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ABSTRACT

The fracture strain of the anodic coatings formed on aluminum single and pol/crystalline  

specimens was found to decrease as the thickness of the film  was increased. Stress 

analysis applied to the coating crystal system indicated that the coatings were Under the 

influence of a system of biaxial stresses. Thus, the magnitude of the coating fracture 

strains obtained in the present work was less than the fracture strain values reported for 

isolated anodic films of the same thickness.

Coatings thicker than 1350 Â accommodated substrate strain by detachment at the slip 

steps and fracturing transverse to the tensile axis. The angle between the transverse 

cracks and the tensile axis of the single crystal specimen could be predicted from the 

specimen geometry and the orientation of the single crystal.

Coatings with thicknesses less than 900 Â  fractured at the slip steps, separating the film  

into strips. Transverse cracking then took place according to the state of the local sub­

strate strains, which was in turn influenced by the positions of the surface relative to 

the slip vector. Whenever transverse cracking occurred, the crock density reached a 

plateau and further deformation merely opened the existing cracks. The equilibrium  

crack density was a function of the coating thickness. Consideration of this phenomenon 

indicated that elastic relaxation of the film  subsequent to cracking inhibited the forma­

tion of new cracks. Further deformation of the film-substrote system induced preferential 

deformation of the substrate in the existing cracks.

Metallographic examination of the anodized single crystal specimens which were deformed 

until cracking and film  buckling had taken place showed that "surface damage" in the 

form of suppression of surface slip and preferential deformation of the substrate in the 

cracks had occurred. Both thick and thin films induced surface damage where transverse 

cracking had occurred. Thick coatings had lower crock densities but preferential defor­

mation at the cracks was extensive. Thin coatings, on the other hand, introduced a large 

number of cracks, but the extent of preferential deformation of the substrate in the crocks 

was less.



The effects of anodized coatings with compressive and tensile residual stresses on the 

stage I stress-strain parameters of the aluminum single crystals were determined. Based 

on the data available in the literature it was assumed that those anodic films formed at 

low formation rates were in compression, while the films formed at high formation rotes 

had tensile residual stresses.

In general, the critical resolved shear stress increased when the single crystal specimens 

were anodized. For those anodic films formed at low rotes, the extent of easy glide o^, 

the slope 0  ̂ and the stress at the start of stage I I ,  T^, increased relative to the uncooted 

crystals. The magnitudes of these changes were larger for thicker coatings. The stress- 

strain curves obtained from the specimens with the compressive anodic coatings crossed 

those of their control tests.

Coatings formed a t high rates produced a decrease in the duration of stage I, o^, and an 

increase in 0  ̂ and Tg. Again, the effect was more pronounced for thicker coatings.

These effects can be explained in terms of the residual stresses in the coatings and the 

operation of the coating as a barrier to the egress of glide dislocations.

I I
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IN TR O D U C TIO N

If is now well established that the condition of the surface can strongly influence the 

plastic deformation of metals. These effects have been adequately reviewed elsewhere 

(1 ,2 ,3 ) .  Numerous experimental studies o f a variety of systems have been conducted 

to arrive a t the mechanism through which surface conditions affect the mechanical pro­

perties of materials. A  particular area that has received considerable attention in 

recent years is the effect on the mechanical properties of metals o f the presence of thin 

m etallic films and oxide coatings on their surface.

In the present work, we direct our attention to the behavior of anodic oxide films on 

aluminum single crystals and their effects on the mechanical properties. A brief review  

of the previous work appropriate to this aspect of the problem w ill be presented.

In 1934, the pioneering work by Roscoe (3) showed that thin films of oxide, less than 

twenty atoms thick, increased the strength of cadmium single crystals. A  number of 

other investigations have confirmed the strengthening effect of oxide films. The mech­

anical behavior has been studied using (1) tensile deformation (2 ,4 ,5 ,6 ) ,  torsion (7 ,8 ), 

creep (4), and fatigue (10).

As a result of torsion experiments, Barrett (8) reported that an aluminum wire with an 

adherent oxide coating on the surface deformed by positive torsion experienced a further 

increment of positive torsion when the coating was removed. This abnormal a fte r-e ffec t 

was much greater with thick porous, sulphuric acid type anodic films than with the thin 

dense type produced in boric acid , or with films formed in air or water. Edelson and 

Robertson (11 ) reported that the abnormal a fte r-e ffec t increases with Increasing anodic 

film thickness.

Two principal models have been proposed to explain these observations. Barrett (8), 

following a suggestion by C ottre ll, proposed the now classic dislocation model, accord­

ing to which the effect was attributed to the release of dislocation p ile-up upon removal
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of the oxide. Edelson and Robertson (11 ) accounted for the Barrett a fte r-e ffec t on the 

basis of a simple two-component mechanical system. In their model the normal recovery 

of the twisted wire is altered by the elastic stresses imposed by coatings of higher modulus 

o f e lasticity. Thus, upon removing the film , the wire reverts to a strain and strain rate 

it  would hove had in the absence of the coating. This requires a reversal of the untwist­

ing process which is the abnormality in the a fte r-e ffec t.

Jemain and Law (12) investigated the effects of various m etallic coatings on torsional 

after-e ffec t using copper and gold wires. Their results show that a distinct abnormal 

after-e ffec t is observed regardless of the relative magnitude of the moduli of the substrate 

and coating. These results also demonstrate that the abnormal after-e ffect is better ex­

plained in terms of dislocation release models rather than the two-component mechanical 

system.

Experiments to measure the effect of oxide coatings on the torsion and tensile behavior 

of aluminum crystals were performed by Tokamuro (5). It was found that the amount of 

crystal rotation during plastic deformation was a very sensitive measure of slip. Thick 

oxide coatings (500 Â)  increased the flow stress and suppressed crystal twisting during the 

extension. These effects were thought to be due to dislocation pile up beneath the sur­

face film . Takamura also noted that the entire stress-strain curves were usually raised 

due to the presence of surface films.

The suppression of surface slip by anodic films on aluminum has also been noted by Alden 

and Backofen (10) and Grosskreutz (13) and is attributed to the surfoce-film blocking of 

dislocations approaching the surface.

Johnson and Block (14) tried to distinguish among the film  strengthening mechanisms using 

copper single crystals with a variety of coatings. These mechanisms may be grouped into 

three brood categories: (A) the coating acts as a barrier to the egress of dislocations (2, 

7 ,1 0 ), (B) elastic repulsion of dislocations in the substrate by a coating of higher modulus
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(15 ,16 ), and (C) the pinning of surface Frank-Read sources by the coating (1 7 ,1 8 ,1 9 ).  

Johnson and Block found that none of the above mechanisms played the dominant role 

in the systems they studied. Significant film  strengthening was always accompanied by 

film cracking either prior to or during deformation as a result of residual stresses in the 

coating. Associated with film  cracking was an increase in dislocation density in the 

substrate. This "surface damage" was believed to be the critical factor in producing 

the film  strengthening effects they observed.

