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1. INTRODUCTION

The role of hydrogen in theenvironmental failure of Al-Zn-Mg alloys was
investigated under a previous U.S. Army contract no. DA-ERO-77-G-11, (1).

The changes in mechanical properties and microstructures observed during elevated-
temperature exposure to water vapour can be explained in terms of hydrogen embrittle-
ment. On grain boundaries and in the grain matrix, hydrogen is capable of
causing grain boundary decohesion or transgranular cleavage respectively. On
suitable sites, e.g. precipitates or gmin boundaries, hydrogen recombines to
form bubbles, depleting the surrounding matrix of dissolved hydrogen; this raises
the total intake of hydrogen before failure takes place. The addition of copper

or chromium improves hydrogen embrittlement resistance, either by activating

hydrogen recombination or by inhibiting hydrogen entry and by refining the grain
size.

Atomic hydrogen, as a by-product of hydration, diffuses along grain boundaries
and through the matrix by normal diffusion mechanisms or by transport by dislocations
during plastic deformation (2-5). Lowering the strain rate in a tensile test
allows more time for injecting fresh hydrogen and redistributing that which
already exists (4). If testing is carried out on samples previously exposed
to water vapour, hydrogen can be redistributed to local stress concentrations

which causes local enhancement of embrittlement and results in a lower overall
tensile elongation. To study the environmental effects on these alloys time
must be allowed for the embrittlement process to take place. This is achieved
either by exposing the sample in an aggressive environment prior to testing
(pre-exposure) or by testing the sample in the aggressive environment over a long
period of time. (The latter refers to stress corrosion tests, i.e. testing under
The conventional methods are to test specimens under constant stress (or
They are usually

very time-consuming (up to months), and are very difficult to monitor with regard

In practice, to minimise the test time, the environmental

‘ the combined effect of stress and corrosion.)

§

3 load) or under constant strain in an aggressive environment.
4.

i . to deformation rate.
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by a crack.

tional testing

ineffective.

overall straln rate.

Most slow strain ratve

If

tests are

machine with modified

the strain

held in an environmental

become unrealistic and the information obtained may be inadequate.

cell

using .

Tonven-

speed reducer to provide a4 slow constant

rate 1s too high, the specimen will

mechanically without any environmental influence.

If the strain rate

fairl

1s too

low, corrosion may produce a protective passive film and embrittlement 1is

There is a critical strain rate range within which the specimen

tional tests (8).

The resulting local strain rate may rise above the critical

bility of certain alloys, «.o.

is embrittled by the test environment (6-8).

Such slow strain rate techniques

These techniques reduce test time to days or hours.

Cr-steels which otherwise do not

can easily achieve natural crack growth rates of the range of 1076 - 1079 s,
They provide more quantita-
tive information and they can also show up the ranking of environmental suscipti-

respond to conven-

However, slow strain rate techniques still cannot control

rapid increases of local plastic deformation which has started or been initiated

strain

rate range and embrittlement will not be observed. ?‘&
Despite the problem of uncontrollable local strain rate, slow straln ratce i
f{ techniques provide more reliable information in a shorter period of time than o
- o
*_ conventional stress corrosion test methods. For these reasons, the Al-Zn-Mg- EERER
}“ b "'4
- . . . 1
e based alloys examined under the previous contract have been studied using the slow v V“1
=
& strain rate technique. O
H' N
E‘ .
Ef 2. EXPERIMENTAL PROCEDURE b
- . >
E} The composition of the 3 alloys investigated are given below (1):
i" Alloy Cr Cu Fe Mg Mn Si Ti Zn . _}l' _5
?i "i
- Ligh Purity {0.01 {0,002 |0.01 [ 2.9 |0.002]0.01 [0.01 }6.1 Balance Al —
base (6/73) ‘ 3
)
Cu containing [ 0.001]1.7 0.02 | 3.0 {0.001 |0.01 | 0.0l |6.3 .
experimental !
% Mlav (6/3% Cu) w!
b~ I
U Uunl.!).llinw, (A [ASIA oyl ALY - o, ol '
j"‘l'i""')f.l' .
U U Y Gt o ad
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2.1. Preparation

25mm slabs were cut from the ingots. They were rolled down to a thickness
of 0.5mm. Frequent anneals at 450°C were required to prevent bending or cracking
of the sheets because of the fast work-hardening rates experienced.

