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Bot h the in cubation period p rior to stress-corrosion crackin g and i ts initiation in the 
AZ31B magnesium a lloy were studied using electrochemical solu tion potential- time and 
extension-t ime oscillographi c curves obtained simultaneously. From t hese da ta it is 
postulated t hat t hc cryst als most favorably orien ted for slip were deform ed, on ini t ial stress
ing of t he sp ecimen, to s uch an extent t ha t t hey were resistant to ~ur the r extens~on and the 
protec tive fi lms on t heir surfaces, dest.royed 111 t he early deformatIOn , were repaJred . Sub
sequ en t ex te nsion occ uLTed as t he result of stresses con cen trated in relatively more resistant 
crystals wi t h st ra in rates as hi gh as 1 percen t /sec a t limi ted si tes rup t urin g t he protective 
surface film . This exposed metal was anodic to ver y mu ch larger areas on w hic h t he film 
had been repaired a nd crac ks developed by electrochemi cal processes. 

Stress-corrosion cracks were initiated on planes t hat made large an gles wi t h t he basal 
crystallographi c p lane of t he magnesium a lloy and in crystals of a polycrysta ll ine aggregate 
t hat were unfavorably orien ted for basal slip . 

1. Introduction 

The stress-corrosion cracking of magnesium-base 
alloys has been the subj ect of several s tlLdies at 
NBt;. A study of the relative susceptibilit~T of the 
variou s wroug ht magnesium alloys then availa ble 
was made during \Vodel \~T ar II and the r es ults were 
subsequenLly published [1]. J A servi ce failure Lhat 
led to the initia tion of t hat study proved to be an 
isola ted case. Stress-corrosion cracking of magne
sium alloys in service has not been a problem. 
However , magnesium allo~Ts lend th emselves par
t icularly well to ge neral studi es of stress-corrosion 
cracking in t hat complete failures, for example, of 
the FS- 1 alloy, can be ob tained in the la boratory in 
less than 5 min. Studies sin ce the war years have 
been made with the objective of incr easing our 
understanding of the m echanism of stress-corrosion 
cracking. 

A paper published in 1958 [2] gave the r esults of an 
investiga tion initiated t o answer cer tain ques tions 
that had been raised but never answered during the 
war work. In that inves tiga tion [2] it was shown 
that if t he specimen was strained in the corrodent at 
a rate in excess of 500 X l 0- 6 /min, measured 1 min 
after the stress 2 was applied, failure could be ex
pected in less than 5 min . On the other hand if the 
strain r ate was less than 500 X 1O- 6/min the specimen 
would most probably not fa il even in 1000 min . 
Further , it was found on examining many specimen 
that there was no evidence of cracking for the first 
40 sec after t he stress was applied even though 
failures occurred in 2>~ min. A short hypothesis was 
presented to expla in this incubation p eriod. In the 

I Itali ci7,ed fi gures in brackets indicate the literatUl'e references at the end of 
this paper. 

2 A st ress in excess of 95.5 percent of the yield strength of the a1mealed material 
was required to prod uce stress· corrosion cracking of this alloy in the cOlTodent 
used. 
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prese nt paper , experim ents designed to verify some 
of the ramifications of that hypothesis are described 
and t he hypo thesis is expanded. The crystallo
graphic planes on which stress-corrosion cracks 
originated were also determined. 

2. Experimental Procedure 

Specimens for t his inve Li galion were prepared 
from sheet and extruded AZ,31B magnesium alloy 
stock. The chemical compositions 0 (' these materials 
were well withi n t he tolerances of AST11 Specifica
tion B- 90- 58 for t hi s alloy.3 

Sheet tensile specimens, having a }~-in. reduced 
section, were machi ned from J{G an d ;§-in . Lhick sheet 
m aterial originally ob tain ed for Lb e earli er work [1]. 
Most of the specim ens used in t he presen t investiga
t ion were in the annealed conditioll al thoug h a few 
were from "hard-rolled" sheet. 

