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SUMMARY AND CONCLUSION S

1. For Fe — .05 wt.%C, a moist air environment (50—70%R.H.) decreases
the si ze of the inner cyclic plastic zone , and alters the subcell size
distribution within the plastic zone , as compared to a dry (1 ppm in
nitrogen) environment.

2. The energy dissipated within the inner cyclic plastic zone to create a
unit area of crack surface is approximately 4.33 x lO~ Jim

2 for the dry
ni trogen env1~ronment and 1.92 x lO~ J/rn~ for the moist air envirQ1~Jnen t at
AK = 10 MN/m A (near the threshold of approximately AK = 6.6 NN /m 2 )~ This
energy calculation is derived from subcell size measurements made using
channeling contrast, and from work per cycle data derived from the litera-
ture. If correct, this indicates that the energy equivalent value of the
moist environment is 2.91 x lO~ J/m 2 or 67% of the energy required for crack
propagation in the dry environment.

3. Observation of the crack profiles, and f ra~.tography of the fracture
surface indicate a marked decrease in plasticity associated with the moist
environment.

4. All of the above data point to hydrogen as the active specie in the
moist air which is responsible for these effects . Hydrogen is believed to
have two effects : 1) increase the flow stress of the affected material and
2) decrease the deformation before fracture . An increase in flow stress is
supported from data found in the literature , and the decrease in deformation
to f ra cture is supported by our experimental findings .

5. An e f fo r t  to obtain direct evidence for  hy d rogen was made by Dr. Dale
Newbury at NBS using an ion microprobe. The data, although interesting ,
are inconclusive .
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This annual report includes a brief descript io n of the f i rs t  year
of wo Th~~T~on CTffüIty , then report~~ on the results  of the second year
for Contract N00014—75—C—l 038 , ent i tled “A Stud y of the Crack Tip Plasti-
city Associated with Corrosion Assis ted Fatigue .”

Last year , the discovery was made in Fe — .05 wt .%C that the subcell
size distribution created by passage of a fa t i gue crack is altered by the
water vapor content of the gaseous environment in which the crack was pro-
pagated. This discovery was made usin g electron ch anneling contras t in the H
scanning electron microscope.

This year, the influence of cyclic stress intensity on subcell size ,
as coupled with the water vapor e f f e c t , and a dete rmination of the energy
of crack pr opagation , have been the principal topics of study . Some further
study of the channeling contrast technique itself was also comp leted.
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I .  THE INFLUENCE OF WATER VAPOR ON FATIGUE CRACK PLASTICITY
INFe —  .O5 wt.% C

A. Quantifying The Effect

Last year, it was clearly shown that water vapor influences the sub—
cell size caused by a propaga ting fatigue crack in low carbon steel.(1’2)

‘ Subsequent testing has shown that  while this observation is correct, it is
d i f f i cult to q uantify with a high degree of confidence. The reasons for
this diff iculty are not enti rely un derstood; however , one of the major
sources of statistical variation is sure to be the response of a randomly
oriented polycrystalline aggregate to the non—linear stress gradients in the
vicinity of a crack tip. Furthermore , high magnification photographs (l000x)
are required to reveal the detail of substructure necessary fo r analysis.
Such photographs are not d i f f icu l t  to make , but their analysis is time con-
suming, and since each photograph covers only a small number of grains , a
large number of them must be analyzed to obtain statistically meaningful
values.

Data from cracks propagated in dry nitrogen (1 ppmv as measured by a
dew point  indicator 1 cm from the crack) at only one value of AK (cyc l.ic
st ress in tensi ty)  y ield reproducible results , which are shown in Figure 1(a).
Data from cracks propagated in air at ambient humidity , generally 50—70%
do not show such consistency , as is illustrated for 3 specimens in Figure 1(b).
The variation in the slope of the ambient humidity air data are s imilar , but
less pronounced , than the variation caused by changing AK , Figure 1(c). At
larger values of AK , the variation in subcell size distribution caused by
interaction with the environmen t decreases , Figure 1(d).

For both environments and all AK investigated , subgrain size (d) is
a linear function of distance (r) from the crack plane . Where the subgrain
size approaches the mean grain size, there is a short transition region.
Thus, d = A + Br describes the subgrain size out to a distance r1 (where
the subgrain size equals the average grain size) better than other functional
dependencies with only small inaccuracy . Table I contains the best values
of the constants obtained to date .

The specimen which has been used thus far is of the center notch de-
sign , with alternating wet and dry environmen ts used for each specimen at
several levels of AK. Crack propagation rates have been measured as total
change in crack length per cycle , which indicates very little difference
between dry nitrogen and ambient humidity, with Const (AK) 3

~ °. This

compares with an exponent at 3.73 as measured by Yokobori, et a1~
3
~for thesame material , and with values between 2.8 and 3.6 as measured from data

on 1020 steel from Nelson.(4 ,5) In order to obtain more accurate crack growth
data , single edge notch specimens are now being used , each specimen in a
single environmen t with an ever increasing AK. “Ambient ” humidity will also
be controlled to a constant value .

2 
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Table I.

Envn AK A B r~
• (MN/m 312) io4’

~ rn/c (pm) (pm/pm) (pm)

• Wet Air 7.5 5.1 2.45 .233 85
(12,000 8.8 22 6.45 .144 108pprnv)

8.8 22 4.73 .186 93

9.4 16.5 2.24 .254 78

9.4 16.5 0.88 .368 60

10.5 34 3.47 .150 125

10.5 22.5 1.3 .237 88

10.5 34 3.0 .170 113

12.3 63.2 1.5 .10 170

Dry N2 8.7 15.5 0.8 .198 107
(1 ppmv) 

9.8 23.4 0.25 .176 125

10.5 19.4 1.53 .116 140

10.5 19.4 1.6 .134 150

10.5 22.5 1.3 .237 88

12.3 30.7 0.74 .123 .142

B. Energy for Crack Propagation* =

The energy expended in the material by passage of the propagating
crack may be calculated from the distribution of subcell sites left in the
wake of the crack, Table I, together with other information . The method-
ology used for the calculation is shown in Figure 2. The work per cycle
is taken from the data of F. V. Lawrence and R. c. Jones (6) who studied
the formation of subcells in iron single crystals subjected to reverse
bending cycling . - They operated at stresses betweeen ± 124 and ± 207 N/mm2 ,
which gave saturation strains of 2.7 x 1O~~ to 1.65 x lO s . Subcell size
was measured by etch pitting, both as a function of number of cycles and
cyclic stress. Mughrabi , et ai(7) have published hysteresis loops for pure
iron, which indicate that the total energy per cycle may be calculated with—
in a few percent (- ,. 3%) accuracy by multiplying the stress range by the
plastic strain range . Strain rate effects are important for iron ,(7) but

