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FRACTURE CHARACTERISTICS OF Many common structural metals fracture ductilely
ASTM A-607 PIPELINE STEEL, ASTM A-516 under monotonic load by microvoid coalesce nce . Mi-
STRUCTURAL STEEL, AND ASTM B-209, crovoids are small, discontinuous voids which nucleate
ALUMINUM ALLOYS 5083 AND 6061 at grain boundaries, second-phase particles, or other

sites where strain discontinuities exist. As the applied
load increases, the microvoids grow , coalesce, and even-
tually form a continuous fracture surface which ex-

1 INTRODUCTION hibits numerous cup-like depressions called “dimples”;
this is referred to as “dimp led rupture,” and is gener-
ally associated with ductile failure.

Objective
The objective of this study is to use scanning d cc- The shape of these dimples is strongly influenced by

tron microscopy (SEM) to establish and characterize the orientation of the major stress axis in the individual
the nature of fractures in engineering materials. This grains and subgrains to the rolling direction of the ma-
tharacteri.zation is to be accomplished by laboratory terial. Equiaxed dimples (Figure 1) result under local
simulation of those types of fracture modes and mate- conditions of uniaxial tensile stre ss, while elongated
rial embrittlements most commonly encountered in dimples (Figure 2) result from failure caused by shear
in-service failures. This report discusses a segment of stress . Dimple size depends on the number of fracture
the study covering fracture characteristics of one nucleation sites , grain size, microstructure , and the
high-strength, low-alloy pipeline steel , one carbon relative ductility of the metal.
stee l, and two aluminum alloys.

In polycrystalline body-centered cubic (bcc) metals .
Approach macroscopic cleavage fracture propagates through

The fracture characteristics of one high-strength, grains, changing directions as it crosses subgrain bound-
low-alloy pipeline steel (ASTM A-607 , grade 65), one aries or passes from one grain to another. Cleavage
carbon structural steel (ASTM A-5l6 . grade 70), and fractures (Figure 3), which are usually associated with
two structural aluminum alloys (ASTM B-209, alloys brittle failure, occur along a well-defined crystallo-
5083 and 6061) were analyzed. The materials were graphic p lane within a grain ; in ferritic steels which
fractured under tensile, fatigue, and impact loading have a bcc crystal structure , this plane has the (100)
conditions. The effects of hydrogen embritt lement on type orientation. The change in orientation between
the steels ’ behavior when fractured under tensile and grains and the imperfections within grains usually pro-
fatigue conditions were investigated. duce easily distinguished markings on the fracture

sur face. A cleavage fracture propagating across grains
Mode of Technology Transfer forms arrays of cleavage steps or “river patterns. ”

The information obtained from examination of These river patterns are rootlike networks of cleavage
simulated failures will be combined with data gained facets propagating on different levels.’ In face-centered
from analysis of in-service failures to provide the basis cubic metals such as aluminum, separation along well-
for a reference manual to be used in future failure defined planes has only been observed under certain
analysis. conditions.2

Background Fatigue fracture results from continuous micro-
Fracture of Metals scopic progression of a crack caused by the application

Fracture surface features can be divided into two of a cyclic load. The mechanism of fatigue crack initia-
categories accor ding to the mode of fracture : trans- tion is believed to involve slip plane fracture caused by
granular (through the grains and across grain bound-
aries) or intergranular (around the grain boundaries). . -R. Honda , Interna nonal Conference on l~racture. Senda,.Transgranular fractures can occur by void coalescence , Japan 11965); and J. R. Low. Jr., B. L. Averbach, et at.. Frac-
rupture , cleavage , or fatigue . lntergranular fractures ture (John Wiley, 1959), p 163.
occur by grain boundary separation either with or 2”l ractography and Atlas of Fractographs .” ASM Metals
without microvoid coalescence. Figures I through 4 Handbook , Vol 9, 8th ed. (America n Society for Metals
illustrate these types of fractures in metals. LASM I, (974), p 65.
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repetitive reversing of the operative slip systelus on the nificant reductions . The mode of failure of a hydrogen-
surface of t he metal. 3 Crack growth cause d by repeti- enibrittled sample depends on such variables as type of
live loading sometimes results in a fracture surface material , method of loading, and environment: mac-
which exhibits closely spaced fatigue striations or tensitic steels are most susceptible.
para llel markings. Each fatigue striation represents t he
advance of a crack front during one loading cyc le. The Many the .irles concerning the mechanism of hydro-
striations may be absent or may diffe r in appearance gen embritt lernent have been proposed, but no one
depending on such variables as type of material , level theory has been able to account for more than half
and frequency of applied stress , and environment, the experimental results. The hydrogen-embrittlement

