The Role of Microstructure in

Hydrogen-Assisted Fracture of 7075 Aluminum

J. ALBRECHT, A. W, THOMPSON, AND I. M. BERNSTEIN

Underaged, peak strength (T6), and overaged (T73) microstructures were studied in 7075
plate material. Hydrogen charged and uncharged tensile specimens of longitudinal orien-
tation were tested between — 196°C and room temperature. The results confirm a hydro-
gen embrittlement effect, manifested mainly in the temperature dependence of the reduc-
tion of area loss; a classical behavior of hydrogen embrittlement. The maximum
embrittlement shifted to lower temperatures with further aging. The effect of hydrogen
was largest for the underaged condition and smallest for the overaged, thus following

the pattern found for the sensitivity to stress-corrosion cracking in high strength alu-
minum alloys. The fracture path was predominantly transgranular, with minor amounts

of intergranular fracture.

WHILE the resistance of high strength aluminum
alloys to environmentally assisted fracture long has
been a subject of considerable practical concern,
fundamental studies of this problem have usually not
been sufficiently detailed to identify the underlying
process of fracture (for example, whether fracture is
controlled by anodic dissolution, hydrogen embrittle-
ment, or some combination of both). Even less under-
standing exists as to why this type of fracture is sensi-
tive to metallurgical variables, such as composition,*™
microstructure,®s* grain shape and texture,?’*® and
thermal treatment.”»® The microstructure variable is
of particular interest, since this is the variable that
can be manipulated in a given alloy over a considerable
range while maintaining the composition, grain shape,
and texture developed from the alloy’s processing
history.

The microstructural variable that is thought to be of
primary importance in the environmental fracture be-
havior of aluminum alloys is the character (nature and
distribution) of the precipitate population.®»” The in-
fluence of precipitates both in the grain interior and at
grain boundaries can be explained by two behavior
features: i) The character of those grain interior pre-
cipitates which control slip mode by whether or not
they are sheared during deformation; when sheared,
planar slip results, with accompanying low resistance
to stress corrosion cracking (SCC), while if they are
not sheared, slip is wavy and SCC resistance tends to
be higher;®»® ii) The relative coverage of grain bound-
aries by the intergranular precipitates. An increased
coverage has been correlated with SCC resistance.’”®
Unfortunately, these two behavioral features are diffi-
cult to separate experimentally because thermal treat-
ments which change the grain interior precipitates
also in general affect grain boundary precipitates.
Mechanistically, it now appears®” that both features
play a role in SCC susceptibility.

It has been proposed® that slip planarity may be im-
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portant to SCC processes because of its importance to
hydrogen* transport,'® while the grain boundary precip-

*Here we accept the view that hydrogen embrittlement processes contribute
to SCC of aluminum alloys. & 7> 11, 12

itates might be independently important as accumula-~
tors of hydrogen* and thus potential nuclei for localized
fracture.’»”**'* One way to separate these phenomena
is to deliberately use a specimen orientation which is
not subject to significant intergranular fracture..In
SCC testing, the longitudinal orientation in plate or bar
products would be appropriate.” It may still be true,
however, that the relative planarity of slip could affect
both the processes of anodic dissolution and hydrogen
embrittlement. A way to further separate these contri-
butions is to study the role of planarity in a single
process; i.e., under conditions where only hydrogen is
present. Accordingly, the present work has emphasized
behavior of hydrogen charged longitudinal specimens.

We have recently shown'® that 7075-T651 bar mate-
rial exhibits significant losses in ductility when cathod-
ically charged with hydrogen; those results reproduced
fairly closely those obtained by Gest and Troiano."">"®
Similar experimental techniques were employed in the
work described here, except that 7075 plate material
was used instead of bar material.