*An expanded and more complete version of this section will be presen ted at
the symposium “Environmen t Sensitive Fracture of Engineering Materials” spon-
sored by AIME , Chicago Oc t. 24—27, 1977 , and will be submitted for publication
in the proceedings of the symposium .
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CALCUlATION OF ENERGY OF CRACK PROPAGATION

a = crack length

r = distance from crack plane

d = subgrain size

r = extent of plasticity T I L1
W
C 

= work per cycle done on an element

dr x da per unit volume J/m3

crack plane

W
CR 

= work per cycle done on an element
of width da by passage of the 

- 

—

crack per unit area of crack da
r~ r

= 
~ 

W~ J/m2

0

-
~ / -,

-

N (r) 
;~
n
~~~~~~

of ies
~~ ~a

da/da 

N( r)

Li_ r~ 
-

W = total energy expended due to crack passageT per unit area of crack

N
= 2 ~ ~ W

~
( r) N ( r )

0 0

= 2 .97  d 1”°97 d A + Br determine dL graphically

From Lawrence and Jones .
Met. Trans. 1 367 (1970)

FIGURE 2
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have been neglected in these calculations as a second order effect. The
• relationship between work per cycle £ d bulk subgrairi size resulting from

analysis of Lawrence and Jones ’ data is shown in Figure 3. The line drawn
through the data is Wc = 2.97 d ’~

°97 . Sensitivity of the magnitude of the
calculated energy to the slope of this line will be discussed later .

Referring again to Figure 2, determination of the number of cycles
N(r) influencing an element was determined by looking at several sections
of several crack tips all propagated at the same AK. A typical section is
shown in Figure 4; the two sets of photographs are identical , but with the
lower set having an overlay showing the calculated plain strain cyclic plas-
tic zone. By looking at this and six other similar sections , we have deter—
mined that the crack influence begins at about the leading edge of this zone =

and has reached equilibrium at about the center line of the zone. Figure 4
is shown for dry nitrogen , but the situation is similar for the wet environ-
ment, while less well documented at this time. From data such as Figure 4,
dL(r) can be determined graphically , and by dividing by da/dn, then N(r) is
determined .

Calculation of the total energy for crack passage is the sum of the
work per cycle multiplied by the number of cycles for each element within the
influence of the crack , adjusted to a unit area of crack surface area.

We have shown previously(3) that suhgrains are forming in the inner
cyclic zone of the total plastic zone formed by the crack . The work calcu-
lation thus does not include the outer monotonic plastic zone.

So far, the energy for crack propagation calculation has only been
carried out for AK = 10 MN/m 3

~~, because of the difficulty of determining
N(r). The following average values of the measured parameters from Table I
were chosen for the calculation :

A U 
__

~~ ( 1rI 1O  /nv. 
— — dn ’ m, c

Wet Air 3.23 .16 120 34

Dry N2 1.55 .125 160 20

For both dry N 2 and humid air , NCr) was taken to be

N(r) = l0~ + lO 2 r 0 to 40 pm and

N(r) = 1.4 x l0~’ 40 pm to

These values are close to those actually measured in dry nitrogen. N(r)
has not yet been measured for the humid air environment. By assuming the
same value for wet air, the energy calculated will be slightly too large ,
but well within the probable error due to the other assumptions . —

The total work done by the crack , W
T~ 

is 
thus6
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W
T 

= 2L
2[f

’ W c(r)N(r)dr + f ’ W (r)N(r)dr]

where L1 = L(r) max = 40 pm for this case, and the other functions were
given previously .

Inserting all the numbers and integrating gives the values shown in
Table II.

Table II.

Envn . Energy/Unit Area of Crack Plane(J/ni2)

Dry N2 4.33 x l01

Wet Air 1.42 x 10~
2.91 x 10” = energy equivalent of

the envi ronment

An analysis of the sensitivity of these values ~ the magnitude of the
experimentally measured factors and to assumptions has been made and will be
reported subsequently. Briefly , however , it was determined that values of
W vary by a factor of 2 for the dry N: calculation when the variables are
c~anged by amounts thought to be within reason . The mos t importan t assutnp—
tion is clearly that used for the work per cycle , W e . .  which was derived from
the data of Lawrence and jones .(6) This assumption must be checked expert—
mentally .

If the calculation is correct , the environmen t is supplying the equiva— -
lent of 67% of the energy needed for crack propagation in the wet environment.

= As compared to the energy of crack pt~ pa~ation in dry N 2 of .
~.8 x 10” J/m

2 ,
the surface energy of iron is about 2 J,m .

Another measurement of the energy of crack propagation (for a high
stren

~
thA low alloy steel , 

~~~~ 
= 358 MPa) has been made by Ikeda, Izumi , and

Fine .~
8,’

~’) For AK = 9 .3  ?~L/in~ , da/dn = 30 x l0 ’° rn/c and the total energy
per unit area of crack area was found to be 6 x ~~ Jim 2 . Since
da (AK)m

= Const. z , where p = shear modulus , a = cyclic yield stress , and

U energy to create a uni t of crack surface , we can calculate the approximate
value of U for our Fe — .05C material . The constant in the above equation is
not well defined , but experirnentally (10), it has been determined to be
2.2 x l0~~ . Using this value , a = 1.2o = 261.6 MPa, p 7.8 x 10” MPa ,
m = 3.8, AK = 10 MN/m~ 2 and da/dn = 34 x 10~~~ rn/c gives U 7.65 x iO~Jim 2 which is about 10 times larger than the value we determine . 

~~~~~~~~~~~~~~~ ~~~ -
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C. Fractography

Scanning electron microscopy of specimens fatigued alternately in
humid air (50—70% rh) and in dry nitrogen (1 ppm water vapor) at various
stress intensities reveals distinc t differences in microfracture mecha-
nisms due to the changes in environment. Portions of the fracture surface
crea ted in N2 are covered in with ductile , transgranular striations . How-
ever, regions of the crack plane formed during cycling in moist air have
additional features . Some 20% of the surface consists of fracture facets
having the appearance of transgranular cleavage . This environmentally—
induced fracture mode variation is shown in Figure 5, and in Figure 6a,
6b; it appears that the density of facets is considerably higher in the
specimea interior compared to the near—surface region .

Inspection at higher magnification (Figure 6c , 6d) reveals that the
facets are not smooth , but are composed of brittle striations . Both brittle
and ductile striation spacin~s exceed the average crack growth per cycle by
a factor of approximately 10 . The size of the brittle—striated facets is
roughly equal to the average grain size (23 pm), in accordance with their
transgranular appearance.

D. Discussion

The size of the cyclic plastic zone changes both with AK and with the
environment. The effect of change due to environme n t is grea tes t for lower
AK values, and decreases as AK increases. The threshold AK for this mate-
rial is thought to be approximately 6.6 NN/m~~. The maximum change in subcell
size due to environment should be , and is, found for AK values near and just
above threshold because:

• 1) The difference in slopes of the subcell vs. distance curves are
greatest ,

2) The energy stored in the plastic zone is minimal, thus allowing
the maximum effect of environment to be observed .

A similar effect of environmen t on plastic zone size has been found
in Al—Cu—Mg alloy ,(l1~) whe re a fatigue crack grown in moist air exhibited
a cyclic plastic zone approximately one—half tha t of a crack grown in vacuum .

To explain this effect , we have concluded , together with other investi—
gators ,U2~ 

13) that hydrogen is the environmental specie responsible. The
scant direct evidence of its presence is presented in the flex’ section. Thus,
at this time we can only infer that it is hydrogen which is “--e active specie
from indirec t measurements and fractography.

Hydrogen can only be influential if it is present, probably in ionic
form , either at the surface of the crack tip, or within the lattice near
the crack tip . The presence of hydrogen could 1) affect the motion of dis-
locations within the lattice and 2) affect the fracture characteristics of

10

- - - ~~~~~~~~~~~~~~~ .— ~.-



-• - -—-- —

~~

—

~

— 

~

‘.- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 

, . -
~~~~~~~~~

---
~
-‘.- •• .