Flat tensile specimens of thickness approximately O.5mm, with a gauge length
of 22mm and gauge width of 6mm were stamped parallel to the rolling direction.
They were cleaned in 20% NaOH at 70°C. The black oxide so produced
was removed in dilute HNO3 and the samples were rinsed in successive baths of
distilled water. They were finally degreased in inhibisol in an ultrasonic
cleaner.

All samples were solution-treated at 450°C ¥ 3°C for an hour in a dry argon
atmosphere in a horizontal furnace. After cold water quenching, they were kept
dry except during experimental exposure.

To test whether mechanical properties were affected by surface finish,
some specimens were polished before cleaning in NaOH. It was found that the
samples which had been polished produced no significant improvement in tensile

strength and ductility and therefore no further polishing was carried out.

2.2 Heat treatment

Samples were pre-exposed at 115°C in an autoclave at a steam pressure of
1.75 bar. Dry control samples, sealed in pyrex tubes, were heat—treated
alongside the exposed samples for various periods up to 435 hours. Distilled
water was used in the exposure to eliminate any effect of impurities present in
tap water. After exposure, samples were tested immediately or stored in liquid
nitrogen at -196°C to avoid outgassing. Control samples were kept in a dessicator
if an immediate test was not possible. At least 2 samples were tested for each
condition.

Ageing the samples at 115°C (as in this study) or at 120°C (as in the previous
study (1)) should produce identical microstructures for the same ageing periods;

thus slow strain rate resulls here dare
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rate results from the previous investigation (1).

2.3 Mechanical tests. SRR
Tensile tests were carried out using an Instron machine,.mostly at a cross- j;;

head speed of 0.0005 cm per minute, equivalent to a strain rate of about 4 x 10_6 :1r
per second. A few samples were tested at a higher strain rate to ensure that fré
embrittlement did not arise from undesirable exposure due to mishandling. In ;:&%
=

every test the entire sample was enclosed in a perspex cell containing fresh silica
gel. This provided a standard dry environment. However, tensile tests of control
dry samples showed evidence of embrittlement (see below) as a result of the

reaction of the samples with the moisture retained in the cell. The dry environ- L,

. ment provided by the fresh silica gel was inefficient and thus the tests were S

in effect held in laboratory air.

iy

> o o

2.4 Fractography * L
Fracture surfaces were gold-coated and examined usinga JEOL JSM T200 scanning 1

. -

electron microscope. -
2.5 Transmission electron microscopy (TEM) f_{f
Discs were punched from the gauge (near fracture region) and grip. They ’j.q
were ground down so that some foils were in the sample surface vicinity and obhers R
in the centre of the section. Thin foils were prepared using a Struers electro- : -
. < g

polishing machine in 20% nitric acid in methanol at -20°C, at a voltage of 15V. ,_':1

jji They were examined using the Phillips TFi 301; fresh samples and foils were

needed to see Hy bubbles since hydrogen is not retained in thin foils for periods

of more than a few hours.

3. RESULTS
The tensile test results - elongation (Z), 0.27 proof stress and fracture

stress, arce plotted in Figs. 1, 2,4, 5, 7, and 8, where hignh strain rate results (1)




- .

l’l‘
19,
AP

are available. They are shown on the transparent overlay for comparison and
the results are tabulated.