The present investigation was aimed a t resolving the relationship between the behavior 

of anodic oxide films during deformation and their effect on the stress-strain parameters 

of th,e aluminum single crystals. The results w ill be treated in three sections: Port I 

considers the fracture of anodic oxide films; Part I I ,  the role played by "surface damage"; 

and Part I I I ,  the relationship between the fracture characteristics of the anodic films and 

the changes in the stress-strain parameters of the aluminum single-crystal substrate.

- 3 -



EXPERIMENTAL

Single crystals of 9 9 .9 9 + %  aluminum were grown in spectroscopically pure graphite 

molds using a modified Bridgman technique. Crystals of round cross section 1 /8  inch 

in diameter and square cross section 1 /8  inch on a side were produced. The round 

crystals were orientated for maximum easy g lide. The orientations were determined by 

the Loue bock reflection technique and are presented in Table I and Figure 1.

The as-grown crystals were cut into 1 3 /4 "  long tensile specimens and annealed at 618°C  

for 24 hours. Tensile specimens of 1 -inch gouge length were prepared by gluing 5 /1 6 -  

inch diameter glass balls on each end of the cut crystals using Armstrong A-1 epoxy 

adhesive. The mounting procedure results in electrical insulation of the specimen. A 

flexib le lead was attached to one end of the specimen to allow  electrical contact with 

the specimen during the electropolishing and anodizing operations. The specimens were 

electropolished at 200 ma/cm^ in a 5:1 ethanol: perchloric acid electrolyte held a t 20°F . 

This was followed by oxide stripping in a solution consisting of orthophosphoric acid (20%), 

chromium trioxide (20% ), and water held at 9 0°C .

Anodic coatings were formed in 0 .4  M  boric acid solution, buffered to a pH of 5 .5  with 

ammonium hydroxide, immediately after the stripping and rinsing operations. The current 

density during anodizing was maintained below the required lim it by increasing voltage in 

steps, and allowing the current to drop to a steady leakage value. The oxide thickness 

was determined from the voltage assuming 14 R  per vo lt. (20)

-2  . -1
Mechanical testing was carried out on an Instron machine at the strain rate of 2x10 min 

The balls a t each end of the specimen fitted into specially machined grips of the testing 

machine. A x ia lity  was achieved through the use of a positive alignment jig , which also 

permitted removal and re-insertion of the specimen without the loss of alignment.

- 4 -



TABLE I

O R IE N TA TIO N  OF CRYSTALS

Specimen Designation
^0

R *-6 49° 4 2 .5 °

R-7 5 0 .5 ° 42°

R-10 45° 47°

R-11 5 1 .5 ° 42°

R-15 44° 47°

R-16 46° 46°

R-17 48° 48°

S **-4 A 47° 42°

S-4B 37° 53°

R* Round Cross Secflon 

S ** Square Cross Section
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3-4A

3-4B

FIG. 1 - Stereographic representation of round (R) 
square (3-4A,B) crystals used.

and
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Method of Detecting Film Failure

The potential method was used to detect the film  failure during tensile tests. A diagram 

of the test cell and the specimen gripping system is shown in Figure 2 . The open circuit 

potential of the anodized aluminum specimen was 300-500 mv anodic relative to the re­

ference calomel electrode. When the underlying metal was exposed to the electrolyte, 

due to the fracture of the oxide coating, the potential changed. Potential changes were 

measured by using a high impedance voltmeter. A two-pen recorder was used to plot 

potential and load vs. elongation.

-7 —



SPECIMEN LEAD

^  CALOMEL ELECTRODE

^ 2- g l a s s  c e l l

ALUMINUM
ELECTRODE

SPECIMEN  
AND GRIPS

STOPPER

FIG. 2 - Schematic of the test cell and the specimen 
gripping system.
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I -  FRACTURE OF THE A N O D IC  FILMS

Results;

The fracture strains of anodized coatings of various thicknesses ore shown in Figure 3 .

The data were obtained from round single crystals of similar orientation os noted in 

Table I .  The fracture strain was found to decrease as the coating thickness was increased. 

M etal lographic study of the coated and deformed specimens revealed a distinct difference 

in the mode of deformation of the coatings as the coating thickness was Increased. The 

mechanisms by which the coating accommodated the substrate strain w ill be discussed In 

the following sections.

Behavior of Thick Coatings:

Coatings thicker than 1350 R  always failed by transverse cracking. M etal lographic 

examination o f a large number of specimens showed (as In Figure 4)  that the direction  

of cracking was not necessarily perpendicular to the tensile axis os reported elsewhere 

(21 ). Stress analysis applied to the coating-single crystal composite (Appendix A ) in­

dicated that thick coatings always cracked transverse to the direction of principal stress. 

Table II shows the observed and calculated crack angles along with the principal stress 

In the coating as a function of substrate shear strain for different faces of the specimens 

S-4A and S-4B (See Appendix A ). It should be noted that the coating reacts to a system 

of biaxial stresses.

M etal lographic observation of thick coatings on specimens of square cross section, just 

after the first cracks were detected by the potential method, showed that the thick coat­

ings always cracked preferentially on one face. This preferential cracking could be pre­

dicted from the orientation dependence of the principal stress In the coating as shown in 

Table I I .

- 9 -
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TABLE II

CRACK ANG LES A N D  PRINCIPAL STRESS FU N C T IO N S  FOR A N O D IC  C O A T IN G S  

O N  CRYSTALS OF SQUARE CROSS SECTION

toI

SPECIMEN A N G LE  (T .A . -  CRACK) 0 a ^ =  PRINCIPAL STRESS F U N C T IO N

D E S IG N A T IO N
OBSERVED 

FACE A  FACE B
CALCULATED 

FACE A  FACE B FACE A FACE B

S-4A 79 94 75 94 œ = 0 .6 3 1 E r1 c a^ =  0.726E  y 
1 c

S-4B 92 77 92 73
=  0.839E  y 

1 c '
ff  ̂ =  0.705E  y 
1 c '



The crack density increased with the strain up to a limiting value. Thereafter further 

strain was accommodated by crack widening and new cracks did not form. This is illus­

trated in Figure 5 with a specimen (S-4A) having a 3000 Â  coating. The dark diagonal 

markings seen in the cracks of Figure 5 are slip steps. It may be seen in Figure 5b that 

the cracks opened up considerably with continued strain and the slip steps became more 

pronounced. The vertical structures in Figure 5b are due to the buckling of the anodized 

film as the result o f circumferential compressive strain (Table A ll)  on the specimen surface 

(22).

Buckling always initiated a t the intersection of the slip steps and the transverse cracks.

The width of the buckle was a function of the coating thickness and did not change with 

the strain. Figures 6 and 7 show buckling in coatings of other thicknesses.