~~ .-—-•-.—. _ •_T—.—
~ ~~~~~~~ 

.- —- -

\
• ).. 

~~~~~ I ‘=
~-‘s ~

~~~~~~~~~~~

IITiii~i~~~~~~
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

‘~ ~~~~~~~~~~ :
4

’

~~ ~~~~~~~~~~~~~~~ ~_

ri~i~ ~~~~~~~~~~~~~~

kg~~
•
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

w
(D
o ~.-..

>- I-- Z~~~~

~~~~II_ .L... 1 _~•___ ~_~ ~~~~~~~~~~~~~~~~~ -- • -



_ _ _  - 
__
~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~ 

~~~~~~~~~~~~

~~~~~t )  I
~- ~~~~- ~~~~~~~~~~~~~~~~~ ‘~~ 

.•.~~~~~~~~‘ /
~~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~iii.. 
~

— pr... ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -: ~ 

,
~ - 

~~ ‘~. ,

~! 6 , 

(It — 

~

‘
. \

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~!~~
‘*“:Y

~~~~~~~~~~~~~~~ 

“ 
~~~~~~~~~~~~~~~~~~ 

:~•.
‘
~~~~

-
~~~-:. 

2~am

(c) (d)

DRY NITROGEN HUMID AIR

FE—O .05 C FRACTURE SURFA CES SHOWING THE EFFECT OF CHANGE OF ENVIRONMENT .

12



_________ 
- - - -~~—~~~~~• • - - - —~~~~~~~~~~~~~~~~~~~~~~~~~~~

• •
~~~~~~~~~~~

••..~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

the material . We believe that hydrogen 1) increases the flow stress of the
ma terial , i.e., makes dislocation motion more difficult , and 2) decreases
the strain to fracture (ductility) of the material .

Evidence for an increase in flow stress comes from Karpenko , Yarmchenko
and Shved(14) who found that thin iron specimens deformed while being charged
exhibited increased flow stress and decreased elongation , while thick speci-
mens showed no change in flow stress. The maximum change in flow stress found
was 13%. Supporting evidence for hydrogen increasing the flow stress has recent-
ly been published .’.20)

The changes we have found in inner cyclic plastic zone size, for the
moist environment, Table I (for AK = 10 MN/m W) may be explained by assuming
an increased flow stress of 17%, which matches relatively well with that

• found by Karpenko, et al.(’4)

The presence of the brittle—striated grains implies a localized loss
in cyclic ductility caused by the influence of moisture , in agreement with
the cyclic zone subcell modification already discussed. By considering the
fatigue crack growth rate—AK dependency established in this and other studies ,
it is possible to derive a reasonable idea as to the cause of the embrittle—
ment.

In Figure 7, fatigue crack growth data for mild steel , as determined
by a number of researchers ,(~~

4’ 15—19) are summarized in Table II. The
Yokobori (lS) steel was identical to that used in the presen t tests. Test
environments include air (of various unknown relative humidities) , dry nitro-
gen , and vacuum . The data generally conform to the Paris law,

da m
— x AK
dn

For most of the air environments , good agreement is obtained for m ranging
from 3.3 ..o 3.9. The only value outside of this spread is that found by
Ne1son,~

4
~ m 

= 2.8, which also agreed with his vacuum tests. It is interest—
ing to note that Nelson found the fracture surfaces in both his air and vacuum
tests to be transgranular , and totally “ductile ” in appearance , while in the

Table II. Properties of Mild Steels for which Data
Is Plotted in Figure 7.

Reference Gy °ULT Carbon Content 
- 

Elongation
(?‘ff’~ m

2) (~~ 
m~~) (%) (%)

Priddle (16 1 303 454 .23 34

Fros t , et  al [17) 207 289 .05

Yokobo r i , et al[3 1 218 282& Present Study .05 56

Nelson [5] 210 380 .20 30

---
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hydrogen environmen t, where m was 4.9, fracture also was transgranular , but
in this case it was associated with very little deformation . In fact, the
fracture consisted entirely of brittle—appearing , grain—size , striated facets ,
similar in appearance to those encountered amongst normal ductile—striated
grains in the present air environment.

Our observation of brittle facets is supported by similar findings by
• Kawasaki , et al.,O-8) who studied a ferritic—pearlitic mild steel. It was

found that interspersed among ductile striations were facet—like , transgranu—
lar regions where brittle—like fracture had occurred (study of their micro—
graphs also seems to indicate the presence of brittle striations). In addi-
tion , investigation of fatigue crack growth in air and vacuum for high strength
aluminum has shown that the higher crack growth rate for air correlates with
observation of pseudo—cleavage, transgranular features on characteristic crys-
tallographic planes .

Taken together , the above observations can be interpreted as follows.
Considering that a total hydrogen environment prod uces a fracture surface
composed of brittle—faceted striations , it is likely that it is the hydrogen
in the water vapor which is responsib le for the comb ined ductile—brittle 

18striated fracture regions during the present air tests , as well as in others .
Since the air results of Nelson(4) did not show the brittle features , it is
suggested that possibly the relative humidity of his air environment was suf-
ficiently low that the hydrogen present was below the threshold necessary to
cause “brit tle” crac 1: growth , hence the agreement between the crack grow th
law exponents (in = 2.8) for both air and vacuum.

The idea that hydrogen in the water vapor is the active atomic specie is
reinforced by the observation (present work and ref .l8)that the brittle—striated
facets are more populous within the specimen interior. Within this nominally
plane strain region , the stress state at the crack tip is known to be more
triaxial than near the surface , where a more nearly plane stress situation pre-
vails . Since hydrogen tends to congregate at hydrostatically stressed sites
within crystal lattices , it is then reasonable tha t br itt le face ts , i f due
to the influence of hydrogen , would tend to be most prevalent at interior lo—
c~1tions , in agreemen t with our observations .

The divergence of the present air and dry nitrogen data occurs below
the threshold for crack growth in hydrogen , indicating the stress intensity
threshold for growth in the absence of signi ficant concentrations of hydrogen
is actually lower than that when the hydrogen is present. The data of Frost ,
et al.,O-7) show that the threshold lies at approximately 6.6 MN m 3

~~,or less
than hal f of the H2 threshold.(5) This effect is of considerable interest;
immersion of mild steels in salt water0-~) produces tile opposite effect , with
the threshold being essentially eliminated by this aggressive environment.
Any comment at this time regarding a mechanism to explain the increase in
th reshold stress in tens i ty  with h yd rogen content  would be speculat ion .

E. Ion Microprobe Analysis for Hydrogen

A comparison of our exper imental data with that of others , as already
discussed , indicates strongly that hydrogen may be the environmental specie

15
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responsible fo r the effects observed. Thus, the direct observation of hy dro-
gen would be useful corroborating evidence . Since most matter contains
hydrogen , in small amounts, it appeared to be necessary to look for a de-
creasing hydrogen concentration with increasing distance from the crack plane.
The only instrumental technique with which we are familiar which has the

• spacial resolution for this observation is the ion microprobe . Dr. Dale
Newbury at the National Bureau of Standards probed for hydrogen on a sec-
tion of on e specimen with an ion microprobe . The crack was grown alternately
in wet air and dry nitrogen at three values of AK . The prob e size used was 2Opm ,
and all values were taken 40 pm from the crack plane . Results are shown in
Table III.

