatively slow strain

rates of 0.0002/s and have a relatively coarse grain size (about 15 Jm). By

comparison, SUPRAL and many Al-Li alloys [2] exhibit optimum superplastic

behavior at strain rates faster than the 7000 series alloys, i.e., about

0.003/sec, and this improvement is related to their fine grain size of 2-4

Pm.
.

It was recently discovered [3] that composites of Al-2124 containing 20 :.
J,

vol% of SiC whiskers behave in a superplastic-like manner (up to 300%

elongation) at a relatively high strain rate of 0.3/s. This strain rate is

two orders of magnitude faster than that for the best of the aluminum alloys

described above. The observation of superplastic like behavior at these

unusually high strain rates is nonetheless believed to be consistent with the t.

extremely fine (submicron) grain sizes in these complex composites and

- p ~l
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alloys. Furthermore, a similar high strain rate superplasticity phenomenon

was recently observed in an ultrafine grained, mechanically alloyed IN9021

alloy [4]. In this latter case, maximum elongations were found at yet faster

strain rates up to I/s. To the authors' knowledge, this type of high strain

rate phenomenon has only once been previously observed. Gregory, et al., [5]

noted high ductilities (300%) at high strain rates (0.3/s) in a study of the

mechanically alloyed, nickel-based superalloys, MA 754 and IN 6000.

In the present paper, new experimental data are presented from tests

carried out on IN90211, an alloy that is very similar to IN9021, at strain

rates of as high as 340/s, which is over two orders of magnitude higher than

previously examined for IN9021 [4].
.4.

2. Experimental Procedures

Specimens of IN90211 were produced by Novamet Aluminum. The alloy was

manufactured by mechanical alloying and contains oxide and carbide

dispersions of approximately 30 nm in diameter that have an interparticle

spacing of about 60 nm [6]. The material had been subjected to a rather

complex thermomechanical processing procedure to reduce extruded plate of 127

mm thickness to thin sheet 2.5 mm thick. Specimens with a 2.5 mm square

cross section and a gage length of 6.7 mm were machined from processed

sheets. The tensile axis was selected to be parallel to the rolling

direction. Both IN9021 and IN90211 were processed similarly, but differ

slightly in composition: by wt.%, IN9021; 4.0 Cu, 1.5 Mg, 1.1 C, 0.8 0, bal.

Al, IN90211; 4.4 Cu, 2.0 Mg, 1.1 C, 0.8 0, bal. Al.

Constant true strain rate tensile tests were carried out over the

temperature range 425 to 4750C, at strain rates from 0.0001 to 1/s, on a

computer-controlled, servo-hydraulic, testing machine. Tensile tests at

- . - . - . .-- , . , *- -. - .-4. ..--_ . . _ _ , , %, .4. , .. , - . ." I..% .• .. • ..
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strain rates between 2 and 340/s were carried out at constant engineering CI
strain rates (constant crosshead velocity). The testing temperature was

normally controlled to + 26C. During testing at high strain rates, however,

specimens were observed to increase in temperature by about 50C near the ends

of the gage length following deformation. Calculations reveal that adiabatic

heating can lead to temperature increases of up to 170C, after 500%

elongation at 4750C. Local high strains in the center of the specimen,

therefore, could result in temperatures that exceed the incipient melting

temperature (4920C) in specimens deformed at 4750C.

Selected specimens were examined using optical, scanning and transmission

electron microscopy prior to and after deformation. In addition, some

microstructural features, e.g., initial porosity (15 to 500 pm diam.),

stringers (of Fe-rich particles, 5-30 pm diam.), and small (0.3-3 pm) copper-

rich particles were identified.

3. Results and Discussion -'

The elongation-to-failure for IN90211 alloy, as a function of strain rate,

is shown in Fig. la for several testing temperatures. Over the temperature

range from 425 to 4750C, and at the strain rates at which most aerospace

aluminum alloys exhibit superplasticity, i.e., 0.0001 to 0.003/s, IN90211

shows modest elongation of 30-40%. This type of elongation is similar to

that found in most pure metals and alloys at elevated temperatures and

intermediate strain rates. The values of elongation-to-failure for IN90211,

however, are observed to increase continuously as the strain rate increases.