Behavior of Thin Coatings

Cracking of the anodized coatings of thicknesses less than 900 Â was influenced by the 

mode of deformation of the substrate. Figure 8 shows the appearance of a 300 Â anodic 

coating (specimen R -7 -5 ) after 18 .5%  elongation. Although this is considerably beyond 

the range of easy g lide , slip line obser.ations indicated that the surface layers of a lum i- 

um crystals exhibited coarse single slip into stage II and beyond. The sketch in this figure 

indicates the approximate location of the photomicrographs relative to the primary slip 

direction, as determined by the Laue method. As shown, the film  fractured a t the slip steps 

at positions near the slip vector (Figure 8d). For other positions, the transverse cracking 

mode was more dominant (Figures 8 b ,c ). A t position E, the fracture was mainly due to the 

transverse cracking, while at position A , transverse cracking did not develop.

The vertical markings in Figure 8a are buckles formed according to the mechanism pro­

posed by Edeleanu and Law (23). The shape of these folds did not change but their den­

sity increased when the specimen was further deformed.

-1 3 -
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FIG. 5 - Widening of the transverse cracks, specimen S-4A, 3000 Â thick anodic 
film. (A) - 5.6% elongation. (B) - 10.5% elongation.
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FIG. 6 — Buckling of 1350 A thick (A) and 3000 A thick (B) anodized coating
after 14% and 4% substrate strain. 500X
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FIG. 7 - Buckling of 450 A thick (A) and 750 A thick (B) anodized coatings after 
11% and 7% substrate strain. 500X
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Discussion;

The features of anodic coatings which appear to influence the mechanical properties of 

the substrate may now be discussed. In itia lly , one has to explain the change in mech­

anical properties of the anodized films with increasing thickness (Figure 3 ). Bradhurst 

and Leach (24) have shown that the fracture strain of anodic films formed on thin (0 .022") 

aluminum sheets decreased as the thickness of the film  was increased. The behavior in 

the present work can not be due to changes in the mode of substrate deformation, since 

Figure 3 shows the same trend as that obtained from films on fine groin polycrystalline 

aluminum (24). Indeed, in the work cited above, the sheets were probably used in the 

as-deformed condition. Thick films were also d ifficu lt to produce with a high degree 

of perfection. Figure 9 shows a type of defect commonly found. These defects result 

from the formation of unwanted corrosion products such os hydroxides and represent regions 

of lower film strength and adherence. It may be seen in the figure that film  cracking 

initiated in such defects and then propagated into the adjoining coating.

Another important factor which influences the fracture strain is the magnitude and na­

ture of residual stresses produced during the growth of anodic films. Bradhurst and Leach 

(25) found that the residual stresses in the oxide, measured according to the method of 

Brenner and Senderoff (26), appeared to vary from 1000 kg/cm^ for thin (400 R)  coat­

ings to 300 kg/cm^ for thick (3000 -  5000 R) coatings. It appears that the current 

density used for coating formation is the most influential factor in determining the nature 

of the stresses developed. Vermilyea (27) has reported that high rates o f oxide formation 

tend to moke the residual stresses more tensile in character. His results showed that re­

sidual stresses in a 2250 R film formed in ammonium borate solution doubled when the
2 2

formation rate was changed from 2 mo/cm to 20 ma/cm (27). On the basis of their 

data on the residual stresses and those of Davis (28) on ionic transport during formation 

of the coatings. Bradhurst and Leach (25) suggested that anodic films formed below 1 m o/ 

cm should have low tensile or compressive residual stress, while films formed at higher 

rates w ill be in tension.

-1 8 -



EMM

FIG. 9 - Note the initiation of cracks at the defects.
Square crystal with 1350 A anodic film, after 2.3% 
substrate deformation. 200X
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In order to determine the effect o f residual stresses omthe fracture strain o f the anodic

films, the following experiment was performed. Two round aluminum single crystals

of similar orientation were anodized to 200 volts using current densities ranging between 
2 2

0 .3  -  0 .5  ma/cm and 4 - 5  ma/cm , respectively. The fracture strain, as determined 

by the potential method, was 0 .0 0 9  and 0 .0035  respectively, suggesting that the residual 

stresses may be high enough to affect the fracture strain of the anodic films in-si tu. It 

should be noted that coatings formed at high rates are not as smooth and clean as those 

formed at the low rates. They tended to show the type of defects previously discussed.

2
The results plotted in Figure 3 were obtained from films formed at 0 .2  ma/cm ; thus 

residual stress should not be an important factor. One might be tempted to attribute  

the observed behavior to changes in the structure of the coating as it  thickens, since 

litt le  is known about the details of its structure.

The mode of the fracture of surface coatings on strained substrates has been investigated 

by other workers. Brame and Evans (29) and Evans and Schwortzenberger (30) investigated 

the fracture of m etallic films on silver single crystals. More recently Grosskreutz and 

M c N e il (31) examined the fracture o f oxide films on metal substrates. The mode of 

fracture of any coating is determined by two factors: (1 ) mechanical properties of the 

coating, and (2) its adherence to the substrate. Figure 10 suggests the ways in which a 

coating may accommodate a slip step in the substrate. Cracking a t slip steps can take 

place either by fracture or shear of an adherent coating (Figure 10a and 10c). On the 

other hand, if  the film  strength is sufficiently large or the adherence is low, the film  

detaches at the slip steps (Figure 10b).

Grosskreutz and M cN e il (31 ) developed the following relations to describe the separa­

tion of a coating at the slip step (Figure 10c):

| [c / /2  (l + -v)^/^](t/a)^/^Cos I  (1)
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FIG. 10- Schematic diagrams of ways in which a film may
accommodate slip in the substrate: (a) Film cracks
along slip traces; (b) Film is initially detached 
without cracking; (c) Film shears off.
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Cosu = ( l / l  + e) |l+Cos 11(1+e )^“ Sin

_ J r  «

-  Cos A I  (2)

' d  |p.38(l-,K) ]  4

-  S in ^ /j
2 , 1  1 /2

-  Cos />  (4)

where X and acre  shear and normal stresses developed a t the coating-substrate interface 

due to the slip step. The other parameters that appear in the above equations ore defined 

as follows:

= Young's Modulus of the coating 

6 = Substrate strain

V = Poisson's ratio for the coating

t = Coating thickness

a = Thickness of the interface layer (about 50 Â)

/  = The angle between the slip plane and the surface

K = A  dimensionless parameter with value between 0 and 1

Equations (1) and (3) show that the film thickness, t, influences both X and a . Thus

the thicker the film , the higher the normal and shear stresses at the slip steps due to the

substrate strain. Very thick oxide coatings should therefore, tend to detach at the slip 

steps, provided that the strain required to produce X̂  and is not higher than the 

fracture strain of the coating, e^. In the case of the oxide-aluminum system, os the 

coating thickness increased, the coating suppressed surface slip. Direct evidence of 

this phenomenon w ill be presented in port II o f this paper. Thus, with thick coatings 

the surface slip (steps) amounted to very mild surface undulations, even after consider­

able amount of deformation (see Figure 5 ). Thick anodic coatings accomodated these 

surface undulations without detachment at the slip steps (see Figure 6 ). Transverse*

*A  I though these cracks are not always perpendicular to the tensile axis, as discussed 
in the previous section, they w ill be referred to as transverse cracks.