A considerable number of fracture samples examined showed evidence of non-
uniform strain rate during failure. One end of the sample had intergranular
or brittle fracture and the amount of ductile appearance increased across the
width of the sample (photos la, b and c). Cracks nucleated and, initially,
propagated at alow strain rates. Crack opening was assisted by the weakening
of bonds due to the presence of hydrogen. The precise mechanism of such an
embrittlement is uncertain; dissolved hydrogen is presumed to cause a reduction
in grain boundafy surface energy which leads to grain boundary decohesion (1).
When the remaining area could not support the load it failed at higher strain
rates and thus showed more ductile fractures. In order to show the relationship
of slow strain rate with hydrogen embrittlement, only slow strain rate fracture
repions are summarised in Figs. 3, 6 and 9a. The fast strain rate test
fractography results (1) are also shown in Figs. 3, 6 and 9b for comparison.

Thin foils prepared from gauge, grip, surface or interior showed no
microstructural difference. Since few fresh foils were available for obser-
vation, it is assumed that all H, bubble formation conditions are identical to

those observed by Christodoulou unless otherwise stated.

3.1 Ternary alloy Al-Zn-Mg.

3.1.1 Slow strain rate test. (see separate sheet overleaf)

3.1.2 Fractography.

See Figs. 3a and b. A few fracture samples were kept in laboratory air
for a month before examination. The grain boundaries on the exposed fracture
surface became badly blistered by reaction with the air. Photo 2 shows the
cracking of some blisters from hydrogen pressure build up. No such fracture
was observed on the sides of the fracture samples. This indicates the moisture

level of laboratory air and the highly active state of the grain boundary fracture

o
d
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3.1.1. Slow strain rate test.
Parameter Slow strain rate Fast strain rate
change 4 x 1076 g™ 4 x 1073 5~
with time Wet Dry" Wet Dry

Elongation

Rapid decrease to | Gradual decrease Grad
0-17Z in 5 hours to O0-1% in 30 hrs.| foll

Wet < dry by very little

Yeco
hrs.
duct

ual decrease
owed by abrupt
very at 24-35

then zero
ility

Gradual decrease
due to age har-
dening.

Large amount of H injected during slow strain rate test.
wet and dry samples had little difference while comparing slow

and fast strain rate;

Thus

slowv samples showed more embritrlement.

0.27 Proof

About 250-300 MNm 2

stress
Fracture Wet < dry by 50 MNm_2 to 350 MN_2 Maximum of 450 -
stress MN-2

At slow strain rate, high concentration of H ahead of the crack tip
lowered the strength dramatically

See Figs. 1, 2 a, b.
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3.2 Copper—bearing Al-Zn-Mg-Cu

LAt LW W e g T e

3.2.1 Slow strain rate test

Parameters Slow strain rate Fast straln rate

change 4 x 1076 g~ 4 x 1073 -1

with time Wet Dry Wet Dry

Flongation

Rapid decrease from
age hardening and
pre—exposure but

the effect saturates
after 80 hrs. to
3-47 of elongation

Rapid decrease
from age harden-
ing. Little
change after 20
hrs with elon-
gation n 6-87%

No embrittlement from pre-
exposure, elongation about
87

Lowering strain rate raises H level in the pre—exposure samples and

reduces their elongation.

dry samples,

However, it has only slight. effect on

0.27 proof

About 380-420 MNm™2

stress
Fracture Pre-exposure lowers fracture stress -
stress by about 50 MNm~2 to 550 MNm™2

It is believed that lowering the strain rate reduces fracture stress.

See Figs. 4a, b, and 5.

3.2.2 Fractography.

See Fig. 6 a and b.
region which was severely intergranularly embrittled.

with some cleavage detectable adjacent to the embrittled edge.

Samples exposed for a short time had a confined peripheral

The centre was ductile

spread the region of intergranular embrittlement throughout the sample thickness.

The three regions of fracture, ie the intergranular periphery, the transgranular

cleavage and the transgranular ductile centre, were also observed in higher strain-

rate tests in the range of 20-90 hours of pre-exposure (1).

The use of slow

strain rates enhanced such failure with 3 regions of fracture in even shorter

pre-exposure times as a result of embrittlement during testing.