A very few no tched specim ens were machined h om 
7f-in. diam extruded rod . The specim ens co ntained 
a 90 ° notch )§ in. deep. The diameter at t he roo t of 
the notch was 0.250 in. and the root radiu s 0.005 in. 

Specimens used in determining the crys tallo
graphic planes on which the stress-corrosion cracks 
originated were also machined hom the extruded 
rod, The reduced sections 0(' these specim ens were 
about 2 in. long with a square cross section ),~ in. on 
a side. They were similar in desig n to the low carbon 
steel specimens used by the au thor in ano ther in
ves tiga tion [3]. After machining, the specimens were 
annealed for 30 min at 400 ee, cooled to room 
temperature, strained 0.3 to 0.5 percent, and sub
seq uently heated slowly to 520 ee. The r esulting 
specimen was multigrained, with individual grains 

3 T he nominal compOSition of the AZ3113 alloy is Al 3.0 pcrcen t, Zn 1.0 pcrcen t. 
Mn 0.20 min, with maximum values [or Si, Cu, Fc, N i, and Oa 0[ 0.10 percent, 0.05 
percent, 0.005 percen t, 0.005 percent, and 0.04 percent respectively. 



sufficiently large that their crys~al orientations co~ld 
be determined by the conventIOnal back reflectIOn 
X-ray technique. . . . 

The sheet specImens were msulated from the 
corrodent, except for a 2 in. gage length, by llleans of 
plastic tape. All of the notched speeimens were 
also insulated with tape except over the notched 
areas. One set of the notched specimens was exposed 
to the corrodent with the entire notched area exposed. 
In the other set the notch was covered with lacquer 
and after the lacquer had dried it was cut through 
with a razor blade to expose the metal at the root of 
the notch. 

All specimens were contained in glass cells of the 
type described earlier [1] . The corrodent was the 
conventional NaCl, IC2Cr04 solutIOn (35 g NaCl 
and 20 o· IC2Cr04/1iter) at approximately 30 °C. The 
specim~ls were stressed in tension by dead loa~ing 
with a lever system. In . all cases care was exercIsed 
to avoid impact in applymg the stress. If the spec
imen strain was to be followed, the lever was sup
ported by a hyd.raulic jack until the load, etr:., were 
adjusted. The Jack was then released, applying the 
stress at a rapid rate. . . . . 

The strain 01' extenSIOn of the speClmen was {ol
lowe.d by measuring the movement r~[ .the end of th~ 
loadlllg lever (lever ratIO 25 to 1): . pus was done. b:y 
reading a dial gage (smallest dIv~sIOn 1/10,00.0 ll~. ) 
or by recording the ~nbalaJ:ce of .a bndge ClrCl.ut, 
one arm of which contamed WIre stram gages actuated 
by the mo~ion of .the end of the lever. In a few 
instances Wlre stram gages cemented onto . the spec
imen itself (but insulated from the solutIOn) were 
incorporated in the bridge ~ircuit. . 

The electrochemical solu tlOl1 potentwls of the sheet 
and notched specimens were determined against a 
calomel electrode of the saturated ICCI type. Con
nection between the eleetrode and the corrodent was 
made by means of a salt bridge. The electrochCl~lical 
solution potential and the extenSIOn of the specr~nen 
(as determined by the .unbalance of the bndge 
circuit) were recorded SImultaneously on a two-
channel oscillograph. . . 

No extensions nor electrochellllcal solutlOn poten
tials were determined for the large-grained specimens 
on which the crystallogra~)hic orientation of the plane 
of fracture was determmed. The stress was re
moved from some of these specimens after cracks 
had developed but before the final fracture had 
occurred. If fracture was complete, no attempt was 
made to determine the plane on which this f~acture 
occurred, but analyses were made to. determme the 
planes of origin of oLh~r cracks that formed but had 
not led to complete fallure. 

