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An Electron Fractographic Approach to Quantitative

Failure Analysis

——Correlations Between Fracture Surface Appearance and Fracture
Mechanics Parameters for Stage II Fatigue Crack Propagation
in an Alminum Alloy and a Mild Steel—

Yoshio KITSUNAI* Masazumi TANAKA*

In order to analyze the fatigue failure causes in service using electron fractographic methods, fati-
gue crack growth rate for an alminum alloy (2017-T 3) and for a mild steel (SB42) were determined.
from measurements of specimen’s surfaces, termed macroscopic rate, and from striation spacing frac--
 ture, termed microscopic rate. Effect of stress ratios on fatigue crack growth rate also have been.

studied as a function of various fracture mechanics parameters, including the stress intensity range:

(4K) and both positive and negative ratios of the minimum to the maximum stress (R). -

A centrally slotted 4mm thick sheet specimens with 100mm wide by 200mm length were made. One:
“side of the specimen’s surface was polished and lines scribed 0.5mm apart so that the length of the
fatigue cracks could be estimated to 0.05mm. The fatigue tests were conducted on a Vibrophor test
machine at frequency of 120~145 Hz with various stress ratios (R). The values for the stress ratios.
that were investigated in this study were R=—1~0.73 for an alminum alloy and R=—1~0.6 for a.
mild steel. Fatigue crack growth rate ware obtained graphically by taking the slopes of the fatigue:
crack growth curves at various crack lengths.

Two stage chromium shadowed carbon replicas were obtained from the fatigue fracture surfaces and.
examined using a transmission electron microscope. Precisely mached regions of matching fracture:
'surfaces were examined to distinguish between striation and quasi-striation pattern. More than 100
striation spacing have been measured for a given stress intensity level on each of the specimen and

were examined statistically. These statistical results of striation spacing were compared with macro-

B



-2 - (ERRLEWEFRHERSE) RIIS-RR-25-2

scopic crack growth rate.

The results may be summarized as foliows.

(1) Fatigue crack growth rate for various stress ratios (R) are correlated with the stress inten-
sity facter (Ke) based on Elber’s crack closure phenomenon.

(2) Fatigue crack growth rate and striation spacing approximately agree with each other for crack
growth range from 0.05u/c to 0.4u/c. '

(8) The scatter of striation spacing in one patch is-small as compared with total patches for a
given the effective stress intensity level. . ‘

(4) For determining unknown component cyclic loading during failure analysis, item (3) suggests
that one should be measured striation spacing obtained from many patches.

(5) Coeflicient of variation of striation spacing for an alminum alloy is smaller than that of a
mild steel.

(6) The distribution of striation spacing mainly follows to logarithmic normal distribution.

(7) Striation spacing is related to the effective strain intensity factor (Ke/E) for an alminium
alloy and for a mild steel.

(8) In the case of the planes of the patches are away from the perpendicular to the maximum

principal stress, the features on both fracture halves are considerable difference.
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Table | Mechanical properties of materials-

(PR DEIREOE
Yield Tensil .
strength strength Elo?%/a)txon
(kg/mm?) | (kg/mm?) o
2017-T3 | 35.0 46.8 17.0
SB 42 32.0 43.3 38.7

Table 2 Chemical éompositiohs of materials
investigated (Wt %).

FERM OLERS
2017-T 3 »
~ Cu Mg Si Mn Cr Fe

4.85 | 0.77 0.62 0..67 0.03 | 0.37

SB 42

C Si Mn P S

0.08 0.15 0.47 0.011 | 0.013
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© fatigue tests.
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Fig. 2 Crack growth rate as a function of stress intensity factor
range (4K) for the various stress ratios in an Al alloy
~ (2017-T 3) and a mild steel (SB42).
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Flg 7(a) Matching fractographs of ductile
striation in Al alloy (2017-T 3).
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Fig. 7(b) Sketch shows fracture surface
contours. Arrow indicates macro-
scopic crack growth direction.
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Flg 8(a) Matching fractographs. of fatigue
patches in an Al alloy(2017-T 3)
Slip band cracks (patch A) may
‘be created by slip processes after
crack tip has passed.
TAIBEEDENEEBOY v F v
THE, BHACELhATDHE
iy, TEHEIBRLLBEOTX
Uﬁﬂﬁlofﬁ%ht%®&gb
b : .

Z
Z <

Fig. 8(b) Sketch shows fracture surface
contours. Arrow indicates macro-
scopic crack growth direction.
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tches in an Al alloy(2017-T 3). Tire-
track-like fine repeated markings are
markings are created created on the
large bands (examples between A
and B) ‘with in a fatigue patches.
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Fig.10 Mechanisms of slip band crack and
tire-track-like marking formation.
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(a) Back scattered electron image compo-
sition Allow indicates rolling direction
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Fig.11 Electron microprobe analysis of a polished specimen of an Al alloy (2017-T3)-
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(b) Fe-Ka X-Ray image
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(a) The crack propagates along the
silicon-rich inclusions.
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(b) The crack propagates across the
iron-rich inclusions.
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Fig.12 Matching fractographs of inclusions in fatigued Al alloy (2017-T 3).
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Fig.13 Matching fractographs of intergranu-
lar facet in fatigued a m11d steel
(SB 42).
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© Fig.15(a) Matching fractographs of fatigued