EXPERIMENTAL PROCEDURE

The material used was commercial 7075 plate mate-
rial, 63.5 mm thick, with the composition listed in
Table I. This plate is part of a heat that has been ex-
tensively studied at Alcoa Laboratories (identification
no. 420436) and was supplied to us by them. The grain
structure of the plate, as shown in Fig. 1, is the disk
shaped (sometimes called ‘‘pancake’’) arrangement
typical of commercial product.” Tensile specimens
with 5.3 mm diam and 25 mm gage length were cut
from the plate with the tensile axis parallel to the long-
itudinal direction (RD in Fig. 1),* and polished me-

* A few specimens were cut at 45 deg to RD with the tensile axis lying in the
RD-ST plane for special experiments.

chanically affer machining to give a uniform surface
finish. Polishing was performed with 600 grit paper
followed by oil based Linde B compound to minimize
exposure to water.
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Table I. Composition of 7075 Plate Material*, Wt Pct

Zn Mg Cu Cr Fe Si Mn Ti Be
568 248 163

019 030 012 007 005 0.001

* Alcoa Laboratories no. 420436; conforms to QQA-250/12d specifications;
plate center electrical conductivity in T651 condition is 33.2 pct IACS.

LE

Fig. 1-Grain morphology of the 7075 plate material (light micro-
graph) relative to the rolling direction (RD) and transverse directions.

Specimens were then given a conventional solution
treatment in a salt bath; 20 min at 465°C, followed by
quenching into ice water. This solution treatment not
only dissolved existing precipitates, but also annealed
any mechanically deformed surface layer resulting
from machining and polishing. This procedure is im-
portant, since a high dislocation density in near-surface
regions could affect both hydrogen permeability and
transport of hydrogen by mobile dislocations.!®2

After quenching, the specimens were pre-aged for a
minimum of 50 h at room temperature to optimize
mechanical properties.”” During this time, the samples
were electropolished in a perchloric-ethanol solution
at —30°C. The final aging treatment used was one of the
following: T6 (peak-aged temper; 24 h at 120°C), T73
temper (overaged, 24 h at 163°C), and an underaging
treatment called UT (24 h at 100°C) designed to give
about the same room temperature yield strength as the
T173 treatment. Specimens for hydrogen testing were
cathodically charged in a hydrochloric acid solution
(pH = 1), for 10 h under an applied constant potential
of —~1500 mV vs standard calomel electrode. The 10 h
time was chosen for convenience, since hydrogen
effects did not vary for times between 5 and 24 h. After
charging, the specimens were rinsed with water, dried,
and stored in liquid nitrogen to reduce the loss of in-
ternal hydrogen.

In earlier work,' it was found that appreciable inter-
granular corrosion occurred during hydrogen charging.
In the present work, two aspects of specimen prepara-
tion were changed in order to prevent such attack.
Specifically, the near-surface deformed layer was an-
nealed prior to charging, as described above, and
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chemical polishing’"»** was omitted. The new procedure

resulted in no detectable corrosion penetration (<1 pm),
as observed in longifudinal sections of the charged
material.

Tensile tests were performed at an initial strain rate
of é =8.3x10™ s, Charged and uncharged (reference)
specimens were tested at temperatures of —196, —98,
—50, and 20°C. Temperature control during testing was
maintained by submerging each tensile sample and the
grips either in liquid nitrogen or in a suitable two-
phase bath. Reference mechanical properties are
shown in Table II. To calculate the fracture strain,
the diameter of the necked region was measured using
a measuring microscope with a resolution of 1 yum.

To assess experimental scatter, at least three samples
were tested for each condition.

Transmission electron microscopy examination of
thin foils of each of the microstructures was per-
formed; foils were prepared using standard electro-
polishing conditions in a 1:2 nitric acid-methanol
electrolyte.”® Phase identification in these foils was
accomplished by electron diffraction methods.! Frac-
ture surfaces of broken tensile specimens were ex-
amined using a scanning electron microscope (SEM).

RESULTS

The grain structure of the plate material is shown in
Fig. 1; it is typical of hot-rolled aluminum alloy plate,
with the grain size approximately 400 pm in the lon-
gitudinal direction, 100 to 200 ym in the long trans-
verse direction, and approximately 50 pm in the short
transverse direction. Large inclusions containing the
impurity elements iron and silicon are found primarily
at grain boundaries (these appear as black dots in
Fig. 1).