Visual observations showed that cracks generally 
originated at a corner of the specimen where. adjacent 
surfaces met. Hence, the crystallographIC planes 
on which the cracks originated were deter~11ined from 
the angles that the cracks m~de on the adjacent faces 
with the corners of the speClmen [4]. 

The orientation of the tension axis of the specimen 
with respect to the crystallographic axes was deter
mined for the grains containing cracks and also for 
a number of grains free from cracks. 

3. Results and Discussion 

3.1. Extension Time and Electrochemical Solution 
Potential Curves 

The idealized curves shown in figure 1 were based 
on a study of sinml taneous oscillographic records of 
the strain and accompanying changes in electr~
chemical solution potentials for a number of speCI
mens. The extension increased very rapidly upon 
iniLialloading of the specimen. It continued to in
crease but at a diminishing rate for 40 to 50 sec. 
The rate then increased again , with the development 
of stress-corrosion cracks, to final failure of the speci
men after about 150 sec exposure. The electrochem
ical solution potential changed about 90 mv in the 
anodic direction on the initial loading of the 
specimen. This was attributed to the rupturing of 
the protective film on the surface. T.116 .furt\ler 
marked change of potential in the anoch.c dlrec.tIOn 
with the exposure of bare metal , on the faIlure of the 
specimen, substantiated this idea. T~~ total change 
ill potential from the unstressed condItIOn .al1?-ountecl 
to approximately 200 mv, a value that IS m good 
aOTeement witb previously published data [5]. It 
sl~ould be noted that once failure had occurred ancl 
the metal was no longer being strained the potential 
changed very abruptly, probably within 1 sec, to a 
value only about 20 mv more active than t hat of the 
specimen in the original condition. The extremely 
rapid rate of change in potential after tl~e fracLure of 
the specimen indicated that a protectIve flim was 
b eing formed on the surface of what had been bare 
metal. 

The yield strength of the annealed alloy can be 
increased about 50 percent by cold work. From Lite 
extension curve, figure 1, it is to be expected that the 
alloy is being cold worked. It is postulat,eel that 
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FIGURE 1. Idealized extension-time and potential-time curves 
for the AZ31 alloy specimen that failed in about 150 sec. 
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with the application of stress, those grains most 
favorably oriented with respect to the tress pattem 
were deformed by basal slip, kinking, etc., and were 
hardened to the point where further deforma tion 
occurred only very slowly. Specifically, dislocations 
movcd through the material until they wcre blocked 
at barriers such as grain boundaries, subgrain bound
aries, inclusions, etc. Stress concentrations were 
built up as a result of this dislocation pileup and slip 
then occurred in some of these grains that had pre
viously resisted deformation. This process would be 
repeated as stresses concentrated in successively 
more resistant grains and produced deformation. 
The delayed strain in these relatively resistant grains 
thus accounted for the slow increase in extension 
after the initial deformation. "\iVhile the deforma
tion of individual grains was postulated to be a 
discontinuous process, the average effect over many 
grains was recorded as a continuous process. 

The increase in the potential (in the active direc
tion) on the initial loading of the specimen is postu
lated, as was indicated above, to be due to tlle 
rupturing of the protective film on those grains that 
were most readily plastically deformed. 

The data obtained at the final fracture of the 
specimen would indicate that as a given grain was 
work hardened to the point where it became resistant 
to further strain, i.e., where the strain rate was low, 
the protective fum was repaired on its surface. As 
the ratio of grains being strained at a ra te sufficient 
to rupture the film decreases with respect to those on 
which the film h ad beell repaired , the potential would 
change in the noble direcLion. This would account 
for the change in potential, after the initial extensio n 
of the specimen. If lhe average extension rate of the 
sp ec.i.men, determined 40 or 60 sec after t lte stress was 
applied, was below some eritical value, the potential 
would continue to chan ge in the noble direction until 
it approached the value obtai.ned prior lo stressing 
the specimen. 