-2 2 -



cracking occured when the substrate strain exceeded the fracture strain o f the coating.

In the case of thin films^ high substrate strains are required to produce stresses equal to

the X and a . It is quite like ly  that these strains would surpass the fracture strain, Cr/ 
c c t

of the coating. The coating w ill then fracture a t the slip steps. Thus, thin anodic films, 

t <  900 fractured a t the slip steps as shown in Figure 11, separating the film into 

strips. Transverse cracking then occurred according to the stress relaxation in these strips, 

the angle between the slip trace and the tensile axis, and the localized strains developed 

due to further deformation o f the substrate.

Returning to Figure 8 , we find extensive transverse cracking near the slip vector. Figure 

Be, where the coating was subjected to the maximum tensile strain (22). A t position D, 

Figures 8d and 1 la ,  the slip steps are nearly perpendicular to the tensile axis so that the 

fracture at the slip steps was equivalent to transverse cracking. A t 90° to position D, 

Figure 8o, the coating was subjected to maximum compressive circumferential strains 

(22), as evidenced by the film buckling. Thus, the local tensile strain was reduced. No 

transverse cracks were developed up to a substrate strain of 0 .1 8 5 . Such transverse cracks 

would hove developed, had the specimen been strained further. Here, one should note 

that for thicker coatings, i . e . ,  lower fracture strains, uch cracks did appear at the 

equivalent position a t much lower substrate strains, as shown in Figure 7 .

A t positions in between these two extremes the extent of transverse cracking increased 

as one approached the slip vector, as shown in Figures 8b and 8c.

Summary;

The fracture characteristics of the anodic coating as a function of the coating thickness 

were investigated. The fracture strain of the anodic coatings formed on aluminum single 

and polycrystalline specimens decreased as the coating thickness was increased. The 

origin of the observed decrease in the fracture strain as a function of thickness could
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FIG. 11- Appearance of the slip steps at the edge (A) and screw (B) position of
specimen R-7-5, covered with 300 A thick anodic film, after. 4% substrate 
elongation. 500X



not be directly determined but might have been the result of structural changes as the 

thickness increased.

The magnitude of the coating fracture strain relative to the substrate strain was measured 

in situ. Stress analysis applied to the coating-crystal system indicated that the coatings 

were under the influence of a system of biaxial stresses. The biaxial stress condition 

could explain why fracture strain measurements made directly on the separated films had 

higher values than the measurements made in situ (24). Because of the interaction of 

coating and substrate, study of the behavior of anodic coatings in isolation appears to 

be of limited value in determining their chareteristics in composite systems.

The fracture mode of the anodic coatings was also investigated. O f the five possible 

mechanisms by which thé film  could accommodate substrate deformation, i . e . ,  frac­

ture at the slip steps, transverse cracks, film  buckling, interfacial shear and detach­

ment, the first two (with thin and thick films) were the dominant mechanisms during 

the in itia l stages of deformation. Film buckling required much higher substrate defor­

mation to achieve the necessary circumferential contraction. Interfacial shear suggested 

elsewhere (23) w ill be considered in port I I .

Coatings thicker than 1350 R  accommodated substrate strain by transverse cracks. The 

angle between the transverse cracks and the tensile axis of the single crystal specimen 

could be predicted from the specimen geometry and the orientation of the crystal.

Coatings with thicknesses less than 900 R  fractured a t the slip steps, separating the film  

into strips. Transverse cracking then took place as demanded by the localized substrate 

strains, which were in turn influenced by the position-of the surface relative to the slip 

vector.

The transition in the mode of fracture as a function of coating thickness had been pre­

dicted previously (31 ) based on equations (1 ) and (3) presented in this section. This 

investigation has presented the first quantitative data on the subject.
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Il -  SURFACE DAM AGE

The damage induced by the anodic coating on the aluminum surface when it fractures w ill 

now be considered. As described earlier, transverse cracking occurred until the crack 

density reached a lim iting value after which (Figure 12) further deformation merely opened 

the existing cracks. This observation is in agreement with the crack density data obtained 

by Edeleanu and Law (23) who attributed this phenomenon to the "inter-phase slip". An 

alternative explanation is to assume that once elastic relaxation due to cracking of the 

film  inhibits the formation of new cracks, preferential deformation occurs in the substrate 

beneath and ithmediately adjacent to existing cracks.

In order to test this hypothesis the following experiment was performed. A  square single 

crystal was anodized at 30 volts (450 K  thickness) and deformed until extensive cracking 

and film buckling had taken place. Figure 13a shows one face of this specimen. Note  

that the mode of film  deformation on this face is a mixture of fracture at the slip steps and 

transverse cracking. Figure 13b shows the surface after the anodic film was removed in the 

oxide stripping solution. The transverse markings are grooves in the substrate brought about 

by the preferential deformation of substrate underneath the cracks.

o
A  similar experiment was performed using a square crystal and 3000 A  anodic coating. The 

result is shown in Figure 14 a and b. The only notable difference in the two photomicrographs 

was the absence of interference fringes underneath the folds in Figure 14b. The extent of 

deformation under the cracks can be appreciated by their interaction with the two micro­

hardness indentation marks. Preferential deformation has also taken place under the de­

tached coating where film  buckling had occurred. Comparison of Figures 13b and 14b shows 

(as expected) that the extent of preferential deformation is much more severe in the case of 

thick anodic coatings.

The thick anodic coating has suppressed slip at the surface as noted in Figure 14b. However, 

the rough striations are evidence of surface slip under the buckles. This is further illustrated
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FIG. 13- Appearance of the surface of a
anodic coating, strained 7.5%, before 
stripped off.
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by the diagonal lines in the higher magnification photomicrograph of Figure 15a. Continued 

deformation of the stripped crystal produced the well defined coarse slip lines shown in 

Figure 15b, in contrast to the fine slip lines that were found underneath the thin anodic 

coating in Figure 13b.

Discussion:

From the foregoing argument, it  may be deduced that the magnitude of surface deformation 

depends upon the density of cracks and the state of stress underneath the coating, between 

the cracks. Because the film cracks from the free surface inward the strain in the anodized 

film , immediately after it cracks, must be reduced everywhere within the thickness of the 

coating (relaxation at the common layer between the substrate and the coating occurs later). 

This is illustrated schematically in Figure 16a. The resultant stress distribution (32) is 

shown in Figure 16b. For any point a t the edge of the cracks, both the residual stress and 

the applied stress in the direction of ore reduced to zero. For other points within the 

coating, these stresses are reduced relative to The stress in the coating between two 

cracks can be represented (31) as shown in Figure 16c by:

cr^(x) = Oj.
. ' - s  ( ;  + d ^ x )] ( I )

where g is a parameter with dimension of length and Oj. is the fracture stress of the coating. 