In these slov strain rate tests, the higher strain rate regions which failed

last also showed 3 regions of fracture (intergranular, cleavage and ductile) in

both wet and dry samples.

The appearance of cach reeion and the fraction cach mode

Prolonged exposure
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occupied over the fracture surface, were very dependent on the actual local
strain rate which makes detailed interpretation of fractography difficult;
however, there is a trend of reduction in ductile appearance with long exposure

or ageing time.

3.2.3 TEM.

The precipitation and H, bubble formation are expected to be the same as
was observed in the previous investigation (1), i.e.

(1) addition of copper promotes precipitation along grain boundaries in
the grain matrix;
(2) H2 bubble formation starts at 20 hours exposure or even earlier.

Present observations show the presence of Hp bubbles along grain boundaries
and also on dislocation bands inside the grain matrix, (see photo. 3). It is
therefore clear that large concentrations of hydrogen can be injected not only
into grain boundaries but also into grain interiors. The relatively high
ductility associated with this condition indicates a high tolerance to hydrogen
which is presumably associated with the retative ease with which hjdrogen is

trapped in the bubbles which readily nucleate in this alloy.

3.3 Chromium-bearing Al-Zn-Mg-Cr

3.3.1 Slow strain rate test (See separate sheet overleaf.)

3.3.2. Fractography.

See Figs. 9a and b, The fracture surface of the wet samples pre-exposed
up to 40 hours was brittle intergranular, (photo 4a). As pre-exposure time
increased, the fracture surfaces consisted of the 3 regions, i.e. brittle intergranular
rim, cleavage and ductile central core. The fracture surfaces of the dry samples
changed from the 3 regions of fracture (up to 6 hours of ageing) to ductile inter-
granular grain boundary decohesion (photo 4b). Beyond 120 hours ageing, the

fracture surface was ductile transgranular again. This anomalous sequence can

- e e
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3.3.1 Slow strain rate test.
Parameter Slow strain rate Fast strain rate
change
with time Wet Dry Wet Dry

Elongation

After initial de-
crease from age
hardening and pre-
exposure, effect
saturates to give
n 17

After initial de-
crease to 27 age
softening raised
the elongation to
v 4-67

Slow embrittling
effect v 6-87

Slow age harden-
ing followed by
over ageing

v 107

Slow strain rate induced HE but the effect saturated after certain
pre—exposure or ageing period

0.2Z proof

About 420 MNm 2

stress
Fracture Pre—exposure lowers fracture stress
stress by 40 MNm™~ 2

Slow strain rate is believed to lower stress by weakening bonding
around cracking tip, i.e., HE.

See Figs. 7 a, b, and 8.
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be explained in terms of ageing, pre-exposure and hydrogen embrittlement during
slow straining (see below). In spite of the more ductile appearance of the
wet samples, they had more sub-microscopic intergranular cracks than the dry

samples.

3.3.3 TEM
Hy bubbles were observed on precipitates on grain boundaries in bulk

samples exposed for 192 hours (photo 5).

4, DISCUSSION

The effects of pre—exposure on the alloys are shown by the fast strain

rate results. Embrittlement during slow strain rate tests caused by the rapid

hydrogen transport via mobile dislocations can be more detrimental. Estimates

of the hydrogen penetration depth via dislocation sweeping is several orders of

magnitude higher than via lattice diffusion paths (9). The amount of hydrogen

injected into a sample depends on the time from yield to failure, ie. when dislo-
cations are mobile. This duration is related to the following:

(1) the intrinsic ductility of the sample itself - affected by ageing and
pre—exposure;

(2) the hydrogen embrittlement during straining - the more intrinmsically ductile
the sample, the longer the test time and the longer the time available for
dynamic hydrogen embrittlement. On the other hand, a brittle sample is
less affected by dynamic hydrogen embrittlement.