An apparent maximum in elongation-to-failure is found at a strain rate

between I to 1O/s, depending upon the testing temperature. In general, at a

given strain rate, the value of the elongation-to-failure increases as the

I



16 P

test temperature increases. A maximum elongation-to-failure of 505% was

recorded at a test temperature of 475C and a strain rate of 2.5/s. The

elongation data obtained from IN90211 in this study are slightly higher than

those from IN9021 [4]. This may be partially due to the slight difference in

chemical compositions between these two alloys, but may also be due to the

shorter gage length specimens used in the present study compared with the

data of Nieh, et al [4]. In sunnary, the data of the present study on

IN90211 are considered to be both qualitatively and quantitatively reasonably

consistent with those obtained from IN9021.

The peak true stress is plotted as a function of strain rate in Fig. lb.

Each of these regions has a particular value of stress dependence upon strain

rate. For su .rplastic studies it is convenient to use the simple equation 0 -

- k m where a is the true flow stress at a true strain rate, , k is a

constant, and m is the strain rate sensitivity exponent. For ideally

superplastic materials, m - I (Newtonian viscous fluids), whereas for most

superplastic metals, m = 0.5. Conventional metals usually have values of m -

0.2. In the low stress or low strain rate regime, for IN90211 m < 0.1,

whereas at high stresses or strain rates (above 0.1/s) the m is about 0.3 In I

addition, preliminary data indicate that there may exist a third regime with

m < 0.3 at extremely fast strain rates (above 50/s). The apparent transition

of flow behavior from m < 0.1 to m 0.3 at high strain rates is also

consistent with previously reported high strain rate data [3-5]. For

specimens showing high elongations, the stress-strain curves typically

exhibit an extensive stress plateau region, indicating a uniform elongation

prior to necking. It is interesting to note that the elongation values of

,"."
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about 300-500% for m = 0.3 are consistent with prediction based on

correlation of m with elongations-to-failure by Woodford [7].

It is generally believed that low strain rate sensitivity exponents (or

gh stress exponents, n, where n-i/m) are normally observed in ODS materials

during creep in low stress regimes and are a consequence of the existence of

a threshola stress [8-10]. A special effort was made to measure the presence

of a threshold stress in the present study by conducting a stress relaxation

experiment at 4500C. After a long period (approximately 8 x ]04s) of

relaxation an apparent steady state was reached. Despite the fact the

relaxation curve was subjected to a small ambient temperature fluctuation

(about 30C) during the experiment (which resulted in a slight variation in

the flow stress measurement) the final result suggests an apparent threshold

stress of 9 MPa. This value is not consistent with calculated values based

on the Orowan bowing theory [11]. The apparent threshold stress can also be

estimated from Fib. lb using approaches suggested by Mohamad [8] and Nardone

et al [9]. Following Mohamad [8], a threshold stress was derived from a plot

of the cube root of strain rate versus stress, as shown in Fig. 2, using only

data from the high strain rate range of Fig. lb. The extrapolated values for

threshold stress using this method are 5 and 16 MPa for temperatures of 475

and 4250C, respectively. These values are consistent with the 9 MPa value

obtained from the stress relaxation measurement at 4500C. The introduction

of this threshold stress (to replace the flow stress with an effective

stress) in the normalized plot of Fig. 3 does not appear to significantly

affect the general behavior of the strain rate-stress curve, contrary to the

results of others [8,9]. This replacement does, however, result in a better

defined strain rate-stress curve, i.e., a change in stress exponents of n

'_p."' . . \ . \ \ \ -
- . ',
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20 at low strain rates to n = 3.0 at high strain rates. By using these

threshold stresses, an activation energy of approximately 350 kJ/mol was

obtained from the low strain rate data which is about three times the value

for lattice diffusion in aluminum. This result is consistent with the 4

observation that the apparent activation energy for creep of a nickel-base

ODS alloy is about 3 times that of the activation energy for bulk diffusion

of the matrix material [12].

A transmission electron micrograph of the microstructure of an untested

sample is shown in Fig. 4. In addition to fine oxides and carbides, S phase

(CuMgAl2 ) precipitates are also sometimes found in the microstructure,

especially along grain boundaries. The grain size was determined to be

approximately 0.5 Mm. The microstructure of samples after deformation
,dl

appeared to be similar to the undeformed one. This illustrates the high

degree of thermal stability of the microstructure. Although most grain

boundaries are observed to be high angled, grains with low-angle boundaries

are occasionally found. It is noted that some grain clusters of about 2 pm

diameter are observed. These grain clusters may result from coalescence of

the low-angle boundary regions.