Table III.

(A) (B)
Measurement at 4Opm from plane of crack.

AK Envn. H/Fe56 For AK = 13.2 MN/m~~ , we t air
~l0—~)UI / “ Distance i. to H/Fe 56

11 Wet 1.03 Crack Piane(pm) (lO— ~)

11 Dry 1.28 0 1.32

25 1.49

13.2 Wet 1.97 50 1.52

13.2 Dry 1.56 72 1.61

100 1.51

15.4 Wet 2.05 200 1.50

15.4 Dry 2 .03 300 1.33

500 1.36
15.4 Dry(4Opm)* 1.88 4000 1.24

15.4 Dry(3500pm) * 1.27
*Distance ahead of crack tip

These results are intri guing, but inconclus ive . There appears to be
a general , small , in creased hyd rogen concentration with  AK. Likewise , there
appears to be maximum (27% increase)in hydrogen concentration at 72 pm per-
pendicular to the crack plane .

In an attempt to determine if these small increases in hy d r ogen were
rea l , a small piece of the same material was half immersed in a 26% aqueous
solut ion of sul f u ric acid and hydrogen charged for 5 minutes at 0.1 amp/cm 2 .
This is the same technique Karpenko , et al(-’-~

) used to charge iron specimens
which showed an increase in yield stress due to hydrogen . Ion microprobe
analysis of the charged and uncharged spec imen surfaces showed no diffe rence
in hydrogen , which is not surprising in light of the recent results reported
by Lunarska(20) which indicate that hydrogen rapidly escapes undeformed iron .

The fatigue crack specimen on which the ion tnlcroprobe analysis was

16 
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performed was stored for about 2 months at room temperature between growth
of the fatigue crack and the microprobe work. Hydrogen can diffuse in iron
2 cm/hr at room temperature if not locked in someway , and it is unknown
whether or not the b inding energy between dislocations and hydrogen is suf-
ficient to lock the hydrogen. Thus, it is not known whe ther it is even

• feasible to search for hydrogen in this type of experiment.
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II. THE USE OF ELECTRON CHANNELING IN THE STUDY OF
MATERIAL DEFORNATION

The following article appeared in Scanning Electron Microscopy/l977
Vol. I from the proceedings of the Workshop on Analytical Electron Micro—
scopy ,IIT Research Institute , Ch icago , Illinois .(March , 1977)