Details of the microstructure' for the different heat
treatments are shown in Fig. 2. Independent of aging
conditions, the material contains fine, chromium-rich
intermetallic particles, which are not dissolved during
the solution heat treatment. In the 7000 series alloys,
chromium is added to form these intermetallic parti-
cles, mainly for purposes of grain refinement.”? The
size of these incoherent particles is about 0.2 to 0.5
pm.

In the underaged or UT condition (Fig. 2(a)) the
matrix contains fine, homogeneously distributed

Table 1. Mechanical Properties of Experimental Materials
(in the absence of hydrogen)

Yield Ultimate
Test Strength,* Tensile Strength, Reduction
Temp.,°C  Condition MPa MPa of Area, Pct
20 UT v 427 537 27
Té6 489 571 29
173 441 517 33
-98 uT 489 600 22
T6 544 607 23
T73 482 585 26
-196 uT 544 655 17
T6 586 655 19
T73 517 614 21

*Flow stress at plastic strain of 0.002.
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Fig. 2—Transmission electroh micrographs of microstructural details
of the three heat treatments: (2) underaged, UT, (b) T6, (c) T73.

coherent precipitates ((jP zones) with a size of
approximately 15 to 20A. In the peak-aged condition
(T8, Fig. 2(h)) a mixture of GP zones and the semi-
coherent inftermediate phase (usually called 7’) is
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precipitated within the matrix. In addition, the equilib-
rium 7 (MgZn;) phase is precipitated at the grain bound-
aries as incoherent particles; this is accompanied by
the formation of a precipitate-free zone along the grain
boundaries with a width of 250A.

In the overaged condition (T73, Fig. 2(c)), the matrix
contains relatively coarse 1’ particles; the grain
boundaries are covered by large 5 particles as well as
even larger T-phase, (Al Zn)s, Mgss, particles. The
width of the precipitate-free zone in this condition is
about 350A.

The results of tensile tests on the above materials
are shown in Fig. 3. Plotted is the reduction of area
(RA) vs test temperature for both charged and un-
charged specimens for the underaged condition (Fig.
3(a)), for T6 (Fig. 3(b)) and for T73 (Fig. 3(c)). At
temperatures above —100°C, the RA loss* due to hydro-

* Defined as (RA-RA pydrogen) + RA.

gen charging is largest for the underaged condition,
smallest for the overaged material, and intermediate
for the peak-aged T6 condition, while at —196°C, no
significant effect of hydrogen was found for any condi-
tion. The RA loss data for the charged specimens as
a function of temperature are shown in Fig. 4. They
exhibit distinct maxima for the overaged material at
around —100°C, for the T6 temper in the range of
—50°C, and for the underaged condition near room
temperature.

Examination of the fracture surfaces showed that the
fracture path was mainly transgranular, independent
of microstructure, test temperature, and charging
condition. Figure 5 shows details of the fracture sur-
faces for the room temperature tests for charged and
uncharged specimens of the UT, T6, and T73 conditions.
In all cases, both small and large dimples were found.
The size and distribution of the small dimples corre-
sponds to the chromium rich dispersoids, whereas the
large dimples can be associated with the large impurity
inclusions. A small amount (less than 10 pct) of inter-
granular fracture was found, the extent of which varied
slightly with test temperature, being greatest for the
T73 temper. The persistent occurrence of transgranu-
lar fracture is believed due to the disk shaped grain
structure. With the tensile axis parallel to the rolling
direction, the major part of the grain boundary area
is parallel to the load axis. Even though grain boundary
fracture is favored due to the presence of soft, precip-
itate-free zones in the T6 and T73 tempers, the stress
on the grain boundaries for this specimen orientation
is not high enough to fracture the boundaries.’

At low test temperatures (—50 to —200°C), secondary
cracks were found. Examples of these cracks can be
seen on the T6 fracture surfaces at —196°C, for both
the charged and uncharged condition (Fig. 6). The
effect of secondary cracking, however, is not as pro-
nounced as in the 7075 bar material tested previously."
By sectioning fractured specimens parallel to the ten-
sile axis and then polishing and etching (Fig. 7) it was
shown that these secondary cracks lie in grain bound-
aries parallel to the rolling direction (see Fig. 1).