A typical fracture surface from a superplastically deformed IN90211

specimen is shown in Fig. 5a. The fracture surface exhibits a granular

appearance indicative of an intergranular fracture mode. Also, cavities of

several pm in size and several Am apart are observed. It is interesting to

note that the sizes of the granular features are almost identical to the

grain size of the untested material as observed by TEM. Failure in the

specimen was caused by grain boundary separation. In the case of fracture

samples from low strain rate tests (nonsuperplastic region), the fracture

.4
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appearance is different. Macroscopically, the samples exhibit local necking

and, microscopically, the fracture surface exhibits overall ductile cup-and-

cone type features, with cups of about 10-20 pm in size, as shown in Fig. 5b.

Interestingly, this fracture surface appearance is quite different from the

observation in IN9021 by Shaw [13], in which a fibrous fracture surface was

observed. These differences are difficult to explain since the testing

temperature used by Shaw was 4000C which is close to the temperature selected

in the present study. Although Shaw emphasized the importance of strain

rate, the strain rate used by Shaw is uncertain. Special attempts were made

to study grain boundary sliding during superplastic deformation of IN90211.

Markers were placed on highly polished specimens surfaces and the deformed

specimen was examined using SEM. Evidence of grain boundary sliding and

rotation is apparent as shown in Fig. 6. At an estimated local strain of e

500% or greater, porosity between grains was observed. Some grains as well

as grain clusters are visible in Fig. 6. The grain clusters are believed to

be related to the low-angle grain boundaries observed in the TEM

microstructure, discussed earlier.

The exact deformation mechanisms that operate at high strain rates in

materials like MA alloys, such as ODS materials, are still uncertain. Shaw
S

[13] has suggested that the phenomenon may not be related to a fine grain

size, but may be a result of dynamic recrystalization from the high strain

rate of testing. His theory however, cannot explain the observation of grain 0

boundary sliding and the retention of grain size distribution before and

after superplastic deformation. Gregory, et al., [5] have argued that a

combination of slip with Coble creep (in which the Coble creep exhibits a

threshold stress) can explain the phenomenon. From a microstructural point
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of view, it is expected that the maximum strain rate at which superplasticity

is observed will increase as the grain size decreases. This is because of

the inverse grain size dependence of the strain rate for superplastic flow

[1]. However, a fine grain size is a necessary but not sufficient condition

to produce superplasticity [1]. For example, in our study another

mechanically alloyed aluminum alloy, IN9052 has been examined. This alloy is

also fine-grained but has exhibited a relatively poor ductility up to strain

rates of I/s. Although the two alloys appear to have similar grain sizes,

other microstructural features that may explain the difference in properties

between the two alloys IN90211 and IN9052 have not yet been determined.

4. Conclusions

Tensile elongation in excess of 500% were obtained with IN90211 mechanically

alloyed aluminum at strain rates between 1 and 10/s at 4750C. This

superplastic-like behavior at high strain rate appears to be associated with

the fine grained (0.5 pm) microstructure in the alloy. Grain boundary

sliding was clearly observed. A stress exponent of 3 was obtained in the

superplastic-like regime. Current theories of superplasticity do not fully

account for the observed stress exponent change at high strain rate.

5. Research Planned for the Follow-On-Year

Based on the above mentioned results, the following experiments with the
mechanical alloy are proposed in the coming year:

A. Load relaxation experiments will be conducted at the four temperatures

(475, 462, 450, 4250C) starting at a rate of 10/sec. These same specimens

can then be used to obtain another value of elongation in a subsequent test,

which will indicate how time at temperature affects elongation behavior. The
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shoulder regions of the specimens will be used to investigate whether strain-

enhanced grain growth occurs during the test.

B. Creep experiments will be done at loads below the lowest observed load

relaxation value, to determine whether there is indeed a "threshold stress"

operative.

C. Microscopy (TEM, SEM and optical) will be used to investigate the role

of cavitation and dislocation motion in deformation process.

D. Attempts will be made to use x-ray line-width broadening technique to

ascertain if there are large differences in the dislocation density in the

deformed and undeformed samples. Micro-beam x-ray spectroscopy will be used

to identify the chemistry of the inert dispersions.

E. Results of both mechanical and transmission electron microscopy will

be combined in order to ascertain the true origin of the threshold stress in

the microstructure.
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