t heory proposed by Zaffe 8 was based on atomic hydro-
Hydrogen Ernbrittlemeat of Steel gen diffusing through the metal lattice , precipitating in

Hydrogen embrittlement has received considerable internal voids as molecular hydrogen, and creating high
attention ,4 since hydrogen is easily introduced into pressures. It was assumed that high pressures in the
meta ls by melting, casting, we lding, corrosion, and voids, combined with the externally applied stress ,
electroplating. However , most investigations of hydro- fractured the metal. Diffusion of hydrogen to the voids
gen embritt lement have been performed under sus- could exp lain the strain rate and temperature depen-
tam ed-load or slow strain rate tensile test conditions. dence of hydrogen embritt lement; i.e., hydrogen em-
Some research5 has been published on the fatigue britt lement appears to be a rate process. However , this
properties of hydrogen-embrittled steels , theory requires the presence of a regular array of pre-

The degree of embrittlement generally increases existing internal voids along with a source of hydrogen
with increasing hydrogen content and has the greatest a requirement that is inconsistent with the results of
effect on the high tensile-strength iron-base alloys, studies on the structure of hydrogen-embrittled steels.9

Petch’° rejecte d the idea that cracking is propagated
Hydrogen embrittlement produces a sharp loss in by internal hydrogen pressure. He su~gest’°d that ab-

ductility : this loss is most severe at room tempera- sorption of hydrogen on the surfaces of ~crocracks
ture and slow strain rates. The fatigue lives of steels or voids reduces the surface free ens rgy, resulting in a
subjecte d to electrolytic hydrogen-charging6 or a decrease in the energy needed for track propagation.
high-pressure hydrogen atmosphere 7 have shown ~g- He further suggested that although plastic deforma-

tion may produce many disconnected microcracks .
3P. I. E. Forsyth, “Fatig ue Damage and Crack Growth in the microcracks do not reduce frac ’ure stress signifi-

Aluminum Alloys,” .4CT~4 Metallurgica , Vol 11(1963), p 703; cantly in the absence of hydrogen. Howeve r , when
and C. Laud and G. C. Smith, “Crack Propagation in High hydrogen is present , it diffuses into the region of theStress Fatigue.” Phi losophical Magazine. Vol 2 (1962). p 847.

advancing tip and is absorbed at the crack tip, thereby4 P. Cotterill, “The Hydrogen Embrittlement of Metals,” reducing the energy required to propagate the crack.Progressive Materials Science, Vol 9. No.4(196 1); A. S. Tetel- 
Troiano” has proposed that ionic hydrogen, which isman and A. .1. McEvily, Jr., Fracture of Structural Materials

(John Wiley. 1967); I. M. Bernstein, “The Role of Hydroge n evenly distribute d throughout the metal lattice , is
in the Embrittlement of Iron and Steel,” Material s Science and harmless because its concentration is so small. The
Engineering, Vol 6, No. I (1970), pp 1-19; W. Beck, E. J. critical factor is the segi.~gation of hydrogen, which,
Jankowsk j. and P. Fisher, Hydrogen Stress Cracking of High- under an applied stress , diffuses to regions of triaxial
Strength Steels. NADC-MA-7 140 (Naval Air Development stress near pre-existing voids in the steel. Thus, onlyCenter , 197 1); and Hydrogen Embrirtlement Testing, ASTM
STP543 (America n Society for Testing and Materials IASTMI. hydrogen in the stressed region of the lattice or at a
1974). crack tip is responsible for hydrogen embrittlement.