As a test of the foregoing comments, specimens with
tensile axes at 45 deg to the RD in the RD-ST plane
were heat treated to the T6 temper and tested at room
temperature in both hydrogen charged and uncharged
conditions. The fracture path was found to be almost
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Fig. 3—Results of the tensile tests: Reduction of area vs test tempera-
ture: (a) underaged (UT), (b) T6, (¢) T73.

exclusively intergranular, as shown in Fig, 8. The grain

boundaries are fairly smooth with shallow dimples (Fig.

8(a)), as would be expected for a shear type intergran-
ular fracture,while transgranular tearing across a few
grains produced occasional dimpled steps (Fig. 8(b)).
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Fig. 4-Reduction of area loss vs test temperature for the three
different microstructures.

The dimpled fracture areas of one specimen of each
microstructure, test temperature and hydrogen content
were photographed using an SEM, with the tensile axis
accurately aligned with the viewing direction. The
specimens chosen were those whose RA value was
closest to the mean value for each condition. The diam-
eters of 100 dimples in a typical area about 500 ym
from the gage surface were measured in each case.
Results are shown in Table III. None of the differences
are significant at —196°C, but above that temperature,
in the UT condition, dimple sizes are significantly in-
creased by hydrogen, while in the T73 condition the
size is significantly decreased. For T6 material, the
dimple size did not change significantly.

DISCUSSION

The results reported above, in combination with
earlier reports,’®™*® clearly show that cathodically
charged hydrogen reduces the ductility of 7075 alumi-
num. As is typical of hydrogen embrittlement,* the
temperature dependence, Fig. 3, shows a distinct
maximum as a function of temperature; moreover, the
effect is absent at —196°C, ruling out a purely mechani-
cal effect due, for example, to some kind of charging
damage present prior to mechanical testing.

The principal new finding of this work is that the
ductility loss is a function of microstructure. This
effect was largest for the underaged microstructure
and smallest for the overaged, suggesting that the
degree of susceptibility to hydrogen embrittlement is
strongly correlated to slip planarity.’ In the under-
aged condition used here, with yield strength about 10
pet less than for T6, the coherent GP zones present
in the matrix can be cut by passing dislocations, leading
to a local softening of the slip plane and thus to the
formation of concentrated slip bands.?® In the T73 tem-
per, the matrix precipitates are semicoherent, re-
sulting in a homogeneous slip distribution.”® The T6
temper represents a transition state; the matrix con-
tains a mixture of GP zones and semicoherent 7’
precipitates. In this condition, the slip distribution is
inhomogeneous at low plastic strain, but with increas-
ing strain becomes more and more homogeneous.”
The correlation between slip distribution and hydrogen
sensitivity suggests the possibility that hydrogen trans-
port in this material is importantly influenced by
mobile dislocations.”®" With the low hydrogen diffu-
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Fig. 5—Typical fracture surfaces (SEM), test temperature 20°C: (@) underaged, uncharged, (b) underaged, charged, (c) T6, uncharged, (d) T6,

charged, (¢) T73, uncharged, (f) T73, charged.

sivity® in aluminum the large embrittling effect of
hydrogen appears difficult to explain by lattice diffu-
sion; several accelerative mechanisms have been
suggested,”?° including the dislocation transport of
hydrogen as condensed atmospheres. Our findings

METALLURGICAL TRANSACTIONS A

support the possibility of a dislocation transport
mechanism. We believe, as do many others, that a
certain, critical hydrogen concentration is needed
locally to cause macroscopic embrittlement. The
accumulation of this critical amount of hydrogen should
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Fig. 7-Intergranular secondary cracking (light micrograph); T6,
charged, tested at —196°C.