. in a mild steel (SB42). Crack may
be passed near the pearlite.
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Fig.14 Matching fractographs of quasi-stria-
tion in fatigued a mild steel (SB 42)
dljdn=0.006 #/C, Ke=24.2kkmm~/3,
AK=48. 3kgmm~3/2
BEREE LKA I =—2>a v
WEFO~ » FvI7ER

REOMBTHREIND Z L2 b, H—F 4 Mo
EBYEFHNBBLIEDEELRID & E bR
bo FLTHHEF I ZAEHAVCTRRELLER,
D= T4 P THBT L RRER L, -
BT X WENMEMNT B &, —HOWBCERY
H1T%, Fig-16(a) oFR7 -2y MEROIBH
BIz0o—flTh->T, TRIOFEED L EBET LA
CHNTHIMAB UL, ¥ EEOoRE S ThizEH
BTk o Fig 16(b) 1227 VARSI X T,
FR7 2y FORTRIMLEOHEMRER LIz
DT, 77y MRRREEDCH L TEERECY

o e

m

Fig.15(b) Sketch shows fracture surface '
. contours.
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Fig.i6(a) Matching fractographs of slip band
cracks in a mild steel (SB42).
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Fig.16(b) Sketch shows fracture surface
" contours.
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Fig.17 Matching fractographs of ductile stri-
ation in a mild steel (SB.42).
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Table 3 Relationship between intergranular
fracture and fracture mechanics

parameters.

BABEE LB 5 2 — & OEG
Omax  Omin R Ke Kpay 4K Ry/D
10.0 —10.0:—1.0 31.7 63.9 127.0 15.37

12.0 0.0 0.0 334 66.7 66.7 419
120 0.0 0.0 335 67.1 67.1 424
16.0 0.0 0.0 32.2 645 645 3.9
200 0.0 0.0 3L.3 626 62.6 3.69
20.0 20 0.1 363 747 6.2 4 95
16.0 40 0.25 3.5 70.1 525 2 59
20.0 80 0.4 348 8.0 527 261
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Fig.18 Relationship between ' coefficient of
variation (C.V) of_ striation spacing
and the effective stress intensity fac-
tor (Ke).
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—FED Ke @B\ T, £y FLLMBD
Ry FENLBOIICA A=~ g
viEROEGHHRHE C.V obl, v A b
"T AEE SNy FHLELRICA P FA
z=—v 2 VEROEBHHEED B K % &
?o%mﬁﬁ”y?#5%5htﬁr@
EERY

&% 0.23, BKEMA 0.35 BETH Y, WIS 2¥
DFEHhAkE\ (Fig. 18), Dz i, 7Trisd&X



EFEHEC I AERBEHOERL — 15 —
2017—T3 SB 42
: Ke =10.9 Ke =40.8
30k T\ Sm=0.064 40f | Sm=0.201
- 5 =0.016 & 1L & =0.104
9 s =
g N\l N=237 g L ™ N =311
2 90} e g
2 ‘ s
= L 20|
10F
] T t T T T T 1 T ] 1 1] T T
05 0. 0.1 02 0.3 04 0.5 0.6
40+ . 40F m_ Ke =47.5
2 b PN Sm=0.244
g | s L
E g
g &
Bo20t- 20F
T T
0.1 0.1
601 Ke =3100 20+ A7 Ke =66.8
. Ty See06s B 7 Sm=0.569
2 5=0.124 & | 1\ & =0.161
3 40 N =398 g N =190
g E |
h 10 /]
20+
] I T 1 T T T T
0.2 0.4 0.6 08 1.0 0.2 0.4 0.6 0.8 1.0 1.2

Striation spacing (u)

Striation spacing (u)

Fig.20 Histograms of striation spacing for an Al alloy and for a mild steel.
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Fig.21 Relationship between striation spac-
ing and crack growth rate for an Al
alloy (2017-T 3) and for a mild steel
(SB 42).
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lec actogTaphic Approach to Quantitative FRiliTe - Analysis
-——~Correlations Between Fracture Surface Appearance and Fracture Mecha-
nics Parameters for Stage II Fatigue Crack Propagation in an Alminum Alloy
and a Mild Steel)

Y.KITSUNAI, M. TANAKA

Research Report of the Research Institute of Industrial Safety.
RIIS-RR-25-2, 1~18 (1976) .

In order to analyze the fatigue failure causes using electron fractographic me-
thods, fatigue crack growth rate under various stress ratios and striation spacing
| were examined for an alminum alloy and a mild steel. It was found that fatigue
' crack growth rate for various stress ratios are correlated with the effective stress
"intensity factor (ke) of Elber’s equation on the crack closure phenomenon. Fati-
i gue crack growth rate and striation spacing agree with each other for range from
10.054/c to 0.4uf/c. The scatter of striation spacing in one patch is small as
compared with total patches for a given the effective stress intensity level. Then
the determination unknown component cyclic loading during failure analysis, it

is necessary to measure striation spacing obtained from many patches.
(3 tables, 23 Figures, 18 References)
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