5 Y . G. Kim and 3. Ale szka, Fatigue Faihire of Hydrogen- Also, since hydrogen embrittlement is obse rved in
Embritrkd High-Strength Steels. Technical Report M-l43 / 

______________

Al)A0l3380 t(’onstruction F.ngineering Research Laboratory, 
~~~~ A Zaffe , Journal of Iron and Steel Institu te, Vol 154 .Jul y 1975). No. 123 (1946) .

6~~ Schwen, G. Sachs, and K. Tonk, .4STM Proceedings, 9 A. S. Teteknan and A. I. McEvily. Jr., Fracture of Struc-Vol 57 (1957). pp 682-697; W . Beck , Electrochemical Tech- rural Materials (John Wiley. 1967).nology. Vol 2 (1964), pp 74-78; and J. D. Harrison and C. C.
Smith. British WeWing Journal, Vol 14 (1967). pp 493-502. ‘°N. J. Petch, “The Ductile Fracture of Polycrystalline-

A. Spitzig. P. M. Talda. and R. P. Wei. “f atigue-Crack Iron,” Philosophical Magazine. Vol I (1956), pp 1 86-191.

Propagation and Fractographic Analysis of IS Nj (250) Mar- 11 A . Troiano, “The Role of Hydrogen and Other lntersti-
aging Steel Tested in Argon and Hydrogen Environments,” tials in the Mechanical Behavior of Metals,” Transoctians of
Fngineering Fracture Mechanics, Vol I (1968), pp 155- 165. the A merican Society for Metals (,4SM/, Vol 52 (1960). p 52.
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I transitional metals having vacancies in the third sub. 2 EXPERIMENTAL PROCEDURE 

-

shell, Troiano hypothesized that hydrogen in the
stresse d region of the atomic lattices near the voids
gives up its electrons to the third subshells of the host Material

ato ms, filling the vacancies in the third band, and Specimens of the ASTM A-S 16 and ASTM B-209 ,

thereby decreasing the binding energy of cohesiveness Al alloys 5083 and 6061 , were prepared from I-in.

of the atoms in the lattice in this region. One flaw in (2.54-cm)-thick plates. The ASTM A-607 specimens

this theory is that specimens slowly cooled in a hydro- were prepared from a 5/8-in. (I .59-cm).thick pipe

gen atmosphere or cathodically charged at room tern- which had been cut and straightened. Type A-516 is

perature contain crac ks even without externally applied a car bon steel intended primarily for use in we lded

stress. pressure vessels where improved notch toughness is
important. Its microstructure (Figure 5) consists of

ciated with hydrogen can be removed by outgassing or alloy columbium and/or vanadium steel intended for

“ba king” the material for a short time in a temperature use in structures where strength and savings in weight

It should be noted that the deleterious effects asso- fine-grained ferrite. Type A-607 is a high-strength, low-

range of 100°C to 300°C)2 At this temperature range, are important. Its as-receive d microstructure is fine-
hydrogen readily diffuses to free surface s and escapes grai ned ferritic (Figure 6). Alloys 5083 and 606 1 are

as diatomic hydrogen. structura l aluminums used for sheet and plate. Their
as-receive d structure s are shown in Figures 7 and 8.

The chemical compositions, mechanical properties,
‘2 A. S. Tetelman and A. J. McEvily , Jr. , Fracture of Struc- and impact energies of the steels and aluminums are

rural Materials (John Wiley, 1967). shown in Tables 1,2 . and 3, respectively.

Table I
Chemical Composition of Materials

ASTM A-S 16 ASTM A-607 ASTM Al Alloy ASTM Al Alloy
Element grade 70, % grade 65, % 5083, % 6061, %

Carbon 0.28 (max ) 0.30 (max) — —

Manganese 0.80-1.25 1.55 (max ) 0.40-1.0 0.15 (max)
Phosphorus 0.035 (max) 0.05 (max) — —

Sulfur 0.04 (max ) 0.06 (max) — —

Silicon 0.13.0.33 — 0.40 (max) 0.4-0.8
(‘oI’”~thium — 0.004 (mm) — —

Nitrogen -- 0.015 (max ) -. —
Iron — — 0.40 (max) 0.7 (max)
Copper — 0.10 (max) 0.15-0.40
Magnesium - — 4.0.4.9 0.8-1.2
Chromium - — 0.05-0.25 0.04-0.35
Zinc — 0.25 (max) 0.25 (max)
Titanium — 0.15 (max) 0.15 (max)
Other Elements 0.15 (max) 0.15 (max)
Alumuium — remainder remainder

Table 2
Mechanical Properties of Steels and Alum mums

Tensile Strength, Yield Strength,
Material ku (MPa) ksi (MPa)

ASTM A- 516 77 (5 31.3 ) 40.8 (281.5)
AST M A-5t6 , hydrogen-embrittled 78 (538.2 ) 42 (289.8 )
ASTM A-607 89 (6 14 .1) 81.2 (560.3)
ASTM A-607, hydrogen-embrittled 85.6 (590.6) 71.2 (491.3)
Aluminum 5083 alloy 4 1 (282.9) 31 (213.9)
Aluminum 606 1 alloy 41 (282.9) 33 (227.7)

I I