19



—‘ —~~‘—— —
~~~~~~~~~~~~~~~~~~~

—
~

- —.‘-~ 
‘-

~~

SCANNING ELECTRON MICROSC0PY/1977 Vol.  1
Proceedings of the Work shop on
Analytical Electron Microscopy
ITT Research Institute
Ch icago , I l l inois 60616 , U.S .A.
March 1977

THE USE OF CHANNELING CONTRAST IN THE
STUVY OF MATE RIAL VEFORMATIO ~v

David L. Davidson
Southwest Research Institute

P. 0. Drawer 28510
San Antonii~, Texas 78284

Abstract Introduction

Channeling contrast is one way the mecha— Information related to the crystallographic
nists of electron channeling may be used in de— orientation and defect structure of crystalline
formation studies. This techni que is in many materials may be gaifted by usin ,~ the SEN in the
ways ~oT-p 1ementary to the study of deformation electron channeling mode . The electron channel—
using selected area electron channeling pattern s, ing phen oena may be exp loited in three ways:
in that i t  allows subgrain formation and refine— (I) channeling pattern s supe rimposed on a secon—
ment to be followe d during the deformation pro— darv electron image ,1 (11) selected area electron
cess . Electron channeling pattern s are the most channeling patterns ,2 and (III) crystallographic
useful , conversely ,  in defining the initial contrast , also called channeling contrast ,* dif—
stages of deformation . Together , the two tech— fraction contrast , and grain contrast.3 Good
niques can be powerful tools in the study of review articles exist on nearly all aspects of
dislocation substructural development in bulk channeling .4’5 ,6
materials . Channeling contrast occurs because
of differences in the scattering of the Incident The most exploited of the channeling tech—
electron beam by different crystallographic niques has been electron channeling patterns.
orientations of adjacent regions of the crystal— The revievs~.5’6 give excellent examp les of th e i r
lites being observed. Channeling contrast is use for both c rystalloiraphic and deformation
observable in a standard SEN with no modif ica— studies. Channeling contrast , conversel y ,  has
tion . A conve rgent beam is used to obtain the not been extensively exp lo ited , alt h agh there
desired resolution , al tho ugh i t  is importan t to are several pacers covering various aspects of
minimize  beam divergence . The width of a chan— the technique .’’8’9

neling line determines the grain size which will
exhibit uniform contrast. Maximum benefit of Selected area electron channeling patterns
the channeling contrast techn ique may be obtain— contain information directl y related to the crys—
ed when used together with selected area channel— tallographic structure and orientation ‘f  the
ing patterns. The complementary use of channel— volume interrogated by the beam. Channeling par-
ing patterns and channeling contrast Is illus— tern l ine acuity and contrast changes known to
trated for 304 stainless stee l fatigue specimens be due to the introduction of defects into the
observed prior to crack Initiation . Subgrain crystal may be used as an indir ct method of as—
forn-itio n adjacent to fatigue cracks in low car— sessing the magnitude of d imoge t~~ the cryst al.
hon steel an d an aluminum alloy are used to i i— Channeling contrast , althoug h orig inating f m —
lustrate the advantages and limitati ns of the spatial crystallographic differen ies in the ma—
channeling contrast techni que . terial , can be used for crystallographic orien-

tation only in rare instances. But it can be
used for the direct assessmen t of crystallite
deformation because of t h e  propensity of dislo-
cations in many materials to f i rm into networks .
I~ many ways , channel ing contr .ist provi l s com-
plementary information to tha t provided by chan-
n e l i n g  p at t e r n s . The purpose  of t h is  p a p e r  Is  t o

Key Words :  E l e c t r o n  C h a n n e l in g  ( i n t r o s t  . M i c ro— Th a ut ~e r  p r e f e r s  t h i s  tern cause It  r e l a t e s
st r u c t u r e , Si jhgr a in  Forma t ion , Selected Ar e .  t h e  o t r u s t  observed to t i e  p h y s i c a l  ph nome~~i
t i e ct r o n  C h a n n e l i n g  P a t t e r ns , F a t i g ue . Fa t igue of d o  i ron c h a n ne l i n g  f rom w h i c h  it  r i g l n a t e s
Crack P r oj . i t  I i~~, S c a n n i ng  El ~ Iron  Microscopy
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• in d ica te  the  b road  t i n g e  of  usefu lness  of  the  i n c i d e n t  e l e ct r o n s  w h i c h  ire b a c k sca t ter e d  is
channeling cont rast t e chn i que to mate rials re— 1 tum i c n u m b e r  d e p e n d e n t  , 13 deve lopment  of  con—
search , to b r i n g  t oge the r some of the s c a t t e r e d  t r a s t  in m a t e r i i l s  of  differing atomic number
i n f o r m a t i o n  on the  s u bj e c t  • and to ~u r t h e r  dis— requi res d i f f e r e n t  beam c u r r e n t .  Thus , f o r  a
cu s s  and e l u c i d a t e  some of the e x p e r i men t a l  fac— g iven m a t e r i a l , beam c u r r e n t , as observe d hy
t a r s  to be considere d when u s in g  the techn iq u e .  specime n c u r r e n t , and f rame t ime f o r  t he  nth ro—
ihe complementary uses of channe l ing  con t r a s t  grap h are the important parameters. I~ may i~e
and h.t ~n~ l ing patterns will be emphaslzed. desirable with some materials which oxidize read-

i ly ,  such as aluminum alloys , to use 30 kV to—

~~i7 i o f Channeling Contrast gether with higher beam Current and sacrifi ce
resolution in orde r to minimize the effect of the

The ori gin of channelin g contrast is the oxide lay er. kith a tungsten hairp in filament ,
same as that of channeling pattemno . The im— the probe diameters common for channeling con—
pinging h~ on is scattere d as the electrons en— trast are about8 0.4 rn for iron and 0.7 rn
counter individual planes of atoms within the il irinum alloys (calculated values 12 ’13).
cryst 1. The magnitude of the scattering depends
upon the re 1 l~~~ ;e angle between the beam and the Careful materials preparation is vital.
atomic p lanes and upon the (Rutherford) scatter— Final surface preparation by chemical or electr-
ing mechanism. The physics of channeling has polishing is typically required for metals , al-
been described 4,9 and th o roughl y exp lored (see though electro lytic lapp ing has also been used
the bibliographic compilation on channeling in successfully . See the Appendix for details.
these proceedings). Changing the angle of the
beam , throu h scanning, changes the magnitude of Use of Channelin~ Contr ast in Deformation_Studies
the scattering. Thus , there is a relationship
between the crystallographic orientation of a Although i t  is aln st as easy to make chan—
grain and the angle of the impinging beam which neling contrast micrographs in the SEN as i t  is
causes d i f f e r e n t  grains to exhibit diffe rent to make secondary electron mi. rogr~ phs , there are
gray leve ls. Changes in crystallographic orien— a number of experimental factors which rust be
tation as small as 0.1 degrees may be observed, considered in applying the techni que to study de—
It is the ability to detect such small changes formation. Some aspects of the use of channeling
wh ich makes channeling contrast useful, contrast have been briefl y discussed b y seve ral

authors .S ,9,14 The ir dis cussion , tegether with
Obtaining Channeling Contrast further experimentation , indicates that it is

useful to consider grain size as either “l a rge ”
Channeling contrast may, in theory, be ob— or “small ,” depending upo n the size of the grains

tam ed with any commercially available SEM; all relative to the width of the channeling bands .
that is necessary is that  the I n s t r u m e n t  be capa— These are dependen t  upon the c r y s t a l  s t r u c t u r e
ble of detect ing either backscattere d electrons and iirterplanar spacing f the ~at erial . the ac—
or absorbed electrons (specimen current imaging). celerating voltage , and magnification (scan ancie).
In pr tice , having a backscattered detector co— Large ’ grains , which must be examined at low
axial to the incoming beam increases resolution magnification (relatively large scan angles), may
of the hackscattered images by increasing the exhibit channeling bands within the grain ,9 Fi g—
proportion of collected backscattered elec— ure 1. This contrast is un related to deforma—
trons ,10 thus allowing the use of decreased tion. The grain size and magnifi cation combina—
beam currents. Specimen current imaging theo— don giving grains of a un i form gray level de—
reticmlly should give the same resolution as pends on the orientation of the gr ~n . The gray

• backsca ttered electrons imaging, but in practice , leve l of any grain is dependent upon the gray
characteristics of the specime n current amp li— level at the cente r of a channeling pattern of
fier are a limiting factor (for a complete dis— that grain. If the center of the pattern is on
cussion of this subject, see Newi uryU). one e ige of a channeling band (a channeling line),

then the width of that channeling line , relative
Optimum electron optical conditions neces— to the grain size , will determine the contrast

sary to obtain channeling contrast depend on the within the grain , the grain being of uniform
spocimen being observe d as well as the desi gn contras t i f  i t  is smaller than the l ine width.

id construction of the SCM. Typical operating Channeling line width , 2 v . is dependent upon
cond it ions 7 are a beam diver gence of 2—4 X 10—3 accelerating voltage , ai n i number , and grain
rad , accelera ting voltages of 10—30 kV , Specimen orientation. From Schulsou lS
currents of about 5 X ~~~~ amps for aluminum and
2 N iO~~ amps for iron. Assuming prope r surface 1 (1)
preparation , obtaining useful micrographs is Ic- 

W
g t~g i~pendent on develop ing su fficient channeling con-

tras t. To obtain contta~ L , -i s u f f i ci en t number  where I -. estincti n d i s t a n c e , 16 in~ it re—
of in cident electrons n- xl be backsc att ered f rm  

r i p r i i t ice ve ctor m ign i tude . Table I gives
the specimen to allow a detectable signal above calculated values of w f~ r aluminum and iron .
the noise 12 to be ccc rded. Since the number of g
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TABLE I. CALCULATED lALIIES IN RA7JIANS/DEGREES For Fe , grain sizes of about 70 rn would be re—
OF ‘4~ FROM EQUATION (1) quired .

w (20  it’ ) w (30 k V )  In the absence of texturin g, random grain
_. g _ ______ ______ orientation y ields only a small number of grains

‘-I ite ri:il Planes N I0~~_ r ad / L crees  with low index l i n es ;  thus , ora l f o r m  gray  levels
will be exp erienced for much large r grain sizes

Fe 200 3 37/0.193° 2. 7~~,0.l6O0 
than indicated above . It is best to determ inc

222 2.03/0.116° 1.69/0.097° experimentally if the grain size in the material

521 0.63/O hm 0 0 53/0 0300 of interest exhibits uniform grain contrast.

Al 200 2.73/0.156° 2.25/0.129°
222 1.71/0.098° 1.41/0.0810

0 .4 9 / 0 .028° .41/0.023° 

- 
-

For high index planes , the width of I I  
_ _ 

- 
-

channeling line becomes very narrow ; thus , they
cannet h e r  solve d with the angular divc rg aces 

-

— 
necessary f i r  a fe  used he ir . The c o n t r a s t  - m ‘