The relation between g , the crack width w , and the coating thickness t is:

g = x /2  = k / F  (2)

where k is a constant that can be determined experim entally. Thus the stress midway

between two cracks at x = d / 2  can be written:
o

a^(d^ / 2 )  = (Tp [ 1 -  4 k / t /d J  (3)

where is the stress in the coating.
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As the deformation is continued additional cracks are produced when at

X = d / 4 ,d  / 8  . . . .  e tc . The crack multiplication occurs according to:

In e/^ = 4k^ t Û  -  1 )
ft * ft'

(4)

where and d^ are the substrate strain and crack spacing for two interacting cracks, 

d being the crack spacing at strain:

c = e + Ae (5)
o

An interesting consequence of equation (4) is that it  shows the saturation crack spacing 

is a function of coating thickness, and the saturation crock spacing is larger, the thicker 

the coating in agreement with the data of Figure 12a. Equation (3) indicates that the 

peak stress between two cracks is lower, and thus the extent of preferential deformation 

higher, the thicker the coating. Again in agreement with the experimental observation : 

reported with respect to Figures 13 and 14.

Summary:

The deformation caused by fracture of anodic coating on the surface of the aluminum 

single crystal, was considered in part II of this study.

The crack density, and important parameter in the study of the surface damage, as a 

function of coating thickness and substrate strain was determined. The density of 

transverse cracks increased as the coating thickness was decreased.

When transverse cracking occurred, the crock density reached a plateau and further 

deformation merely opened the existing cracks. The equilibrium crack density was a 

function of the coating thickness. Consideration of this phenomenon indicated that 

elastic relaxation of the film subsequent to cracking inhibited the formation of new 

cracks. Further deformation of the film-substrote system induced preferential deforma­

tion of the substrate in the existing cracks.
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M e ta llographîc examination of the anodized single crystal specimens, which were deformed 

until cracking and film buckling had taken place, showed that suppression of surface slip 

and preferential deformation of the substrate in the cracks had occurred. Both thick and 

thin films induced preferential deformation where transverse cracking had occurred. Thick 

coatings had lower crack densities and consequently greater deformation a t the cracks than 

thin coatings.
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Ill -  THE EFFECTS OF A N O D IC  FILMS O N  THE 

PLASTIC DEFORMATION OF A L U M IN U M  SINGLE CRYSTALS

STAGE I

Having considered in some detail the behavior of anodic coatings during deformation, 

their influence upon the deformation behavior of the substrate may now be considered. A  

parallel exists with previous work (14) where m etallic coatings on copper crystal substrates 

were used. In this work preferential deformation a t cracks resulting from film  fracture 

seemed to be the critical factor in producing the film strengthening effects. Also, signi­

ficant film strengthening was always accompanied by film cracking either prior to or 

during the deformation of the substrate and was the result of residual stresses in the coating.

In view  of these findings, it is appropriate to consider the effect of anodic films on the 

stage I parameters of aluminum single crystals as a two-step process:

(a) Factors that influence the mechanical behavior of the substrate 

prior to the fracture of anodic films. These include the state of 

residual stress in the coating and the effectiveness of the coating 

as a barrier to the egress of dislocations.

(b) Factors that influence the mechanical properties of the substrate 

during and subsequent to the fracture of anodic film . This group 

includes the mode of fracture, and the introduction of excess 

dislocations at the surface due to cracking and relaxation of the 

coating.

In this section the relative contribution of each of the above processes to changes in 

mechanical behavior of substrate w ill be discussed.

Using the information from previous sections it may be concluded that thin anodic coatings 

(high fracture strains) should exert their influence mqinly by processes mentioned in (a).
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On the other hand, thick anodic coatings (low fracture strains) should influence the mechan­

ical behavior of the substrate through both (a) and (b) processes.

It should then be possible to assess the relative importance of the different factors by 

studying the changes of stress-stroin parameters of aluminum single crystals during stage 

I of deformation os a function of anodic coating thickness.

Considering the previous discussion regarding the state of residual stresses in the anodic 

films (2 5 ,2 7 ), their influence upon the substrate prior to film  cracking should be especially 

important.

Results:

The stress-strain parameters of aluminum single crystals coated with anodic films of d if­

ferent thicknesses defined according to Figure 17 and determined by the methods of Appendix 

B and C are shown in Tables 3 and 4 . As may be noted, there is some scatter in the measured 

values of the parameters for crystals grown from different seeds, but of similar orientations. 

However the reproducibility of the data among the specimens cut from the some crystal was 

adequate. The only parameter that showed considerable variation was the critical resolved 

shear stress, t ^ , which was strongly influenced by the condition of specimen surface. This 

may be illustrated by comparisons of data from specimens R -7 -3  and R -7 -4 . The lower flow  

stress of R -7 -4  was due to the grooves left on the surface by the thick oxide layer formed 

during the growth from the m elt. To moke meaningful comparisons of the data, the changes 

in various parameters produced by the anodized coating were measured relative to on un­

coated specimen of the same crystal. The relative changes in the stress-strain parameters 

during Stage I are shown in Table 5 as a function of coating thicknes. The stress-strain 

curves are presented in Figures 18 to 23.

To investigate the effects of the state of residual stress in the anodic films, data were
2 2 

obtained on specimens anodized at high (2 ma/cm ) and low (0 .2  ma/cm ) formation

rotes. The formation rote was, therefore, included in Table 5 . Henceforth, it  w ill be
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TABLE III

STRESS-STRAIN PARAMETERS OF THE SPECIMENS

STAGE I

Specimen
Designation

Coating
Tfiickness

o
A

Residual*
Stress T

o
/  2 g/mm

©  1
/  2 g/mm

°2

%

^2

g/mm^

R—6-1 1350 T 5 2 .6 48 3097 .69 1 .9 8 9 111.031

R -6 -2 450 C 49 .7 46 2819 .64 2 .618 130 .490

R -6 -5 clean - 39 .1 36 2319 .74 2 .3 2 9 100.030

R -7 -3 clean - 4 8 .9 0 7 2507.13 2 .5 0 6 106.850

R -7 -4 clean - 4 0 .0 0 4 2727 .87 2 .635 110.480

R -7 -5 300 C 4 7 .0 54 3084 .55 2 .5 6 7 128 .350

R -11-2 clean - 4 8 .0 45 2037 .96 2 .5 7 0 102 .060

R - n - 3 1350 c 53 .3 04 2683.32 3 .2 7 0 141.760

R-15-1 3000 c 36 .358 3128 .48 3 .0 0 4 128.600

R -15-2 clean - 33.881 1980.00 1 .908 80 .7 10

R -16-2 450 T 4 1 .7 22 2147.41 2.491 116.630

R—16-3 3000 T 60.175 3851 .82 1 .9 8 7 136.770

R -16-4 clean - 44 .9 02 1851.46 2 .6 1 0 104.350

2
*T - Tensile residual stress, formation rote; 2 ma/cm . ^

C -  Compressive residual stress, formation rate: 0 .2  ma/cm .
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TABLE 4