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Table 3 ASTM A-516 Stee l
Absorbed Impact Energies of Materia ls The fracture surface of the A-S I 6 tensile sample is

Testing Absorbed Energy, shown in Figure 10. Failure occurred by inclusion-
Specimen Temperature , °C ft - lb (joule) generated dimple rupture. Figure II shows various

dimple sizes and a large inclusion.ASTM A-5 16 -196 2 (2.72)
ASTM A-5 16 0 189 (257.04)
ASTM A-S 16 25 178 (242.08) Regions of fatigue and tensile overload can be iden-
ASTM A-5l6 100 172 (233.92 ) tifled on the fracture surface of the A-S b fatigue
ASTM A-607 —196 1.5 (2.04) specimen (Figure 12). Failure in the tensile overload
ASTM A-607 0 65 (88.4) regions occurred by dimple rupture which initiated at
ASTM A-607 25 92 (125.12) inclusions (Figure 13). Failure in the fatigue regions
ASTM A-607 100 95 (129.2) consisted primarily of transgranular fracture (Figure
Aluminum 5083 alloy —196 27 (36.72) 14).
Aluminum 5083 alloy 0 17.5 (23.8)
Aluminum 5083 alloy 25 17.0 (23.12) The fracture surfaces of the hydrogen-embrittledAluminum 5083 alloy 100 17.0 (23.12)

A-S 16 tensile (Figure 15) and fatigue (Figure 16)
Aluminum 606 1 alloy —196 12.0 (16.32) specimens were very similar to the unembrittled ten-
Aluminum 6061 alloy 0 12.5 (17.00) sile and fatigue specimens. Failure in the hydrogen-Aluminum 6061 alloy 25 13.0 (17.68)
Aluminum 6061 alloy 100 15.5 (21.08) embritt led tensile specimen occurre d by inclusion-

generated dimple rupture (Figure I l). A fractured
pearlite colony can also be identified on this fracture

Specimen Fabrication and Testing surface. Regions of tensile overload and fatigue were
Figure 9 shows the specimen geometry for the ten- found on the hydrogen-embrittled fatigue specimen

s ue , impact . and fatigue tests. The specimens were surface. Failure occurred by dimple rupture in the
machined with the specimens’ longitudinal axes parallel tensile overload region and by transgranular fracture
to the rolling direction. in the fatigue region. Some areas of fatigue striae were

found in the fatigue region; the fatigue striae indicate
The tensile tests were conducted at room tempera- a stepwise . cyclic progression of the crack front across

ture at strain rates between 0.01 in./in./min. (0.01 cm! the fracture surface (Figure 18).
cm/mm .) and 0.06 in./in./min (0.06 cm/cm/mm .), us-
ing a 50-kip MTS electrohydraulic testing machine. The Figure 19 shows the fracture surface of an as-
impact specimens, which were the Charpy V-notched received ASTM A-S 16 Charpy impact specimen tested
type , were teste d at a range of temperatures by using to failure at — 196°C. A higher magnification of the
temperature control baths. The fatigue tests for the sur face (Figure 20) shows that failure occurred by
specimens were conducted at 10 cycles/sec in a tens- cleavage. Numerous “river patterns,” which represent
sion/tension sinusoidal mode at room temperature steps between different local cleavage facets of the
(23 °C) using a S0-kip MTS unit. same general cleavage plane, can be identified on the

fracture surface. The impact specimens tested at 0, 25 ,
Hydrogen Embrittlement and 100°C (Figures 2 1 , 22 , and 23) exhibited lamellar

To induce hydrogen embrittlement , specimens were tearing caused by the presence of “stringers” (elongated
cat hodically charged in a solution of 10 weight percent inclusions) in the steel oriented perpendicular to the
H2 SO4 and 0.3 weight percent As 2 03. The As2 03 was crack plane. As a result of these inclusions, the speci-
used to promote absorption of hydrogen during ca- mens were extremely tough and did not break corn-
thodic polarization. The cathodic charging was con- pletely. Another possible reason is that the transition
ducted at a current density of 6 ma/in. 2 (0.93 ma/cm 2 ) temperature for this material is below 0°C, with the
for 12 hours . result that the energy responses fell on the upper shelf

of the energy-temperature curve. A lso, the Charpy
V-notc h specimen in many cases does not have the

3 RESULTS AND DISCUSSION necessary geometry to contain the plastic deformalion
zone which precedes the crack. The unnotched portion
of the Charpy may have a dimension less than the ratio

Summar ies of t he mechanical tests conducted in this of Ki~ 