Thus lowering the strain rate has little effect on already-brittle materials

but will reduce the ductility of intrinsically ductile conditions. However, in

the absence of envirommental effects e.g. if the test is held under vacuum or in

an inert atmosphere, lowering the strain rate allows the sample to flow plastically

under a lower stress. This results inahigher ductility (7,10).

Photosla, b and ¢ are the fractographs along the width of a dry ternary sample

ared for 4 hours, (a) is one end of the sample where a crack initiated at lower

- ‘-4
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strain rate. A large quantity of hydrogen was injected at the crack tip and
therefore it failed by grain boundary decohesion. As the crack propagated,

the strain was increased locally; it allowed less time for hydrogen injection

and thus (b) shows more ductile appearan.e. Finally, the sample could not
sustain the load and failed at much higher strain rates. (c) is the other end

of the sample which had suffered little or no hydrogen embrittlement. Thus

(a), (b) and (c) show the increasingly ductile appearance along the width of the
tensile sample as local strain rate increased and hydrogen embrittlement diminished
throughout the failure of the sample.

Slow straining had the worst effect in the ternary alloy. The large grain
size and poor hydrogen trapping efficiency allowed rapid hydrogen transport by
diffusion and dislocation sweeping. The injection and redistribution of hydrogen
ahead of the crack tip enabled it to propagate at lower stresses, explaining why
the ductility recovery observed in samples exposed for 24-36 hours and tested at
high strain rates (1), was not experienced in the slow strain rate tests and why
in general, specimens had a more brittle fracture appearance than the corresponding
fast strain rate samples. However, beyond 36 hours of pre—exposure, the highly
brittle state of the samples allowed little time for dynamic hydrogen embrittle-
ment. Effectively, these tests were unaffected by the test environment and

the samples therefore benefited by slow straining. Up to 40 hours of pre-exposure

(longer exposure times have not been carried out) led to fractography showing multiple

slip steps whereas the fast strain rate samples were fully brittle.
The elongation of the copper-bearing alloy was not diminished by pre-exposure

or by slow straining (see Fig.4 a and b). However, fractographic observation

revealed that the slow strain rate enhanced pre-exposure embrittlment due to hydrogen

redistribution. On the other hand, fractography of dry samples showed ductile
transgranular fracture while the fracture surfaces of fast-strain-rate samples

were ductile intergranular. Again, the dry samples benefited from the 'creep'

)
Y S

4k .4 2 4 4
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effect from slow straining which implies that hydrogen injection during slow straining

was slow, or that the copper-bearing alloy provided good hydrogen traps and Hy recom-
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Elongation and fractography of both wet and dry chromium-bearing samples
were affected by slow straining. The effect of pre-exposure was enhanced as
elongation was reduced from 7% in the fast strain rate tests,to 1-27 in the slow
strain rate tests. The amount of hydrogen diffused into the samples pre-exposed
up to 40 hours was not very large. During the 6 hours of slow straining, the
dissolved hydrogen and freshly injected hydroged were redistributed into the grain
boundaries causing grain boundary decohesion (photo 4a). Prolonging the pre-
exposure resulted in more hydrogen diffusing into the samples; also ageing
produced a brittle network of n precipitates along grain boundaries. The
samples became intrinsically more brittle and therefore the test time was short
(approximately 1} hours) and less hydrogen was injected and redistributed. The
samples failed with the 3 regions of fracture, i.e. intergranular rim, cleavage
and transgranular core, Dry samples aged up to 6 hours were intrinsically
ductile. During the 18 hours of slow straining, a large quantity of hydrogen
was injected into the grain boundaries and the grain matrix and thus failed with
the three regions of fracture. Age hardening reduced the test time to approxi-
mately 6 hours. There was less time to inject hydrogen into the grain boundaries
and eventually the samples failed by very ductile grain boundary decohesion (photo
4b). Prolonged ageing caused softening in the grain matrix but formed a brittle
network of n precipitates along the grain boundaries. The test time was reduced
to about 4 hours. There was less hydrogen injected but it still resulted in ductile
grain boundary decohesion . Beyond 120 hours of ageing, the brittle network of
precipitates was more pronounced as suggested by thin foil observation. The
samples were intrinsically more brittle. There was even less hydrogen injected
within the three hours of testing and therefore the samples failed by transgranular
fracture. In drv samples, hydrogen injection during testing was the only embrittle-
ment and it was a slow process. These samples survived above the fracture stress
level of embrittled samples without failure; thus despite the more intergranular
appearance of the dry samples, their fracture stresses and elongations were