STRESS-STRAIN PARAMETERS OF THE SPECIMENS USED

STAGE II

Specimen
Designation

Coating
Thickness

Residual*
Stress Q|i °3 ■̂ 3

A g/mm^ % g/mm^

R -6 -1 1350 T 6054 .24 5 .4 0 8 303 .88

R—6—2 450 C 451 3 .9 4 8 .0 2 0 367 .46

R -6 -5 clean - 5220 .38 7 .2 3 0 339 .49

R -7 -3 cfean - 425 9 ,8 9 7 .4 4 0 317.61

R -7 -4 clean - 4459 .75 8 .5 6 7 370 .85

R -7-5 300 C 4 024 ,74 6 .7 5 3 2 96 .00

R - n - 2 clean - 4370.41 7 .3 7 0 301 .23

R - n - 3 1350 c 3 55 9 .5 7 10.077 3 74 .26

R-15-1 3000 c 6 28 7 .6 6 5 .0 9 2 251 .02

R -15 -2 clean - 5 531 ,68 5 .2 9 0 257 .08

R -16-2 450 T 5483.81 6 .9 8 0 3 14 .52

R -16-3 3000 T 5170 .65 6 .4 2 0 3 55 .27

R -16 -4 clean - 4616.51 7 .5 4 0 3 14 .18

*
2

T-Tensile residual stress, formation rate: 2 ma/cm . ^
C - Compressive residual stress, formation rate: 0 .2  ma/cm .



TABLE 5

CHANG ES IN  THE STAGE I STRESS-STRAIN PARAMETERS OF A L U M IN U M  SING LE  

CRYSTALS DUE TO  A N O D IC  FILMS OF DIFFERENT THICKNESS A N D  STATE OF

RESIDUAL STRESS

Specimen
Designation

Coating
Thickness

A

Residual
Stress* A °2

%

A 0 ,

g/mm^ g/mm

R -16-2 450 T -0 .1 2 296 12.3

R -6 -1 1350 T -0 .3 4 778 2 3 .2

R -16-3 3000 T -0 .6 2 2000 3 2 .4

R -7 -5 300 C + 0 .0 7 367 25.1

R—6 -2 450 C + 0 .19 499 2 6 .7

R—11—3 1350 C + 0 .6 9 645 3 9 .7

R-15-1 3000 C + 1 .1 0 1148 3 9 .6

*T-Tens!le residual stress, formation rate: 2 ma/cm . 2
C - Compressive residual stress, formation rate: 0 .2  ma/cm .
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assumed that the anodic films formed at low formation rates are in compression while the 

films formed at high formation rates have high tensile residual stresses (according to our 

previous discussion).

In general, the critical resolved shear stress increased when the specimen was anodized. 

However, due to the large variation of flow stress among uncoated crystals, no relation­

ship could be established. The other parameters of stage I ,  i . e . ,  the duration of easy 

glide (o^), the slope (© j)  and the stress a t the start of stage II (Tg), showed systematic 

changes with both the film thickness and the state of residual stress. Anodic films formed 

at low rotes increased the extent o f easy g lide , a^ ,© ^  and relative to uncoated 

crystals. Furthermore, the magnitude of these changes were larger for thicker coatings. 

On the other hand, coatings formed at high rates exhibited the expected behavior i . e . ,  

decrease in duration of stage I ,  Og, and increase in O j and t Again, the effect 

was more pronounced for thicker coatings. Another feature of the specimens formed at 

low rotes was that their stress-strain curves crossed those of their control tests. This is
o

demonstrated in Figures 18 to 21 . The stress-strain curve of a specimen having a 3000 A  

coating crossed that o f the uncoated curve twice as shown in Figure 21. This was due 

to the higher o^ and low er© |j for a ll of the coatings, except the 3000 % coating which 

had h igherG jj.

Discussion;

Comparison of the tensile parameters of specimens having coatings formed at low rotes 

with uncoated specimens indicate that the coatings had residual compressive stresses.

The effect of anodic films with tensile residual stresses on the mechanical properties of 

aluminum single crystals are similar to the effects of chromium coatings on copper 

single crystals (32) and other electrodeposited metallic coatings having tensile residual 

stresses (14). The crossing of the stress-strain curves characteristic of anodic films with 

compressive residual stresses was also observed by Gilman and Read (33) for gold electro­

deposited on zinc and by Tokomura (5) for anodic films formed on aluminum. Gilman 

and Read attributed the effect to the orientation of the crystal while Tokomura suggested
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that the effect was due to the suppression of "bands of secondary slips" or kink bands by 

the surface films. It was believed that development of such kink bands caused intense 

work hardening; thus, their suppression resulted in work softening.

Johnson and Block (14) also produced stress-strain curves which crossed using electro­

deposited gold coatings on copper crystals oriented for long easy g lide. Their results, 

along with the data reported here, show that the effect is not due to specimen orienta­

tion as proposed by previous workers (5 ,3 3 ), since in each case the stress-strain curves 

of coated and uncoated specimens can either cross or diverge depending on the state of 

residual stress.in the coating. It is also d ifficu lt to attribute the effect to suppression 

of kink bonds since kinking does not occur to any great extent in copper crystals.

There is very little  information in the literature concerning the effects of residual stresses 

in coatings on the mechanical properties of single crystal substrates. Data cited pre­

viously (14) and results here show that the main contribution of compressive residual 

stress is to increase the duration of easy g lide. In this regard, it is interesting to note 

that Worzala and Robinson (34) showed that micropeening the surface of silver single 

crystals increased the duration of stage I .  They explained the results in terms of a c ti­

vation of near surface sources. However, the introduction of compressive stresses at 

the surface may have been important. There is considerable evidence (35-39) that 

dislocation sources near the surface are activated very early in the process of plastic 

deformation. Hirsch (40) considers stage I to be the results of surface dislocation 

sources producing loops which move into the bulk. Easy glide ends when the ability  

of near surface sources to generate glide dislocations is exhausted by the back stress 

caused by pile-ups in the bulk. Pile-ups result from the interaction of glide dislocations 

with the grown-in forest of dislocations. This model of stage I agrees well with the 

experimental results (36 ,41 ).

2
The magnitude of the residual stress in the anodic coatings (4 -10  kg/mm ) (24) is much

higher than the flow stress (critical resolved shear stress) of aluminum single crystals 
2

(0 .0 3 -0 .0 6  kg./m m  ) .  The effect of coating can then be best represented as a highly
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stressed surface. The presence of a compress!veIy-stressed layer on the surface prior to 

tensile deformation con then fac ilita te  the operation of the surface sources through the 

Bauschinger effect (42). By the same argument, the presence of tensile residual stress 

w ill produce the opposite e ffect. According to this model, one would expect a decrease 

in the duration of easy glide for a coating with tensile residual stress and an increase in 

the length of easy glide for coatings with compressive residual stresses, as shown by the 

data in Table 5 .