(stress-intensity ) to yield strength. These latter

study are shown in Tables 2 and 3. factors will lead to high energy absorption values.
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Photographs, rather than SEM photomicrographs, are The fracture surface of the as-received aluminum
shown of these specimens. 5083 specimen shows the typical regions of tensile

overload and fatigue (Figure 41). Failure occurred by
ASTM A-607 Steel inclusion-generated dimple rupture in the tensile over-

The surface of the as-received ASTM A-607 tensile load region (Figure 42). The fatigue region shows very
specimen in Figure 24 indicates a ductile fracture. definite regions of fatigue striae , as shown in Figures
Failure occured by inclusion-generated dimple rupture. 43 and 44.
Figure 25 shows a higher magnification of a typical
region of dimple rupture. The aluminum 5083 Charpy impact specimens all

failed in a ductile manner. The -196°C specimen had
The fracture surface of the as-received ASTM A 607 a very slanted surface whose layers indicated tearing

fatigue specimen shows a large fatigue region on one along the grain structure (Figure 45). This is the result
side, a very small tensile overload region, and a very of large amounts of second phases congregating in the
small fatigue region on the other side (Figure 26). grain boundaries as shown in the microstructure in
1 here is evidence of two inclusions on the side with Figure 7. At this low temperature , the failure propa-
the large fatigue region, indicating that rapid initiation gates through the less cohesive grain boundaries. The
of fatigue was caused by increased stress induced by remaining specimens have a fibrous appearance m di-
the inclusions. The fat igue region failed by transgranu- cating some influence of grain boundary tearing
lar fracture in which areas of fatigue striae could be (Figures 46, 47, and 48). Failure occurs primarily by
identified (Figure 27). Failure occurred by dimple dimple rupture, and the surfaces indicate increasing
rupture in the tensile overload region. plastic deformation as demonstrated by increasing

shear lip size.
The hydrogen-embrittled ASTM A-607 tensile speci-

men (Figure 28) demonstrated less plastic deformation ASTM B-209. Aluminu m Alloy 6061
than the unembrittled tensile specimen (Figure 24). The fracture surface of the aluminum 606 1 tensile
There was less reduction in the cross-sectional dimen- specimen is shown in Figure 49. Failure occurred by
sions in the hydrogen-embritt led specimen, and the inclusion-generated dimple rupture (Figure 50). Alloy
dimples were somewhat flatter than in the unem- 6061 is a precipitation-hardened aluminum in which
britt led sample. precipitates tie up dislocations and improve the mate-

rial’s yield strength. The effects of the different sizes
The hydrogen-embrittled fatigue specimen (Figure of precipitates (inclusions) are shown very clearly in

29) showed the large region of fatigue on one side, this alloy. Very fine dimples are formed around small
again indicative of an inclusion initiating rapid fatigue. inclusions~ large dimples are formed around large in-
More distinct fatigue striae are seen in the hydrogen- clusions.
embritt led sample (Figure 30) than in the unembrittled
sample.

The as-received aluminum 606 1 fatigue specimen
The as-received ASTM A-607 Charpy impact speci- shows the typical tensile overload and fatigue regions

mens showed increasing plastic deformation with (Figure 51). Failure occurred by inclusion-generated
increasing testing temperature. Failure occurred by dimple rupture (Figure 52). the presence of both a fIne
cleavage in the —1 96°C specimen (Figures 31 and 32), and coarse dim p le structure is also evident in this speci-

men. Failure in the fatigue region occurred by trans.and by dimple rupture in the higher temperature speci-
mens (Figures 33 through 38). The dimple rupture and granular fracture , and areas of fatigue striae can be

identified (Figure 53).increase in shear lip s u e  with increasing testing tem-
perature is evidence of the increasing plastic deforma-
tion and increasing ductility. Failure occurre d by dimple rupture in the as-received

aluminum 6061 C1’ irpy impact specimens tested at all
ASTM 8-209, Aluminum Alloy 5083 temperatures (Fig .