~~~~~~—- 
-

hi gher  o rd er  l ines is a lsc  Vi c’- poor; for c :-: it’ —

ple , the 222 and 333 lInes 5 , - on  in  F igure  2a 1 - -

are narrow and xh ib it poor entrust. Thus, it ‘
~~~ .~ ~~~

is l ikely that only los m d c v. lin es will be vis—
ib le  in the  conv er gc. i ’t  h em  (r i c r o g rap h )  mo de , “

~even when the -rain s i z e  is suffi cientl y large ,
and tli~ magnificati on low , to allow observation
of c h a a u e l i n g  l i n e s , as seen in C i g u r e  1. For P I G .  1 — Channeling bands imposed on the  gra in
the (200)  band  in A l .  o n ly  g r a i n s  l a r g e r  than s t r u c t ure of l a rge  g’-ained , unde forme d p l a t i n u c .
about  60 rn c o u l d  e x h i b i t  n o n u n i f o r m  con t r a s t .  S u r f a c e  p r e p a r a t i o n  by electrol ytic lapping .
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(a) (b) (0)

FIG . 2 — C o mp . i r l  son b e t w e en  channeling pi t a  -rn change m u  suh grain form i t  at in 30-~ si iii’ i c - -. - i  -

(a) be fn r cy cling , (h) a ft -r 4 cycles , ± I str.-m( n cent c l  , (c) a f t e r  32 v lea , Id f t  e r  I ~ -

Ar ea  ol d i a nn e  I ing p att ern as shown in (ii) is t i c -  S i t P k ~ f or (h ) — (dl
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Many deformation studies by transmission creep .8 The technique has proven to be particu—
electron microscopy, X—ray topograp h y ,  etch pit— larly useful in the study of fatigue , as Fig ures
tinig, and op tical microscopy have shown that de— 2, 3, and 4 illustrate. Fatigue crack initiation
formation at near ambient temperatures in poly— may be related to the formation of subcells in
cry sta l l ine , ful ly  recrys tal l ized me tals p roceeds the near  sur face  region , and subcell formation is
in ap p rox ima tely the following steps :17

~
18 known to occur in the material just adjacent to a

propagating fati gue crack; yet these processes
(1) Single slip occurs in a few grains , are difficult to follow with conventional inves—
(2) Multiple slip systems are activated as suf— tigative methods . The development of subcells

ficient strain (2—3% for cubic metals) is and changes in the channeling patterns caused by
accumulated to require accommodation shape cyclic loading is illustrated in Figure 2. In
changes between grains . Many grains are now this 304 stainless steel specimen , a number of
de forming by mul tip le slip and have approxi— areas were selected prior to cycling, with both
ma tely eq ual disloca tion densi ties , although channeling contrast micrographs and selec ted arc- a
variatIons from grain to grain and wi thin channeling patterns being made , Figures 2al an d
single grains still exist , and in some cases 2a2. The specimen was then cycled under strain
will persist to large strains, control (+ 1.0%) in an electrohydraulic testing

(3) Dislocations begin to accumulate into super— machine and periodically removed for observation
structures , fo rming  boundaries within the in the SEM.* Observation with a pri gressively
original grains , increasing number of cycles illustrates well the

(4) As deformation continues , the number of sub— comp lemen ta ry  use of both techniques .  A f t e r  four
grains increases , decreasing the average cy cles , Figure 2b 1, the channeling pattern begins
subgrain diameter, and usually increasing to lose line acuity, as may be seen particularly
misorientation between adjacent subgrains . well by comparison of the numerous fine , higher

o rder lines of Figur es 2a 1 and 2b 1. These changes
Details or these processes depend upon the mode correspond to an equivalent tensile deformation
of defo rmation (monotonic , cyclic , cr eep ,  etc.), of approximately 0.3%.20 Little subgramn forms’-
grain size , temperature , defo rma tion ra te , and tion is visible , Figure 2b 2. Af ter 32 cycles ,
perhaps envi ronment, the channeling pattern , Figure 2c 1, indica tes

about 2.5% strain. This deformation is occurring
Selec ted area ele ct ron ch a n n e l i n g  may be inhomogene ously be tween grains , as may be seen in

used to follow Steps 1 and 2. Deformation dur— Figure 2c2. Sub grains are not forming equally in
ing Step 3 becomes so large that useful informa— each part of each grain . After 128 cycles , some
tion is no longer available . Channeling contras t additional change has occurred in the channeling
begins to be usef ul during S tep 3, allowing s-oh— patte rn , Fi gure 2d1, which now is indicating a
grain refinement to be followed to submicron level of about 5% strain. The channeling micro—
sizes. It is the abi lit - of these two comple— graph , Figu r e 2 d 2 ,  now indicates that extensive
mentary electron channeiing techniques to follow subgrain form-lion is taking place in the sur—
the deformation process in bulk materials that rounding grains . These observations indicate that
makes them such attractive tools in study ing met— an assessment of deformation during the first few
allurgical and mechanics rela ted engineering cycl es i s bes t made indirec t ly and on a local
problems , such as creep and fatigue . basis , using channeling patterns because of their

sensit ivity to small magnitudes of de formation.
As has been shown by several Investi ga-’ After 32 cycles , direct observation of the defor—

tors ,7,8,14 the gray level often changes as the mation over a larger area using channeling con—
spec imen is t rans la ted, ro tated , or tilted be— trast is preferred due to the formation of dislo—
neath the electron beam. Thus, it may be nerms— cation subcells and because channeling patterns
sary to observe a specimen in several positions are much less sensitive to small increments of
in order to develop gray level differences be— deformation at relatively large deformation meg—
tween adjacent subgrains . The magnitude of mi s— nitudes . Stress versus strain records for each
orientation between subgrains dictates the ne— cycle indicated no change afte r about 50 cycles ,
cessity fo r  mak ing mul t ip le uticrographs of a re— althou i i the micrographs clearly indicate the
gion of inter~- st It has been observed experi— continuing formation of subcells.

0 
mentally that it is necessary to make multiple

• micrographs for Small amounts of deformation , Fatigue crack propagation studies ii~ 
- 0 .05

but that as deformation proceeds and subgrain wt.Z carbon steel have allowed dete rmination of
misorientation increases , li ttle in formation is the effects of cyclic loading paramete rs and en—
gai ne d from mul tip le mf c rogr ap hs . Op tim ira t ia n vironment on crack propagation through the use
of electron—optical and photographic parameters , of channeling contrast. ’: .22 Typical subgrain
together with the abilit y of the eye to distin- fr-m it ion for this material is shown in Figure 3.
guish imp to 20 gray levels ,19 minimi zes the ne— It is not possible to obtain useful electron

• cessity for making multi ple micrographs.