If the average strain rate excceds this cri tical vallie, 
stress concentrations at a few sites will deform the 
specimen surface at a sufficient rate to prevent the 
film from r eforming. If these sites arc localized for 
a sufficient time, cracks will be initiated by an elec
trochemical process. As was indicated earlier, the 
bare metal is at least 200 mv anodic to the film
covered surface in the corr-odent used. If a relatively 
large area is film-free, attack will be of the pitting 
type. If the film-free area is very small and is sur
rounded by a large film-covered area, the condition 
of a small anode and large cathode will exist; this is 
an ideal condition for rapid corrosion of the anode. 
Such corrosion on a small area will form a sharp pit 
or trench that will further concentrate the stresses, 
preventing the film from reforming at its apex, and 
will lead to the initiation of stress-corrosion cracks. 

Once cracking is ini t iated, the con tin uou s expos ure 
of bare metal at the t ips of the cracks will change 
the potential of the specimen in the anodic direction. 
A very marked change OCCUlTed, as WfiS poin ted out 
earlier, with the exposure of a co nsiderable surface of 
bare metal at the failure of the specimen. 

3.2. Strain-Rate Associated With Initiation of Cra.cks 

The extension of many specimen was followed by 
readings, at stated intervals, of the dial gage in 
contact with the end of the lever sy tern. This 
method was highly sensitive and although it wa 
not possible to measure the extension of the specimen 
during the first 10 to 20 sec of exposure, data was 
obtained subsequently from which extension rate
tinle curves could be drawn . Three such curves 
are shown in figure 2. Breaks in curves A and B 
resulted from the development of stress-corrosion 
cracks in those specimens. No cracks developed 
in specimen C which extended at a slower rate than 
either A or B . Cracks began to develop in speci
mens extending at the approximate rate shown for 
B after about 40 sec exposure in the eorrodent [2]. 
If the strain at sites where cracks will develop is 
postulated to account for the difference in the strain 
rates of speeinlens Band C after 40 sec, if certain 
assumptions arc made as to the width of the regions 
in which cracks will develop, and if the number of 
cracks that develop per inch of pecimen length is 
determined, an estimate can be made of the strain 
rate at these crack sites . It was found that approxi
mately 25 crack sites develop for each inch of gage 
length. Assume that the train is confined to a 
region 1000 times the "a" parameter of the mag
nesium lattice; then the ayerfLge strain rate in the 
areas where cracks were being initiated can be 
calculated to have been f1pproximfLtcly 1 X 1O- 2/sec 
(1 %/ ec). This value seems reasonable within one 
order of magnitude. It is comparable with the value 
of 5 percent/sec reported by Hoar and West [6] 
a the strain rate nece sary to prevent polariza
tion that would have stifled development of cracks in 
austenitic stai.nles teol specimens. 
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FI<iUHE 2 . Relations bel:ween time and strain mtejoT specimens 
stl·essed above and below the critical stmin mte at which stTess
cOlTosion cTacks develop. 

Breaks io curves A and B indicate the development of stress·corrosion cracks 
No cracks developed in tbe specimen from which curve C was obtained. 
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3.3. Effect of Ratio of Cathode to Anode Areas on 
Incubation Period 

Several no tched specimens were exposed to the 
corrodent at a stress of approximately 46 ,000 Ib jin .2; 
t his stress 4 could produce failures by stress-corrosion 
cracking in 60 sec or less. As was indic::tted above, 
all of the metal in the notched areas of some of these 
specimen s was exposed to the corrodent wbile only 
the metal at the root of the notch was exposed in 
other specimens . 

All specimens f::tiled at the stress level used . How
ever , the incubation period (exposure period before 
there were indic::ttions that craeks were ini tiated ) 
wa s ::tbou t six times as long for specimens that 'were 
completely insulated except at th e root of the no tch , 
as for those specimens where the whole notched area 
was exposed to the corrodent. 