The suppression of surface slip by the anodic films should result in higher back stress on 

the near-surface dislocation sources, only after a few dislocation loops hove been gen­

erated. Therefore, further slip would be confined to either areas where film fracture 

has occurred along the slip lines, or by activation of shorter sources within the bulk.

The second process w ill increase the slope of the stage 1 since higher stresses are re­

quired. Consequently, one would expect to observe coarse slip lines along the slip 

planes where the anodic coating had fractured, and fine slip underneath the coating.

This was seen in Figure 13. Furthermore, it was observed that the blocking ab ility  of 

coating increased as the coating thickness was increased. Thus, the contribution to 

flow stress due to this effect should also increase.

We may now discuss the factors that influence the mechanical properties of the substrate 

subsequent to the fracture of anodic coatings. Here it  is important to assess the extent 

of the contribution made by these factors to the changes in the deformation parameters 

of stage I .

One must first consider the fracture strain of the coating relative to the stress-strain curve 

of the substrate to establish the strain at which the "surface damage" begins. Figures 

24 and 25 show the tracing of load-potential-elongation curves for 3000 A  and 300 % 

thick anodic coatings. The thick coating (3000 fractured quickly and saturation 

spacing was established within 0 .5 %  extension. This is indicated by the sharp rise 

and the plateau of the potential curve in Figure 24 . On the other hand, the fracture 

of thin coatings begins in stage I I .  Due to the mixed mode of fracture ( i .e .  transverse
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crocking and fracture at the slip steps) o f thin coatings, it  is not possible to determine 

from the potential-elongation plot the exact strain a t which transverse cracking begins. 

However, metdllographic examination, immediately after film fracture was detected by 

the potential method, showed evidence of short transverse crocks os well as fracture at 

slip steps os discussed previously. Therefore, one con assume that transverse cracking 

took place concurrent with fracture at slip steps or shortly thereafter. The continuous 

rise in potential was due to continuous fracture at slip steps, and as was shown in Figure 

12, a steady increase in the density of transverse cracks. Then it appears that the surface 

damage due to the transverse cracking of the anodic films was not only more severe for 

thick coatings (as was discussed in Part I I)  but also began at a much earlier stage of 

deformation of the substrate.

The lack of a reliable dislocation etch for aluminum precluded studies of the disloca­

tion distribution and their depth of penetration underneath the cracks. Considering 

the etch p it results obtained from copper single crystals (14), one can deduce that 

elastic relaxation introduced a large number of dislocations at the surface in the vic in ity  

of the cracks in the film . As the deformation continued, more and more of this sur­

face damage occurred until crock saturation was reached. A t this point, the preferen­

tia l deformation became so strong os to influence the overall load-extension curve of 

the specimen as shown by the load drops in Figure 24 .

The introduction of bands of high dislocation density on the surface of the aluminum

single crystals can affect the©^ through two related processes: (1) The intersection

of these bonds with the slip planes impedes the motion of glide dislocations and the

activities of dislocation sources on these planes. (2) the localized stresses due to

the preferential deformation could activate a large number of sources on the secondary

slip system. Thus, while the bulk of the crystal is undergoing deformation in stage I ,

the surface would have deformation characteristic of stage I I .  These two processes
o

may be partia lly  responsible for the large increase in©^ due to very thick (3000 A ) 

anodic coatings, reported in Table 5 . However, this surface damage can not be

-5 2 -



responsible for the changes in the parameters of stage I observed with the thinner 

anodic coatings. The relation between the fracture strain of the thin anodic coatings 

and the extent of easy glide in the aluminum (Figures 3 and 25) would lim it the affect 

of "surface damage", on the mechanical properties of the substrate during the stage I 

deformation. Also the mode of fracture of the thin anodic coatings was such that ex­

tensive transverse cracking (which induced surface damage) required considerable sub­

strate deformation (see Figure 12), corresponding to deformation of the aluminum single 

crystal well into stage I I .

Summary:

The results presented in this section indicate that duration of easy glide (ag) during

stage I deformation was affected mainly by the state of residual stress induced on the

surface of the crystals by the anodic coatings. Both thin and thick coatings changed

the duration of easy glide according to the nature of residual stresses produced in the
2

coatings. Coatings formed at high formation rates (2 ma/cm ) and believed to hove 

tensile residual stresses decreased the duration of easy g lide. Coatings formed at 

low formation rate (0 .2  ma/cm ) ,  and are believed to have had compressive residual 

stresses, reduced the duration of easy g lide. It was proposed that the magnitudes of 

the residual stresses in the coatings were high enough to produce a stressed layer on 

the surface of single crystal specimens upon the completion of the formation process.

In turn this surface layer can influence the length of easy glide by activation of the 

surface sources (34) and the flow stress gradient concept (43).

The thickness dependence of the Aa^ was attributed to the changes in the magnitude of 

residual stresses as the coating thickness was increased (25 ,27 ).

The slope of stage I (© ^  ) was affected mainly by the ab ility  of the coatings to block 

emergence of dislocations. Thus, A©, increased as the coating thickness was increased.

The relation between the fracture strain of the anodic coatings and the duration of easy
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glide In aluminum limited the contribution of the "surface damage" to the changes in the 

stage I parameters.

Based on the information presented in this report, it  appears that the duration and the 

rate of work hardening in stage I of the coated aluminum single crystals were affected  

by different parameters. The extent o f stage I was mainly affected by the state of the 

residual stress, associated with the rate of formation of the anodic coatings. The slope 

of stage I was influenced by the ab ility  of the coatings to inhibit the egress of disloca­

tions.
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APPENDIX A

The object of this section is to develop relations between the shear strain in the bulk of 

the single crystal specimen and the strain components on the surface of the crystal, which 

affect the deformation of the anodic films.

If a single crystal specimen, shown in Figure A l,  shears homogeneously by an amount y

on its primary slip system, the strain at the boundary between the specimen surface and

the coating can be described in terms of six strain components; e , e , e , e ,
® XX yy zz xz

e , e , .  For small shear strains, the relation between y and the strain components 
y z ' xy

of interest to film  fracture can be obtained from the work of Hauser and Chalmers (44):

e = Hy
yy

e = my zz

e = ny
X X

where:

a =  (y .e ) (y .g ) p = 1 /2  [ (z .e ) (z .g ) + (x .e ) (x .g ) ]

m =  (z .e ) (z .g ) q = 1 /2  [ (y .e ) (y .g ) + (z .e ) (z .g ) ]

n = (x .e ) (x.g)

y = unit vector along the Y  axis,

z = unit vector along the Z  axis (Tensile Axis).

X = unit vector along the X axis,

e = unit vector normal to the slip plane,

g = unit vector parallel to the slip direction.