Table 111. Fracture Surface Dimple Size” for the Three Microstructures
at Three Test Temperatures

Test Temperature

Material -196°C -98°C 20°C

uT uncharged 0.142+0.041 0.160 % 0.049“ 0.156 £ 0.054
H charged 0.166 £0.067 0.195+0.063 0.178 £0.073%

T6 uncharged 0.161 £0.059  0.143 £0.040 0.196 £ 0.060
H charged 0.138+0.041 0.148+0.049 0.183 £ 0.064

T73 uncharged 0.123£0.038 0.185% 0'0531I 0.205 £ 0.060
H charged 0.128 £+0.037 0.110+0.038 0.178 £ 0.0451

*Values shown are dimple diameters in um, * standard deviation (16).
1Difference in mean values significant at 95 pct level.
1 Difference in mean values significant at 99 pet level.

Fig. 8—Fracture surface (SEM) of a specimen cut 45 deg to the rollmg direction; T6, test temperature 20°C: (a) Intergranular, shear type fracture,

(b) Small amounts of transgranular, dimple type fracture.
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be favored by an inhomogeneous slip distribution. With
a homogeneous distribution of dislocations the overall
hydrogen concentration might be the same, but the
critical hydrogen concentration to cause embrittlement
would not be reached locally.

This leads directly to the question as to the nature
of the sites at which hydrogen is transported and
accumulated.” It is known that hydrogen is accumulated
at grain boundaries,* **as well as precipitates, dis-
persoids and pores.”*>* Since the fracture mode is
transgranular, even in the presence of hydrogen, the
RA loss is apparently not caused by embrittlement of
the grain boundaries, suggesting that the other sites
mentioned could serve as nuclei for the observed dim-
pled fracture. To address this question, we carried
out a statistical analysis of dimple diameters on the
fracture surface®™ as a function of heat treatment,
charging condition and test temperature; the results of
the analysis are shown in Table III.

These data show statistically significant changes in
dimple diameter (above —196°C) only for the UT and
T73 conditions, but the total cross-section of the em-
brittled specimens is in every case significantly larger
(lower RA) than for the uncharged material. Thus for
each condition, UT, T6, and T73, it is necessary to
compare the observed dimple size ratio, (dimple
diameter)y + (dimple diameter), to that predicted
geometrically from the RA change alone.*® When this
is done, both the T6 and T73 data (above —196°C) in
Table III indicate that the total number of dimples is
higher in the charged specimens, which can most sim-
ply be explained by enhanced nucleation of microvoids
due to hydrogen.**® This is consistent with the pres-
ence of semicoherent and incoherent precipitates in the
T6 and T73 conditions, which may act as additional
fracture nuclei in hydrogen charged specimens. On the
other hand, dimple sizes are increased beyond the
geometrical prediction® in UT specimens, indicating
that the effect of hydrogen is primarily on microvoid
growth.**»%* This would be consistent with the rela-
tively planar slip and relatively few additional frac-
ture nuclei available in this condition.*® Further ex-
periments will be necessary to investigate the role
of dislocations and to obtain more detailed informa-
tion about hydrogen accumulation sites and the process
of fracture nucleation.

It is important to recognize that the transgranular
fractures observed in the present tests on longitudinal
specimens are different from the intergranular frac-
tures normally observed in SCC of short transverse
specimens of commercial plate product.? Nevertheless,
the T73 condition was more resistant to hydrogen, in
contrast to the conclusion drawn from a corrosion
fatigue study,*®” that overaging is only beneficial to
environmentally assisted fracture when an intergranu-
lar fracture mode is observed. The lack of improve-
ment from T73 aging in that work™ must have arisen
from some other cause than fracture path.

The work of Swann, Scamans and coworkers®>* has
clearly shown that the presence of hydrogen can damage
grain boundaries in high purity Al-Zn-Mg alloys with
equiaxed grain structure; they also showed that addi-~
tion of 1.7 pet Cu (see Table I) greatly increased resis-
tance to hydrogen effects. Thus, it is unclear that the
well known benefits of Cu to SCC resistance®”®s” of these
alloys is in fact electrochemical in nature, as has been
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claimed.”® The role of grain boundary microchemistry
changes, particularly Mg segregation,® is also unclear,
but the pronounced Mg-H interaction which would be
expected'® may well be part of any explanation of hydro-
gen effects in these alloys.