higher than the corresponding wet samples.
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The improvement of hydrogen embrittlement resistance in Al-Zn-Mg alloys
by copper or chromium addition is evident, but the embrittlement and the improve-

ment mechanism still require study.

5. CONCLUSIONS AND PROPOSALS FOR FURTHER WORK

The elongation and fractographic studies of the alloys tested at slow strain
rates can be explained in terms of hydrogen transport via mobile dislocations
ahead of crack tip. Hydrogen lowers grain boundary and lattice energies,
causing a decrease in ductility and fracture stress. The addition of copper
assists hydrogen recombination ;nd therefore raises total hydrogen intake before
failure. The mechanism by which chromium inhibits embrittlement is still not clear
and may be related both to hydrogen recombination and to inhibition of hydrogen
entry.

Although the slow strain rate technique provides much greater sensitivity
to the presence of hydrogen, it does suffer from disadvantages. The problem
of uncontrollable local strain rate and crack growth rate,once local plasticity
or crack propagation has started, makes detailed interpretation of fractography
difficult and it is therefore proposed to carry out true stress corrosion tests
on compact tension fracture toughness samples to study crack propagation properties
of the alloys, especially the copper—bearing alloy. An autoclave (Fig. 10) has
been constructed to permit the use of a flexible range of test piece geometries
to be employed both with and without applied load. Also selected slow strain
rate tests and dead load tests will be carried out using the existing sheet tensile

pieces in order to compare information from these two techniques.,
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Fig. 3 Variation of fractography with hours in autoclave.
Ternary alloy Al-Zn-Mg
Symbols: I = intergranular IS = intergranular with slip marks
ID = intergranular ductile C = transgranular cleavage
D = transgranular ductile

Time shown in

each region is the time from yield

to fracture
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Stainless steel screw cap
with tomy base (not
shown here)

Aluminium lid (can be
adapted to fit thermo-
couple, pressure valve
and test rig, etc.)

Stainless steel container
with a heatine jacket
{not shown here). The
temperature is regulated
by a Eurotherm control.

Duran glass beaker to
hold water or other corro-
sive liquid

Scale: lcm = inch
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Photo 1 a, b, ¢, x 240 ¢
Fractographs of a ternary alloy, dry-aged for four hours. j
(a) One end of the sample where the crack started, initially propagated at low f,‘*
strain rates; intergranular with slips. ]
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(b) The crack propagated at higher strain rates; more ductile appearance -4

L
T
-
L
R |
(c) The other end of the sample which failed from overloading at high strain Vi
. rates. It was not embrittled by the testing environment; transgranular ol
-- cleavage and transgranular ductile fracture. R .
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Photo 2, x 820.
Fractograph of a ternary sample pre-exposed for 28 hours.
grain boundary surface were caused by exposing the fracture
air for one month.

Photo 3.

in the grain matrix.

The blisters on the
sample to laboratory

Al-Zn-Mg—Cu pre-exposed for 110 hours, shows Hy bubbles on grain boundaries and
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Photo 4 a,b, x 420.
Al-Zn-Mg—Cr.

(a) Fractograph of a sample pre-—exposed for 22 hours; brittle grain boundary
decohesion.

(b) Fractograph of a sample dry-aged for 26 hours; very ductile grain boundary
decohesion.

oy o
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Photo 5. R
Al-Zn-Mg-Cr pre-exposed for 192 hours; shows H, bubbles on the precipitates along !
a grain boundary.
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