~~~~ 54 through 58). An increase in
The failure of the as-receive d aluminum 5083 ten- plastic deformation was evidenced by increasingly

sile specimen was very ductile, producing an extremely prominent shear lips with increasing testing tempera-
slanted fracture surface (Figure 39). A higher magnifi- ture. However , in contrast to steel, and on the basis
cation of the surface (Figure 40) shows an elongated of absorbed energies, these alloys do not develop a
dimple rupture structure , ductile-to-brittle transition.

13
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Figure 1. Typical equiaxed dimple structure containing inclusions, 4250X .
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Figure 2. Typical elongated dimple structure, 3750X .
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Figure 3. Typical cleavage facets , 400X .
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Figure 4. Typical fatigue striations, 4000X .
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Figure S. Microstructure of ASTM A- 5l6 steel , 320X .
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Figure 6. Microstructure of ASTM A-607 steel.
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Figure 7. Microstructure of ASTM B-209 , Al alloy 5083.
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Figure 8. Microstructure of ASTM B-209, Al alloy 6061.
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Figure 10. Tensile fracture surface of A-S 16 steel , 1 2X .
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Inclusion

FIgure 11. Dimple rupture in A-5l6 steel, l200X.
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Figure 1 2. Fatigue fracture surface of A-5 16 steel. 8X .

‘ 4

~~~~~~~ 
~

••

~: 
-

-~~~~
- 

~~~- ~~~
-

- ~~~~~

1 . — ~ 
- 

~~~‘~b

Figure 13 . l)ini ple rupture in an A-5 16 fatig ue specimen , l 000X .
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Figure 14. Transgranular fracture in an A-S 16 fatigue specimen . 650X .
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Figure 15. Tensile fracture surface of hydrogen-embrittled A-S 16 steel . l ix .
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Figure 16. Fatigue fracture surface ofh ydrog c r i -embr i t t l ed A-S 16 stee l , 12X .
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Figure 17. Dimple rupture in a hydrogen-embrittled A - 5 l6 steel . 800X.
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Figure 18. Fatigue striations in A-516 steel , l800X .
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Figure 19. Fracture surface of an A-S 16 Charpy spectmert teste d at —196°C, IIX .
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Figure 20. ( leavage t a~~’ in an .\ I i-i ( harpy ~P~~IiflCi1 teste d at — I ‘ lii ( , SSOX .

