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Correlation of grain-boundary precipitates
parameters with fracture toughness in an
Al-Cu-Mg-Ag alloy subjected to long-term
thermal exposure
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The effect of thermal exposure on grain-boundary precipitation in Al-Cu-Mg-Ag alloy was
studied using quantitative transmission electron microscopy. Grain-boundary precipitate
parameters, such as average size, number density and precipitate-free zone width, were
measured. The effective diameter of precipitates, number of precipitates per
grain-boundary area and area fraction of precipitates on the grain boundary were
calculated. These data were applied to a grain-boundary fracture model to calculate
grain-boundary fracture strain. The calculated fracture strains, in turn, were used to check
the validity of two existing models of fracture toughness, which are based on
grain-boundary nucleation of cracks and their propagation through precipitate-free zones.
The fracture toughness model of Hornbogen and Graf closely agrees with the experimental
results. © 1998 Kluwer Academic Publishers

1. Introduction aluminium alloy fracture properties. The objective of
Al-Cu—-Mg—-Ag alloys, strengthened by ti§& phase, the present study was to investigate the effect of long-
have been of interest recently in the aerospace angrm elevated temperature exposures on the microstruc-
aeronautic industry because of their excellent thermallural parameters of the grain boundary, and to correlate
stability [1]. The alloys have been considered as canthese parameters to fracture toughness of an Al-Cu—
didate materials for potential elevated temperature apMg—Ag alloy.

plications. Although the alloys retain their favourable

tensile properties after exposure to temperatures below

120°C, they undergo fracture toughness degradatio2. Experimental procedure

after a long-term thermal exposure at higher temperaThe test alloy was obtained from ALCOA in the form
ture [2]. Study has shown that at 135 long duration of a 2.3 mm thick sheet and has a nominal compo-
thermal exposure, these alloys suffer both yield strengtlsition (wt %) of 5.4Cu—0.5Mg—0.5Ag—0.12Zr—0.3Mn,
and fracture toughness degradation [2]. Recent studigzalance Al. The thermo-mechanical processing in the
have shown that area fraction of ductile intergranulamproduction of the sheet, combined with the presence
fracture increases with increase in thermal exposuref numerous large constituent particles led to a recrys-
temperature and times, and that precipitates coarsdallized microstructure with a near random texture [6].
significantly in the matrix at 135C in these AI-Cu— The alloy was heattreated to acommercial T8 condition
Mg—Ag alloys [3, 4]. and exposed at 13% for 1000 and 3000 h.

Correlation between the mechanical properties and Grain-boundary characterization of the alloy was
microstructural parameters has long been pursued byerformed using transmission electron microscopy
metallurgists. Several models have been develope(MEM). A Philips EM 420 equipped with EDS and
which describe the relationship between fracture tougha double tilt holder was used for the analysis. TEM
ness and grain-boundary microstructural characterisspecimens were cut from the alloy, then electrolytically
tics [5]. These models predict an increase in yieldpolished at—30°C and 12 V in a 30% HN@+ 70%
strength with a decrease in fracture toughness. Howmethanol bath. The thin region of TEM foil was near
ever, there are very few experimental attempts to linkhe t/2 location in the sheet. Because the texture was
grain-boundary microstructural parameters with bulkweak, grain boundaries were selected randomly. A
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VAP ARV A A A A BV S B S S Y a crack extension of 2 mm, wherkis the value of
P N AV A R the appliedJ-integral atAa =2 mm andE is Young's
Matrix modulus of the alloy.
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.5 The primary strengthening precipitate in the T8 condi-
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.« L— PFZ tion of the alloy is the® phase which forms ofl 1 1}
matrix planes, and with chemical composition,&l
ARV A A ' . - .
L G [7, 8]. The other precipitates coexisting with tke
LSS ﬁ ,; S SSS phase in the alloys are€ &nd6’ phases. Fig. 2 shows
PRV A S a;”f* R N A the Q phase in the matrix of the alloy in the T8 con-
PR A R N R R dition (electron beam parallel t® 1 1)»;). Two vari-

ants of the phase can be seen in edge-on orientation.
Figure 1 Schematic illustration of grain-boundary and precipitate TN€ grain-boundary precipitates were determined as the
parameters. Q phase. Grain-boundary precipitates were larger than
those in the matrix. Their morphology appeared depen-
dentonthe plane of the grain boundary. High-resolution

grain boundary was tilted to the edge-on position, and 6'1I'EM observation indicates that the grain-boundry

. o . phase is likely to form on thgl 1 1} facets of the grain-
TEM image was taken nearthethlnf0|_l edge n ordert.oboundary plane, and that its morphology is that of a
avoid overlap of grain-boundary precipitates. The foll

thickness in the area of interest is of the order of theth'Ck plate. At relatively low magnification<(x 1¢°)

precipitate diameter. This avoids the need for foll thick-and with geometry restrictions (grain-boundary plane

ness measurements and allows treatment of the data must be parallel to the electron beam), however, the
a two-dimensional problem. More than 20 TEM nega_a?ain—boundary precipitates can be treated as allotri-
tives (all at a magnification ok68000) with different omorphic and the grain boundary as a straight line.