The transgranular fractures in the present work
evidently stem from the orientation of the tensile axis
relative to the major grain boundary surfaces. Even if
the grain boundaries were embrittled by hydrogen, or
softened by the formation of precipitate-free zones,
neither the shear stress nor the normal stress is
evidently high enough to fracture the grain boundaries,
It was to test this possibility that the 45 deg specimens
were used; in such an orientation, the shear stress on
the major grain boundary surfaces is maximized and
the normal stress on the boundaries is minimized. As
Fig. 8 shows, intergranular fractures were observed
and a hydrogen induced ductility loss was present. The
secondary cracking observations in the longitudinal
specimens are also consistent with this rationale. The
secondary cracks form after the onset of necking, when
a triaxijal stress state develops and normal stresses
begin o be exerted on the major grain boundary sur-
faces, especially near triple points and other areas of
nonuniform stress. This was verified by sectioning
specimens parallel to the load axis well after the onset
of necking, but before fracture; no longitudinal cracks
were found. Apparently the secondary cracks are
formed immediately before or during final fracture.

The proposal that hydrogen embrittlement is at least
a contributory process, and may be a dominant one, in
the phenomenon of stress corrosion cracking (SCC) of
7Q75 and other high strength aluminum alloys has been
presented by a number of investigators ®>7711s1%:14,1%,17
31,37,4044 N9 direct evidence on this question is offered
by the present results, but it is appropriate to con-
sider the implications of this work for the SCC problem.
Firstly, if there is a hydrogen embrittlement contribu-~
tion to SCC in 7075, it need not occur solely through an
effect on intergranular fracture; the present work
demonstrates a distinct hydrogen effect on trans-
granular failure. Secondly, the fracture path appears
to be a function of loading direction, with short trans-
verse or RD-ST 45 deg specimens showing intergranular
failures, and is not necessarily a function of electro-
chemical phenomena. This is consistent with the micro-
structural evidence in Speidel and Hyatt’s review.?
Thirdly, the decreasing sensitivity to hydrogen asso-
ciated with increased aging is consistent with the
parallel behavior of SCC susceptibility as a function of
aging,” indicating at least the possibility that the SCC
dependence on microstructure relates to hydrogen
effects. This last point could be more directly in-
vestigated using Mode I-Mode OI tests,'® experiments
which are now underway in our laboratory.

SUMMARY

The response of 7075 aluminum having three different
microstructures (underaged, peak-aged and overaged)
to cathodically eharged hydrogen was examined in the
test temperature range of —200 to 20°C, The principal
results were:

1) For all microstructures, a temperature dependent
loss of ductility due to hydrogen was found.

2) The effect was absent at the lowest test tempera-
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ture, ruling out a purely mechanical effect due to charg-
ing damage present prior to mechanical testing.

3) The temperature dependence of the embrittling ef-
fect showed a distinct maximum, which was dependent
on the microstructure; with increasing aging tempera-
ture, the maximum shifted towards lower test tem-
peratures.

4) The ductility loss was a function of microstruc-
ture, being highest for the underaged and lowest for the
overaged material, which suggests a correlation be-
tween hydrogen embrittlement and slip planarity. The
pattern found here qualitatively mirrors the pattern
found for stress corrosion cracking susceptibility.

5) It was found that the fracture mode was not affected
by microstructure and charging condition. For all
temperatures, a transgranular dimple type fracture was
observed, which is believed to be due to test geometry
relative to the pancake shaped grains. The dimple size
data suggested enhancement of microvoid nucleation
in T6 and T73 specimens, and enhancement of void
growth in UT specimens, as the primary hydrogen
effects.

All these results confirm a hydrogen embrittlement
effect responsible for the ductility loss. However,
more detailed experiments are needed to understand
the fracture nucleation events as well as the hydrogen
transport mechanism.
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