Channeling contrast effects have been il— *
More expi-r i: -~ n tai details may be f ’und in the

lustrated for de fortimation in tension ,7 and in A endix  
-
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channelin g patterns for this m a t e r i a l  due to the  ~-l o- a r i a  microscopy stud io-s have shown 25 th at
dislocation dens  i t~ inherent in the a l l o t r o p i c s u b g r a i n  f u m m i t  ion in t l r e s u  i i  l ays  usually occurs
trans fera -nit n in i r o n — c a m E - n alloy s . From mi— ve ry near the crack p lane , and r i - a t n- - s t  sub—
ct ograp hs such as these , su b g r a in  s i ze  as -i f u nc  — :r . r  h ay  . r r -  in t a r - s ize  m arco - 0 . 1  to 1 - -  an. Thus ,
ti on of  d ls t .rar c o - from the ci- ick p lane has been tire ele ctron—optical—material andit jon s will
det ern ai rro -ul t o  be a function of both loading meg— m l  li ii onl y the revelation of t b0  few large r sub—
nitude and environment. It was found that tilt— grains ru-u ~~- n t  . Depending. an t l i - a r—-s ta ilo—
thg or translating time specimen fi r ma king mul— grap hic ri u-nta t i o n of the grain t o  the stress
tiple mic r u ug rr ; irs was unnecessary , presumably field -f ti r e cra k , suhgrains of det - - t able sizes

• be cause of t h e  l a r g e  s’mh grain ml su n - i t t  i t t  - cl iv o r  ar m y i i i  he formed.
Subcr,rin s i - u -s -f 0.5—1 m ar,-  ru - i d  i ly .u l a s o - r - v o  ii
using tb ,- electron optical conditions gi ven in Conu l usi - -n
the second paragraph f the liii rd sectio n of
this p ip e r. Thus , tIe- ic  t r r l  p robe sizes appear F~l 0 - u  t n t  • - l i u n n e l i n g  c o n t r a - a  i s  an i m p o r t a n t
to h, - sam -wh it sma llu- r than those calculated , tool f i r the n i t -n i l - . sc ientist , : r r t i. larlv in

stud io -s of cr ost ,a l li n e solids wh er e  t E  f c r a u a t i o n

Fat i~~uu - crack p l.rau t i . -i ty studi es in aluminum of subcells is an i~~; -nta n t factor, Suherain
• alloys 2 h i_ I l : r y o  indicated that t b  p l a s t i c i t y  f o r m a t i o n  nov . for the f irst tirw- . be follow-ed in

i n f . i n i t i o n  is available (m r  the channeling - i t —  bulk , to-  l l a a a l o g i m - a l l v  useful aIl s , s-here r u- p c ’ —

tu rn - rathe r than from channeling aunt rast. Oc— itive observation f the s in,- g r i i n s  is poasible
casiona liv sub grains ran be I n igh t ou t  i n  these is i l l  suhst mar t ire develops . F -nt i r a  t o - i - . a ny
alloys if j u s t  the c a ’r r c - c t  combinati on ef o l e - — standar l 5 1-21 romv bit used far channel ing c-nt mist
t r on  opti ca l condi tia’at s and g ra in  o r i e n t a t i o n  o b s e r, . it i o n s .  N na euh  h e a t  i o n s , s i c h  as t ho se
e c c i r s . Th e crack t i ; re g ion  dep icted in Fi n ar r u- necessary f o r  o b t a i n i n o :  s e le c t e d  i t o - ele a -t r-
N shows the apparent I r r a t  i o n  a f  a fey  l a r go -  c h a n n c - l i n - c  p a t t e r n s . Ore nec e s x i r u - f a r  t h i s  redo-
s:i h crri n ~ I -  t b -  left o f  t h e  crack . Nat - t h a t  of o b s e r v a t i o n  . A l t i m i - la cy c l i c  l u a d i t a : i s  ear —
t h e  a in  t ra st changes fret- 11:11 t on the  r i :l a to p h a s i z e d  in  t i l - i i  l i s t  r a t i o n s , m i n i - t u n i c  l r u a d i : a
dark on the left , s- It li t h e  revu- rsal being i t  j u s t  i i  ~ e d e p e n d e n t  and  env i r o n m e n t a l l y  s - n s i t  i v -  de—
about the crack plane. A c h a n n e l i n g  p a s t e r n  of f o r m a t i o n  iv h0- eh s e r v o - l  is s - c - l i .  In  u s i ng  t l l o

the  :r , l  i t  shows it t a’ h o r i e n t e d  at  I l a - e dg e  of channelin g contrast t u -c i n i c ; l l i -  , a - -
~-~

-
~ :1 r , it is

t i l e  ( nc )  band so t h a t  the con t rast m - i-  m x i i  is neces sa ry  t i  be aware i f  t he  e IC - tn-tn u p  t I c a l  min d
dime l i ne  of  t h a t  h a n d .  Thus , t he a b i l i t y  c r v s t i l l ’ g r a p l i i  i r c um s t an c e s  w h i c h  a l l o w  c u h s e r —
t . -  d e t e c t  suhitm ains in t h i s  s i te  t i o n  is depen— vation of the u- ff u -ct s d e s i r o d.  1 r o p t i t r u an usc-
dent upon obtaining t i e -  ; u r . ; l e  r grain o r i e n t a l  i - a n , of the techni que , i n n  d use af  channeling
rel ative to t b 0  probe , so t h a t  s m a l l  c a l t  r i -  t patterns is alto des i r P 1 . sin o t he  two ’ t e i h —
change s can be d e t i - i t e d .  D e p e n d i n g  on m a i n  - r i —  n i qu e s  a m -  l a r g e l y  cottp lu m o n t  u r y .
en t i m t i -  - a . s p e c i m e n  c - r i -al t a on hen c-r th the
beam , t I - c c - t I l e r w i t h  multi p le m i c r a - n i p h o , rlav Re f o r  aa
p r u v e  to be vi ny u s e f u l .  To o b t a i n  -b i ll i e  l i a r 1:
c o n t r a s t  in the  a l u m i n u m  - ml  l a y s , f a i r l y  l a rgu -  1. 0. a . C u  I t o , , “El i h i — l i  u- Re fl - t i - : -  P a t —
beam c u r r e n t s  -i re requ i red (a l i m i t a t i o n  of terns rEtained with t n  Scanning El - - at - - : -  E c r e—
s o l m n - ~- b r i g h t n e s s ) ,  c a u s i n g  probe s i ze s  in excess scope , ” P h i l .  ‘I n - . 16 101 7 , 1 1 7 9 — I I S - . .
of I t m  (See e a r l i e r  d i s c u s s i o n ) .  T r a n s m i s s i o n

era i-k
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F l E .  4 — N i i I u - r l i n  f u r -  in a by I tigue crack
F t C .  3 — Sub 1 r u n  ran i t i on  by S t i l l s  r i  k passage In 6061—I l ilum inum a l l a u v .  Suhgrains

n m s x . m g m -  in  F c- —O. 0 5  C a l l o y . St i h u - n m ln  I ‘ m l  i t  Ion -m r visibl e h o c  (1 150 o f  a t r y - n  lu l i ’rn in enien—
I l ms- - n r n p l e t  I v  a I l i m o  I tIme norma l r a i n  St  r i m - — t a t i n r e l m t  m v  a t i r e  c rack and t i  the  p m o ’ho - .
Lure (23 mis) . K = ‘1~ N N ! u . 5 / 2 . 10. 1 ME m 112 . —
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Fon tain e , “Crystalline Contrast and S.E.M. Chan— specimens were cut from the center of a large
nieling Pattern s,” Proc. 25th Anniv . Meeting of center—notched fatigue specimen at termination
Electron Micro , and Ana lys i s  Group , In s t i t u t e  of of a test  p r o g r a m , m e t a l l u r g i c a l l y  moun ted  and
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Discussion with Reviewers difficult to maintain plane strain conditions
near a surface (which removes the material con—

n, tni - f I r :  I :  ee !- r- • -r rne to the : , c  t~dy;: the s t rain t s  necessary fo r  plane s t r a i n ) .  For fa —
~- n - -~ to no cnr: t on the - -f°0- :-n- ’ of tigue cracks , we find that for very low cyclic

a beam f t  1’ - c - ula : ! cryst a ll ine r J ! - .n tf - c u :  ~c; ’ the stress intensities , there is no difference be—