; X . In Fig. 3 the grain-boundary precipitates are shown
grain boundaries were taken for analysis at each eXPd the T8 and T8 135° C/3000 h conditions. Grain-
sure condition. The grain-boundary features were me X

sured using a low-power magnifiex £0) and a scale %oundary parameters of the alloy with three different

with a resolution of 0.1 mm. The parameters extracteéhermal exposure conditions are listed in Table I.

from such measurements included: precipitate line den- In Fig. 4, the alioy yield strength as a function of
. ) -preciprate ! exposure time is shown for a 136 exposure tempera-
sity at the grain boundargy, or number of precipitates

per length of grain boundary; width of precipitate freeture. Reduction of the yield strength following thermal

zone,W; precipitate size: length,, and thicknessH, _
as shown in Fig. 1. These parameters can be further ma£BLE | Grain-boundary parameters
nipulated to obtain the number of precipitates per unit; ¢ W D

. . . Ns
area of grain boundaryNs = n2; mean size of grain condition @m)  um)  @m?) A
boundary precipitatesD = (LH)Y2, and area frac-
tion of grain-boundary precipitategy = 7 (D/2)?Ns. Ing 5 AT 8-832 8-828 gggz 8-‘7‘32
i i — 1/2 i . . .
Here the relationship dd = (L H)*<, the mean size of T81135°CIAx 1Fh 0040 0023 1939 0.799

precipitate, is based on the observation that the grain-
boundary precipitates are more oval shaped than spher-
ical: the dimensions of the precipitates in the plane
of the boundary are, in general, better represented byg
the relationship shown than by the use lofalone. %
Because of the narrow distribution of grain-boundary
particle sizes, we also made the approximation that [
(r)y2~(r).

Room-temperature tensile properties of the alloy
were measured in three conditions, namely, T8 18
exposed for 1000 h/13% and T8+ exposed for
3000 h/135C. As the test alloy was obtained in sheet

3 \
l—ql \ %
e N - X
"y ¥ X p "

product form, a measure of the crack growth toughness v H g ! &t

. . -" ~> % X L : v N AN
was desired. Hence, the following procedure was used SR EREES "SR o Wiy
to provide a measure of the resistance to crack growth: ,-&, o L B
L-T orientation compact tension specimens vilih= ’n

50.8 mm were machined from the sheet; the speci- &8 ‘!,{ :
mens were tested in accordance with ASTM E1152-87, \_. S i

“Standard Test Method for Determining-R Curves”; o2k &
the Smgle Specimen method with determination of Cradfzigure 2 Q precipitates along0 1 1) direction, with two variants of

length via Unloading compliance was used. The retheq phase in the matrix. The SAD pattern (insert) shows the streaks
ported toughness is that corresponding d&E)/2 at  along the(1 11) direction.
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exposure at 1000 and 3000 h indicates that coarsening
of the matrixQ2 has occurred in the alloy [4]. The ef-
fect of exposure on fracture toughness, determined at
crack extensioha =2 mm, is shown in Fig. 5. Adrop

in fracture toughness for the 1000 h exposure with re-
spect to the T8 condition can be seen. Between 1000
and 3000 h exposure, fracture toughness value increases
slightly. Fractography indicates that intergranular
fracture with shallow dimples, becomes more preva-
lent after long-term thermal exposures [3]. Reynolds
and co-workers observed that area fraction of the inter-
granular fracture increases dramatically as a function
of exposure time at 13%C [2, 3].

4. Discussion

To correlate the microstructural parameters of grain-
boundary precipitates with mechanical properties
at the grain boundary, an equation developed by
Kawabata and Izumi [9] was applied. Kawabata and
Izumi [9] developed a model to calculate fracture strain

Figure 3 (a) Grain boundary in the T8 condition, and (b) after 3000 h @t grain boundaries, which is based on microstructural
exposure at 135C.
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Figure 4 Tensile yield strength as a function of exposure time at'135
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Figure 5 Fracture toughness as a function of exposure time at@35

parameters of the grain boundary. The model treats the
ductile intergranular fracture as a function of charac-
teristic grain-boundary parameters, such as precipitate
size, precipitate-free zone (PFZ) width, and number
of grain-boundary precipitates per unit grain-boundary
area. Based on the idea that fracture occurs due to void
formation atinterfaces between the grain-boundary pre-
cipitates and the matrix, and that their growth and coa-
lescence occurs in the PFZs, they derived an equation
to describe the fracture strain. The fracture strajn,

at the grain boundary is expressed approximately as

W
&fi = kD3—NS 1)

wherek is a constant related to interfacial energy be-
tween grain-boundary precipitate and the matrix, and
strain ratio of the PFZ to the grain interior [3)/ is the
PFZ width,D is the size of grain-boundary precipitate,
and Ns is the number of grain-boundary precipitates
per unit area. Using the parameters from Tabig Bre
calculated and listed in Table II.

