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Al-Si-Cu alloy enhanced to high-temperature application by nickel addition
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The present research evaluates commercial aluminum alloys 319 (AA319) and modified series by Ni additions on microstructure and me-
chanical properties through x-ray diffraction, electron microscopy, hardness, and tensile tests. All AA319+X%Ni compasitods (

1, 2) improved both hardness and UTS at room temperafiéepver-aging, and high-temperature conditions. UTS obtained an improve-
ment of around 30% tol A319 + 1%N: and AA319+2%Ni relatives to unmodified reference frdh6 and high-temperature conditions.

In addition, Ni increased remarkably the numbei96Al,Cu pairs and reduced their thickness within the aluminum matrix compared to
commercial alloy. The synthesis methodology is also adaptable to the current aluminum casting industry, creating the material in ingots and
finished products.
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1. Introduction crostructure and mechanical properties in as-c&§theat

_ _ _ _ treatment, and overheating conditions.
The use of aluminum alloys is of great interest in automo-

tive and industrial applications that depend on the weight-to-
strength ratio [1-3]. Al-Si-Cu systems [4, 5], among them2. Experimental procedure
the A319, can further improve their mechanical properties
by standard heat treatments [6, 7], by the@u (') nano- The raw materials were commercidlA319 and Al-20Ni
precipitates and ASi (e-Si) micro-precipitates phases [8,9]. (wt.%) master alloys. Thel A319 alloy was melted at 74@
Although improvements in the mechanical performance ofn @ graphite crucible using a Lindberg Blue electric fur-
Al-Si-Cu alloys due to phase-related change§’ddfter var-  Nace. Al-20Ni master alloy was added in different propor-
ious heat treatments, their engineering applications remailions to obtaint-1, +1.5, and +2%Ni modified alloys. Syn-
limited to temperatures below 150 [10]. A necessary addi- thesized alloys were degassed for 5 minutes using Ar gas and
tional characteristic to modern applications is lightweight to@ graphite propeller at 490 rpm, then 0.38 (%) of Al-5Ti-B
work at higher temperatures. However, Al-Si-Cu systems cafrain refiner was added. Table | contains elementary quantifi-
be modified in their chemical composition through additionalcations obtained by inductively coupled plasma-atomic emis-
alloying elements. In this regard, Ni, which generates Al-NjSION SPectroscopy.
intermetallic compounds that exhibit high thermal stability =~ Mechanical properties were measured by tensile and
and high melting point, is an excellent option for aluminum hardness tests using as-cast and heat-treated samples; this
alloys. It has been reported that additions of 1 to 2% Ni to
2z and3zz series alloys enhance hardness and tensile prop=
erties at elevated temperatures [11, 12], due to precipitatioAABLE |. Chemical compositions obtained by ICP-AES: AA319
of Al3Ni, Al 3 (CuNi);, and ALCu,Ni intermetallics [13,14]. corresponds to the commercial alloy .unt|| modified compositions
Specifically, toAA319, Ni improved UTS by forming Fe- correspond to +1, +1.5, and +@{.%) Nickel.
rich intermetallics, reducing this impurity in the alloy. Fe-Ni Si Cu Fe Zn Mg Mn Ni Al
intermetallics, as AlFeNi, have a relatively highthermal sta- 51319 794 251 07 039 033 025 004 bal
bility at typical temperatures used hA319 heat treatments, L1%Ni 764 22 057 037 033 024 1.08 bal
so they would not be affected by subsequent heat treatments. o ' ' ' ' ' '

This research studied the Nickel effect as an additional T1-5%Ni 7.47 211 0.59 037 033 024 159 bal
alloying element in aluminum alloy 319 alloys regarding mi- +2%Ni  7.13 21 054 038 031 0.26 215 bal
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TABLE |I. Nomenclature corresponds #4319 and Ni-modified alloys. Tests at ambient temperature correspond to as-cast (AC), solubilized
+ aging ('6), andover — heating at 250 C (OH) conditions. Tensile tests performed at high-temperature conditionsitveamples
correspond to 498C (HT1) and 520C (HT2).