The stresses concentrated at the roots of the 
notches of these latter specimens limited all strain s 
of any appreci::tble magnitude to those regions. 
The protective film will be rup tured only at the root 
of the no tch . The sides of the notch (when exposed 
to the corrodent) will be film-covered , cathodic to the 
root of th e notch, and very mu ch larger than the 
anodic (film-free) area at the root of the notch. 
Thus there exists the cond ition of a very sm all anode 
and large ca thod e that is ideal for rapid corrosion 
by electrochemical processes. 

In specimens on which only tIle roo ts of the notches 
are exposed to the con'oden t there will be some small 
areas where t he strain rate is higher than others, 
that is, on which the pro tective film will be rup tured . 
Conversely, there will be some areas where there will 
be more opportunity for the film to repair than on 
others. The resulting a nodic and cathodic areas 
may be nearly the same size and while electroch emi
cal corrosion may occur and cracking eventually 
develop, the rate will be mu ch slower than if a large 
cathode-small anode relationship exists. 

The evidence [7, 8] indicated that once cracks 
have penetrated into the metal, the sides of the 
cracks become the cathodic areas; whether or not 
the sides of the no tches are insulated is then of little 
further importance. 

3.4. Crystallographic Data on Crystals Containing, 
and Free From, Stress-Corrosion Cracks 

The poles of the planes on which stress-corrosion 
cracks were initiated are shown in a single stereo
graphic triangle in figure 3. In every case these 
planes make large angles with the basal plane . If 
the same condition exists in this alloy as has been 
reported for relatively pure magnesium (9), namely, 
that the basal planes of the crystals in an extrusion 
are approximately parallel to the direction of ex
trusion, t hen the fact -that the poles -of the' 'stress
corrosion cracks make high angles with the pole of 
the basal plane is to be expected. 

, Stresses of t his magni tude will produce a t rue strain of approxim ately 0.03 ; 
Ibis incl uded a deviation from the modulus line of about 0.015. 

With the exception of C- 2, C- 8, and possibly C- ll , 
the planes of fracture do not lie close to any low-index 
crystallographic planes. These results agree in a 
general way with those obtained b~T 1£eller and 
M etzger [10] on single crystals of ::tn AZ61 alloy and 
do not agree with t hose reported by Priest [7] for 
the same alloy. 

It is well rccognized that t he planes of stress
corrosion cracks are generally fl,pproximately normal 
to the stress axis. The da La obL~Lined in this in
vestigation further confirm that observation. The 
resolved tensile s tress normal to t he plane of the 
stress-corrosion cl"::tck is proportional to t he cosine of 
the angle between the tension axis and the normal to 
the plane of the s tress-corrosion crack . These angles 
for the various str ess-corrosion cracks are given in col
umn 2 of table 1. The corresponding cosines are list
ed in column 3. The component, of t he stress normal 
to the stress-corrosion cmck is in no case smaller than 
0.934 t imes the t ensile stress. 
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C5 . .C6 
Cl •• e7 C8 

Cll •• 
C2 

(0001) (1120 ) 

FIG U RE 3. Poles of planes on which stress-corrosion cracks were 
initiated. 

T ABLE 1. Components of stress normal to the 1Jlane of stress
corrosion cracks, and probability of sli p at a constant stress, 
f (cI>, ;>") , f or crystals (C) containing and crystals (N) fTee 
/Tom stress-corrosion cracks. 

f (q, 1.) =sin <p cos A. where q, and 1. a re angles between the s tress 
I axis and t.he s lip plane and slip di rection , respectively. 