Figure 21. A-S 16 stee l Charpy impact specimen tested at 0°C, I IX .
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Figure 22. A .5l6 steel Charpy impact specimen tested at 25 °C. l i x .
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Figure 23. A .5l o steel (.‘harpy impact specimen tested at 100°C. I IX .
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Figure 24. Tensile tij cture surface of A-607 steel , 1 1X .
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Figure 25. Dimple rupture in A-607 steel . KOOX .
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Figure 26. Fatigue fracture surface of A-607 steel . I 2X .
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Figure 27. Fatigue striations in A-607 steel , l 000X .
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Figure 28. Hydrogen-embrittled tensile A-607 steel specimen, 1 IX .
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Figure 29. Hydrogen-embnittled fatigue A-607 steel specimen, I 2X.
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Figure 30. Fatigue striae in a hydrogen-embrittled A-607 steel specimen , 1 000 X .
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Figure 31. A.o07 Charpy impact specimen tested at — 196°C, l ix .
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Figure 32. Cleavage facets in an A-607 Charpy impact specimen tested at -196°C. SSOX .
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FIgure 33. A-607 Charpy impact specimen tested at 0°C, 9X.
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Figure 34. Dimple rupture in an A-607 Charpy impact specimen tested at 0°C, 300X.
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Figure 35. A-607 Charpy impact specimen tested at 25°C, lOX.
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Figure 36. Dimple rupture in an A-607 Charpy impact specimen tested at 25’C. 250X .
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FIgure 37. A-607 (‘harpy impact specime n tested at 100°C, lOX .
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Figure 38. Dimple rupture and a large inclusion in an A-607 Charpy impact specimen tested at 100°C. 500X .
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Figure 39. Tensile fracture surface of a 5083 aluminum specimen, 9X.
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Figure 40. Dimple rupture in 5083 aluminum, 450X .
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Figure 41. Fracture surface of 5083 aluminum tensile specimen, I2X .
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Figure 42. Dimple rupture in 5083 aluminum, 300X .
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Figure 43. Fatigue striae in 5083 aluminum, 300X.

37

___________ rr. ~~ - . .- —_~~~~~~ ——— -— —

. 

~~~~



• •~~~-~~ ~-5~~~~~~~~-5~~ •S

I -

4/ .
Figure 44. Fatigue st riae in 5083 aluminum, I000X .
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Figure 45. 5083 aluminum Charpy impact specimen tested at - I 96°C, lOX .
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Figure 46. 5083 aluminum Charpy impact specimen tested at 0°C, 1 lX .
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Figure 47. 5083 aluminum Charpy impact specimen tested at 25°C, l i x .
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Figure 48. 5083 aluminum Charpy impact specimen tested at 100°C, IIX.
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Figure 49. Tensile fracture surface of 606 1 aluminum, lOX .
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Figure 50. Dimple rupture in 6061 aluminum fracture surface. 300X .
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Figure SI. Fatigue fracture surface of 6061 aluminum, l3X .
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Figure 52. Dimple rupture in 6061 aluminum fatigue fracture surface , 300X .
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Figure 53. Fatigue striae in 606 1 aluminum, 300X .
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Figure 54. 606 1 aluminum Charpy impact specimen tested at -196°C, l i X .
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Figure 55. Dimple rupture in 6061 aluminum Charpy impact specimen tested at -196°C, 550X .
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Figure 56. 606 1 aluminum Charpy impact specimen tested at o°c, lox .
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Figure 57. 6061 aluminum Charpy impact specimen tested at 25°C, 1 lx .
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Figure 58. 6061 aluminum Charpy impact specimen tested at 100°C, llX.
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