Since the coating is thin, we can also assume that stresses perpendicular to the surface

are negligible throughout the coating thickness. Then, for a ll practical purposes, the
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FIG. AI- Geometric conventions used in the calculation of 
the strain components and the crack angles.
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coating is considered to be under the action of plane stresses. The adherence between 

the coating and the surface is also assumed to be perfect so the strains in the coating are 

identical to the strains on the surface of the specimen. The strain components that cause 

the transverse cracks on each face o f the square crystal can now be written as:

Face A

Face B

e = 
zz

my = y Cos 0  Cos X

e =
X X

ny = y Cos a Cos a '

e = 
;:z py = (Coi 0  Cos X + Cos a Cos a'  )

e = 
zz

my = y Cos 0  Cos X

e =
yy

Hy = y Cos P Cos P̂
y

e = 
zy y = (Cos 0  Cos X+ Cos P Cos P' )

P' . . . are the angles shown in Figure A l .

angles were obtained from the stereographic projections of the surfaces, by the Laue 

back reflection technique, and are reported in the Table A l.  The values of the strain

components are reported in Table A l l .  We shall also assume that the brittle  oxide

coating cracks according to the maximum-tensile-strain law . Then, the cracks w ill 

appear perpendicular to the direction of the larger principal strain. Therefore, one 

can find the crack angle by calculating the deviation of the larger principal strain 

direction relative to the tensile axis (Z direction). This angle (© )  is obtained from the 

relation (45):

tan2e. =  2e /  (e - e  ) = °
A  zx zz  XX Cos Cos X -  Cos a Cos a

tan 2 0 ,  = 2 e /  (e -  e ) =  Cos 0  Cos X + Cos S Cos B'
^  y" yy c<;i rcos~ "-"cospcosp-

Values of © (th e  crack angle) shown in the Table 2 were obtained from the above 

relations.
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TABLE A l

Values of d ifferent angles used in the calculation of 

the principal strains and the crack angles (degree)

I
o*

Specimen
Designation X a P P' © A

S -4A 5 3 .5 3 7 .3 70 111 42 119 1 5 .0  4 .1

S-4B 42 47 4 4 .5 137 86 97 1 .5  1 7 .4

TABLE A ll

Values o f the strain components used in the calcu lation  of the

principal strains. A ll strains are in terms o f fraction of shear strain (y )

Specimen Face A Face B
Designation e zz

ë
XX

e
xz

e
yy

e
y z

S -4A 0 .4 7 6 -0 .1 2 2 0 .1 7 7 -0 .3 5 4 0 .061

S-4B 0 .4 7 0 -0 .5 2 2 0 .0 2 6 -0 .0 8 5 0 .1 9 3



PRINCIPAL STRESS FU N C TIO N S;

The stress components on the specimen faces con be obtained from the strains by using 

the following relations:

' i i
(1 -v )  E e ..

(1 + v) (1 -  2v)

vE e ..

(1 +w l (1 -  2v)

2 (1 + 4  ^ i|

Thus the stress components on the face A  of each specimen are (see Figure A l):

(m + n )

(m + n)

(m + n)

a -
z z  1+ V

s

V
1 + -V

s

V
\ z  2(1 )

m +

n +

-V
. s

1 - 2v
s

'V
s
1 - 2v

s
E ys

where E a n d v  are the Young’ s modulus and Poisson's ratio of the substrate aluminum, 
s s

The principal stresses on this face can be calculated from:

a , or 
S S z z  +  XX

"2 "  2--------  i

[ a  - a 2  „
f z z  XX 2
------- Ô-------- + or

2 XZ
\  /

1/2

where and are the principal stresses in the specimen. The principal stress in the 

coating (cr^^) shown in the Table 2,  were obtained from specimen principal stresses by 

using the following relation (46):

c
^1 = E (l - )  r ( l - - v ' v ) a , ^  + (v - V  )

S C I C S l  c s ^ i

where E^ and-v^ are the Young's modulus and the Poisson"s ratio of the coating. For

the stress functions shown in Table 2 , it was assumed that-v = 0 .3 2  and-v = 0 .2 .
s c
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APPENDIX B
The following computer program was used to obtain 

shear-stress vs. shear-strain plots from the load vs. ex­
tension data;

DI MENSI ON P O O O )  t X X L O O O )
C 0 N V = 5 7 . 2 9 5 7 7 9 5 1  
R E A D ( 2 , 1 )  C X L t A l t A 2 » C S A i N

1 F O R M A T ( 4 F 1 0 . 6 , I 5 )
W R I T E ( 3 » 2 )  A1»A2

2 FORMAT! I X♦ 7HLAMDA= * F 7 . 3 »5 X ♦ 5 H P H I = i F 7 . 3 )
W R I T E ! 3 f 3 )

3 FORMAT! '  INSTANTANEOUS SCHMIDT RESOLVED
1 ' )

W R I T E ! 3 , 4 )
4 FORMAT! '  GAGE LENGTH FACTOR SHEAR STRESS

2N ' , / / }
C S A M = C S A * 6 4 5 . 1 6 1 3
A = A 1 / C 0 N V
B = A 2 / C 0 N V
C = S I N ! A )
S X = 2 2 5 ,
S Y = . 0 4
J=1
CALL E P L 0 T ! 2 , 0 . , 0 . )
CALL S C A L E ! S X , T Y » 0 . , 0 . )
CALL E G R I D ! 1 , 0 . » 0 . » 5 0 . » 1 2 )
CALL E G R I D ( 0 , 0 . » 0 . , . 0 1 , 1 6 )
CALL E P L O T ! 0 , 0 . , 0 . )
DO 10 1 = 1 , N
READ ( 2 , 5 )  X X L ! I ) , P ! I )
X L = X X L ! I ) + C X L

5 F O R M A T ! 2 F 1 0 . 5 )
0 = P ! I  1 * 4 5 3 . 5 9 2 4 2 7 7  
D = C X L * C / X L
E = A T A N ! D / S Q R T ! 1 . G - D * * 2 ) )
S M = C O S ! B ) * C O S ! E )
S = ! S O R T ! ( X L / C X L ) * * 2 - C * * 2 ) - C 0 S ! A ) ) / C O S ! B )
T =0 * SM/ CSAM
W R I T E ! 3 , 6 )  XL , S M , T , S

6 F C R M A T ! F 1 5 . 6 , 3 F 1 5 . 7 )
CALL E P L 0 T ! - 2 , S , T )
CALL P O I N T ! J )
CALL E P L 0 T ! 1 , S , T )

10 CONTINUE  
CALL E X I T  
END
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APPENDIX C

The following program was used in conjunction with the GE 430 Computer System to de­

termine the slopes of stages I and II from the shear strain -  shear stress data:

140 CALL O P E N F ( l ,  "THETA")
150 READ (1. ) X 1 ,  Y1
200 X=X1
250 Y=Y1
300 4  READ (1. ) X 1 ,  Y1
350 V=X-X1
400 W =Y-Y1
450 z = v A '/
500 PRINT, X I / Y 1 , Z
550 X=X1
600 Y=Y1
750 G O  TO  4
800 END
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