~~~~~~ w-~ or chit -of- not-pc i aC e -f p ost  - C~
’np 3 ( C. . tween observations made at the surface and those

a 9ookenr and R. Ct -n yki-cu , 5r1 I rn tun rc . :crot~f - n~~: made from deep sect ions . See : 0. L. Davidson ,
n i .  - (Eal ., con -n- : ley 2 9 7 ! , !r a -i p . i l ’  n : , “Fa tigue Crack Tip Plastic Zone Size and Shape

1972) . Through the Specimen Thickness,” Tn t. 2. Frac—
Auth or: The referen -e given by the reviewer is tore 1975 , 1047—1048. Creation of a surface

one of several which emphasizes the necessity to in v - u -v  soft single crystals migh t allow disloca—

establish a beam divergence less than that of tions to “leak out ” prior to observation , but for

the higher order lines to be observed. The read- the eng ineering materials we have examined , our

er is also encourage d to become familiar with the assessment is that the probability of this occur—

Appendix to text reference 15, which has a good ring is small.
discussion of this point. In deformation stud— Nuu tc - : The author is indebted to Reviewer II
lea , it is very helpful to heat treat specimens for pointing out that the publication , “Observa—

so as to minimize initial dislocation density dons on the Practical App lications of Selected
(giving high crystalline perfection). This is Ar ea Elec t ron Chan n e l l i n g  Patterns to Deformation
desirable in order to maximize the sensitivity of S t ud ies ,” by J. A. Connie , D. L. Hamrod and C. W .
the technique for observing changes in crystal— Hughes , Westinghouse Research Laboratories Scien—
line pe r f ec tion , and so that interpretation of tific Paper 73—1D4—HTRFC—Pi , J a b  7, 1973 , has
channeling pattern changes will be as unamob igu— now been published (see No. 25* f the Cimanneling
ous as possible . Bibliograph y). The section of this work entitled

“Channe l l ing  Microscopy ” ind icates that subcell
Ru P 50ci Ill: Would t- nc -Ca !- a(r I -Rna te  the formation is not much aii f le ro -nt when the specime n

~nc-ar~ a~~ s train ~ae : j : C c a ~n I  “rem fne ian is deforme d in tension or compression.
i:::. 2 and bite nan tho- . ha mci i no ob n- a 0 this

a ( r  n :t a! - :o ’a i-cfcmm- .n ~:on ? .-?(‘l)1~CaCer I :  .!‘nrC u’~l2~
- al - -~~~~~w - I S  n’ CS are

Author: The amount  of s t r a i n  in Figure  2 , as Pi th the s~ ccf ire , :  k : - Z i~~~ 
- - - ,  ~~ -! - z : ~

given in the accomp anying text  on the page f o l —  to P ( ’~ !‘ ‘O a;; bi”trui’: - ‘n-f ..’ ‘- a-: a fg ~m~’::n( an , f at rncrc
lowing Figure 2 , was deduced using the compani— 21~~ - ‘° on ott uxau:rn : ~~r 1  nornbt ’- :s r : - ‘n - n - -:. - ,

‘

son techniq ue f ully  exp lained in L c - x t  r e f e r e n c e  grains . - f t C  : C ’: :o ;  ‘-:cnnf C f  - l ’ 1  fu )
20. - n , e i ’n : o n T ~~~. I r’c-;: .’ia ~~” a  

f i t ad ~~u’0 ca -m ,
n . e . ,  f i~ . O f , : e P ’ n - f ! : - : n’ -~~ i tm: or t- . :~~

r ITT . c  11  1 o~-~ a b e 1
han- n’a-2na~/ c-In - gun - i-ra p a o a n t r t s t  ‘u~~~.u- a: !n: ;— .-i~~~~~ - p  Au tho r :  Although I have p e r f o r m e d no ex p e r i m e n t s

-! to i-Y’ c-v ! po sa~t in—:lnu a ’Z guI - pa airs 0-~~’— to c o n f i r m  i t , there would be li ttle or no effect
emit? on the channeling contrast expected from having
A u t h o r :  Al though  th i s  po in t  was m e n t i o n e d  in the a tilted specimen. Line contrast reversal would
text , it should be said again that the number of be expected to occur only in the high er orde r
micrographs must be assessed experimentally for lines (See t u an t r e fe rence  4 , pp .  6 4 9 — 6 5 2 ) ,  wh ich
the material of interest. For the low—carbon should exert little influence on the contrast
steel , it was found to be of gmcn nc -r advantage to developed wi thin a grain.
“ser ia l ly  sec t ion ” the grains by short periods of
e l e c t r o p ol i s h i ng ,  followc- I by examination , than i ’ i t I ’  TI :  k ’ a t !  is ‘ - -  ‘i’~ .a ‘. of b : o  - - ‘. ~t n t
it was to make multi p le mi c rographs ~ one sec— a - : ’  a - a :  beln.aee ’n ~~~~~~ -f ~kc .: a c i n ’ or -n)
tion . In this way, an assessment of subgrain sit-’ri in ?ipaon I r’ ’g pa’ ~~~~~ ~a - -- f/n •I’PUnaI :oi to
extent  and shape may also be made . An example  ZCtC a - ~ - zined ‘- n 1 : r a ~
of th is  is inc luded  in Fi g n n r e  R — l .  I would Ii km A r t  Ii r: Since contrast is lu te mmm cd by the gray
to emphasize again that my observations are that level ml the I- i n t er of the channeling pattern for
multiple microgruphs arm - more necessary for small a parti - oil m n  g r i l l , the position of the specime n
magnitudes of d e f o r m a t i o n  in rel atively l ,m r a~e 

r - la ti v e to the beam is ve ry i m p o r t a n t .  Per iodic
gra ined  m a t e r i a l ,  movement of the specimen from the SEM to the

testing machitae caused slight changes in the
RC txi u ’no ’,- r El: ,:rn ~ zrn-nr h at; ‘-:‘a ru-a n a .~~1j._ r el a t i v e  pos i t i on  of  the s p e c im e n  and t he  elec—

— a - i t- -- ‘ n ’ - ’ r near ala ’f ac-  , ;~- a - ‘ ~‘h a’ .-j : i’:4 7 1~~ fr t ron beam , and this  is the  o r i g i n  of the c o n t r a s t
:01  your r ’- r - r ’ c “ C t S l ; !p zo ’’ ur . near a: change s seen in F igure  2 .  T I l t i n g  the specimen
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which occurred during electropolishing. As men—
tioned in the Appendix , it is necessary  to be -

a 
ve ry c a r e f u l  to pre vent c o n t a m i n a t i o n  of the sur-
f _ a l e  be ing observe d , and should such contamina—
t ion occur , then r ee l e c t nr ’p o l i s h i n g  is required.
Sometimes artifacts , such as the dendritic look—
log one on 2c~ .appcar. So far , t lna -ir p resence -

has not  i n d i a n t e d  any general  s u r f a c e  c on ta t r n ina—
don. The at ;nn ae a r t i f a c t  does no t  appear in Fi g—
ore 2d 2 because a very  s h o r t  cIa ropo l i sh  was -

emp loye d a f t c r  128 cv - lea .  p r i o r  to o o s e r v a t io n . - - .
Very l i t t l e  meta l  was removed by t he se  i n t e r i m
pa l i s i m i n g  n ’p e r ;m t i o n n s , ;nS . n close examination of ‘ . j
F i g n n r e  2 w i l l  show , and ;n clean s u r f a c e  f o r  ob— - - .

an r v a a t  i on  W n s  e n s u r e d .  - • 
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P a t ! l - r  Yes , u - i - a - n i - n t t r t  i o n  b e i w n - u -,a s nlo r i n n s  i s
o f l i l t ’  n - S t  t ’  rn a - m I  l m r g i s t  n n n s o  a ’  is
m l  n t , - - 1  t lu - a - n a — a t  1,-m it m,u a a t n i t u d e .  t - r n n - n c n . m t m t r e , F l o . 8—1 — S , ’ a - t i n m n l n m a  ‘f gr  m i n i s  m r ’ , , t n . l  tb ,  I i ; ’  - ‘I
p c r h a m ~’s ,t  n t n m . m t -  . a a l l o r e t - m I  — a  a - n i - t a  . ,m f m t j g i  r . a  i n  1 — 0 . 0 5  C , sh o w i n g  t h e  o h r m a n
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