Angle between Component of Probability of 
Crystal tension axis and the tensile stress sli p at con-

nor mal La stress- norm a] to stress- stant stress 
corrosion crack corrosion crack 

deu sin q, ros A 
C1 12 0.978 0.000 
C2 2 .999 . 008 
C3 21 . 934 . 028 
C4 18 . 951 . 03 1. 
C5 10 . 985 . 043 
C6 9\1 . 986 . 071 
C7 16 .96 [ . Oil 
C8 41 -'2 . 997 . Oil 
C9 71~ . 991 . 074 
C IO 10 .985 . 078 
Cll 16\1 .959 . 079 
C 12 15 .966 . 114 

N l . 023 
N 2 . 091 
N3 . H9 
N4 . 150 
N5 . 162 
N6 . 201 
N 7 .342 
N8 . 365 
N9 . 405 
N 10 . 472 
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FIG URE 4, Tension axes for crystals "e" in which cracking 
r occwTed and for crystals "N" in which no cracks were 

found. 

The ease with which sllp will occur in a given 
crys tal is dependent, in pal'L at least, on the magni-

l tude 01 th e product sin cp cos A, wbere cp is t he a ngle 
between Lh e stress axis and tbe slip plane and A 
is the angle between the stress axis and the slip 
direction . The slip plane is (0001 ) and the slip 
direction is [ll20] 1'01' po]ycrys tH,lline magnesium [9] 
and it is to be cxpected that t bey are th e same 1'01' the 
AZ31 alloy . The values or sin cp cos A h ave been 
calculated for each of the 12 crystals in which cracks 
were analyzed and for 10 crystals, rrom some 01 the 

(' same specimens, in which no cracks were Jound. 
I These da ta are given in column 4 of table 1. Th e 

tension axis , with respect to each crystal , is plotted 
in a single stereogl'aphic triangle , in figure 4. 

J 

Data in table 1 and figure 4 iudieate tha.L clystals 
in which cracking occ ulTed were geJl erally less 
favorably oriented for slip than those cr~-s tals ana
lyzed in whi ch no cracks were round. It is r ecognized 
that in polycrys ta.lline specimens the neigh boring 
crys tals may be th e determining Jactor in wh ether or 
not slip occurs in a particular crystal. However , 
the fact th at the stress-corrosion cracks occurred in 
the crystals least Javorably oriented for slip is in 
agreement with the mechanism post ulated earlier 1'01' 

the initiation or stress-corrosion cracking in the 
l magnesium alloy. 

r 4. Summary 

1 

I 

.I 
~ 

1. Idealized curves were prepared showing the 
imultaneous changes in extension and electro

chemical solution potential for AZ31B magnesium 
alloy specimens that were exposed uncleI' constant 
tensile load in an aqueous solut.ion of N aCl and 
K ZCl'04 until failures by stress-corrosion cracking 
occurred. 
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2. Initiation of stress-corrosion crackin g, after an 
incubation period, is postulated to occur in grain 
that were deformed as the result of Lress-concentra
tions built up by the initial deformation and t.he 
hardening of those grains that were favorably 
oriented for initial plastic extension. 

3. :Making several assumptions, the stJ'ain rate 
(in microscopic sections) associated with, and most 
probably required for , the initiation of stress-cor
rosion cracking was calculated to be of the order of 
1 percent/sec. 

4. The incubation period (period prior to ini tiation 
of cracking) was much longer for specimens on which 
the passive (film covered) and active (film free) areas 
were approximately the same t.han for those on which 
the passive area was many times larger than the 
active area. 

5. Stress-corrosion cracks made large angles with 
the basal crystallographic pIn.ne in large-grained 
specimen.s but were not generally associated, at their 
iniliat.ion , with any low-index crys tallographic plane. 

6. Stress-corrosion cracks were generally approxi
ma tely normal to the stress axis and occurred in 
grains unfavorably orien Led for slip. 

This proj ect /tas been sponsore(Pjointl:\T b~r the 
Corrosion Research Council and the N ational Bmeau 
of S tandards. The author appreciates the assistance 
of Joan Calvert , June Chung Fugh , James G. E arly, 
Jr. , Joseph E. I-Iimes, and Howard T . Y olken in the 
experimenlal work in this investiga tion. 
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