Fractographic observations for the three conditions
show that the area fraction of intergranular fracture
increases after 1000 and 3000 h thermal exposure at
135°C [2, 3]. This indicates that voids nucleate at
the grain boundary, and crack propagation takes place
along the soft PFZ region. Based on cracks propagating
alongthe softcellwall (PFZ), amodel was developed by
Hornbogen and Graf [10]. To correlate fracture tough-
ness, yield strength and microstructural parameters as

TABLE Il Mechanical properties and grain-boundary precipitation
parameters as a function of elevated temperature exposure time

TE. Kec oy oyi e = W/D3Ns (oyien W)Y/?
time (h) (MPan¥2) (MPa) (MPa) (%) (MPa nly?)
0 90 498 305 3.61 5.55
1000 74 494 298 1.85 4.26
3000 75 465 285 1.72 4.43
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Figure 6 ExperimentaK. versus é’ySﬁW)l/z for the Hornbogen-Graf
model. (—) y=19.097+ 12.76x, R=0.99784.

given by the following equation

Ko — Eoyieqr W 12
Ic = CSB

whereK|. is the plane strain fracture toughnegsijs
Young's modulusgy; is the yield strength at the grain
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Figure 8 ExperimentalK versus @& %% —1)%2 for the Embury-Nes
model. (—) y = 67.48+ 187.9x, R2 = 0.9387.

fracture toughness as a function of thermal exposure
time at 135'C, are listed in Table II.

Using the data from Table Il, the fracture toughness,
K¢, was plotted as a function ofiges W)Y/? as shown
in Fig. 6. The results show a perfect linear relation-
ship. For comparison, the grain-boundary parameters
obtained in the present study were used in an alternate

boundarygy; is the fracture strain at the grain boundary, model developed by Embury and Nes [11]. Based on

W is the PFZ width,C is a constant, an&s is the
grain size. Becausk, C, S5 are constants, ang, o
W/ D3N, the equation can be written as

(3)

In our work, we make the assumption that when th

Kic o (oyiesi W)l/z

material,oy;, is equal to the alloy strength in the T4

their model,K is proportional to £;)%? and alsoK

is proportional to A% — 1)/2 [11]. However, Fig. 7,
which is a plot ofK versus £)Y/?, and Fig. 8, which

is a plot ofK ¢ versus A *° — 1)/2 do not show such a
good fit as that obtained in Fig. 6. Variation f with

the three grain-boundary microstructural parameters,

- o oyesW)P2, e2/%, and (A-%° — 1)¥/2 plotted against ex-
alloy is in the T8 condition, the strength of the PFZ '

posure time at 13%C, is shown in Figs 9-11. As
shown in Fig. 9, the trend in the variation Kf, with

condition. Then, following Hornbogen and Graf [10], exposure time is correctly duplicated by the parameter

we assume a linear relationship between the overage(qj

ve W)Y/2. Such is not the case for variations of ei-

alloy strength and the PFZ strength. The calculated Valfherafli/z and (Af_o.g, — 1)42 (see Figs 10 and 11) for the

ues of yieq W)Y/2, fracture strain, yield strength and
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Figure 7 ExperimentalK. versus W/D3Ns)¥/2 for the Embury—Nes
model. (—) y=382+517x, R>=0.983.
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tween area fraction of intergranular fracture and frac-
ture toughnessis quite complicated, and is not described
by alinear relationship such as that betwegma{W)*/2
andK. in Fig. 6. This may be because, in addition to
changes in the amount of ductile intergranular fracture
which may occur as a function of exposure time, the
energy of such fracture is not a constant, i.e. not all
intergranular fractures are the same.
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5. Conclusion
A simple method was developed for quantitative anal-
ysis of TEM image of grain-boundary precipitates.
Grain-boundary characteristics parameters such,as
W, Ns and As were obtained by quantitative TEM anal-
ysis. The values oV, D and As increase and the value
of Ns decreases after 1000 and 3000 h thermal expo-
sure at 135C. These parameters were used in an equa-
tion developed by Kawabata and Izumi, to calculate the
(Figs 10 and 11) show a tendency for the parameter t§rain-boundary fracture straisy;. The calculated frac-
decrease at 3000 h, witM\(O'5 — 1)¥2 declining faster ~ ture straingy, decreases with exposure time at 185
thane/2. Based on the above discussion, it appears tha" comparing two fracture toughness models to corre-
the Horbogen—Graf model fits the experimental data2t the mechanical properties and microstructure pa-
better than does the Embury—Nes model. rameters, the model developed by Hornbogen and Graf
The Hornbogen—Graf model also indicates that the?PP€ars to show a near perfect agreement between the
fracture toughness is not only a function of grain- experimental data and calculated fracture toughness

boundary parameters but also a function of matrix Ioayariation. Itis worth noting that the model also predicts

rameters, such as yield strength. Li and Shenoy’s workECOVery Of fracture toughness for the T&53000 h
indicates that the change of yield strength following€XPOSure, as borne out by the results from the present
thermal exposure at 1000 and 3000 h is the result oftUdy:

changes in the type of precipitate, number density of

precipitates and their volume fraction in the matrix [4].
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