Test temperature at 26 Test temperature at 250
Sample Solubilizatiofnsa4gs0c) Solubilization snsaszo0c)
T6 OH (45mina250°c) HT1 4smina2s0°c) HT2 (45mina250°c)
Al-319 Are Aon Apgm Anr2
+1% Ni +1%Nrg +1%Non 1%Ng71 +1%Ng T2
+1.5% Ni +1.5%N-¢ +1.5%Non +1.5%Ny 11 +1.5%Ny 12
+2% Ni +2%Nrg +2%NoH +2%Ng71 +2%Ng 12

last case considered room temperature and @a@nditions.
Regarding room temperature tests, the thermal history of a)

samples includes four categories: « Al .
o Si Ay

I) As-cast (AC), | Cu

: O * Al,Cu Axc

I) Ts_1 consisted of solubilization at 496 for five = AlFes
hours, quenching in the water at €D and aging at ‘; | sio2
220°C for three hours. & | aiske .

O Al6Fe

[ll) Ts_o consisted of solubilization at 52Q for three | ® AlCu
hours and the same quenching and aging. . »

IV) Overheating condition (OH) obtained iy, samples “"'—-'-+__._-..+1.__ o | =l !_: . L« BT @
subject to 250C for 45 minutes, then cool at room - | e
temperature. e e o e e St S ptron

20 40 60 80

V) High temperature of 25 after 45 min for tempera- 20 (Degrees)
ture homogenization test if_; andTs_».

-

A Panalytical X'Pert PRO diffractometer was used for * 2Nrs
the initial characterization by X-ray diffraction (XRD) tech- - 2f\f4c
nigue with Cu radiation at 40 kV and 35 mA. Samples pre-
pared by conventional metallographic techniques and chemi-
cally attacked usin@Oncios/80meon Were analyzed by scan-
ning electron microscopy (SEM), JEOL 5800-LV operated ’;
at 20 kV. In the transmission electron microscopy (TEM), i‘i b4
we used PHILIPS CM-200, and JEOL JEM2200FS oper-
ated at 200 kV. Metallographic preparation was based on . "
electropolishing at -30C using30uxnos/70meon €lectrolyte * | |
solution and 20 V. Samples to tensile tests were manufac- '1131;;' o I '[.'L'. 1 * e |.ﬁ  ,

e’ - et

tured according to the E8-ASTM standard and tested in an
Instron-337 universal machine at 0.1 mm/s. Evaluation hard-
ness in aRockwell-Wilsortester was done and reported on
theRockwell-Bscale.

M—.—J - __p: A\ ¥Y o S A - ) W v\.—-\.—_
20 40 60 80
206 (Degrees)

FIGURE 1. X-ray diffraction patterns for as-cast afith condi-
3. Results tions: a) Al-319, b) +2%Ni. Crystal structures were determined
using the Rietveld method.
In Fig. 1, XRD patterns show the peaks corresponding to the
significant constitutive elements Al, Si, and Cu. Quantifica-significant variations were observed compared to the AA319
tion of metallic-Cu was slightly higher ifi'6 than as-cast. and AA319 + 2%Ni. The ALCu phase was observed in
The Ni addition does not change this behavior. Cu clusters1 A319 after 76 heat treatment. An unexpected319 +
suffered significant changes due to heat treatment, where n@%Ni Al,Cu phase was obtained in a lower concentration.
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)
CuFeMn

1008V 10pm

Gray phase | Clear phase |
% | A | W% | _4;:'4__|
CAIK 5190 61.98 | 53.66 | 68.30
| SiK 1892 21.71| 07.26 | 08.88 |
" MnK | 0654 03.84 | 03.88 | 02.42 |
" FeK | 12.34] 07.12 | 09.18 | 05.65 |
| NiK 10307/ 01.69 | 15.40 | 09.01 |
| Cuk  [0723]03.6710.62] 05.74

left phase right phase |
W% | At% | Wit% | At% |
AIK 48.77 | 65.08 | 37.98 | 58.17 |
SiK 06.06 | 07.77 | -- -
MnK 03.82 | 02.51 | -- -
FeK 06.26 | 04.03 | --
NiK [ 1544109472
Cuk 1966 | 11.14

Element | Element

left phase right phase

Element o 1 e T | Ars |
AIK 44.80 | 57.02 | 62.89 | 74.50
SiK 17.21 | 21.04 | 03.92 | 04.47
MnK 02,55 01.59 | 02.10 | 01.22

[FeK | 0369|0227 02.75 | 0158
UNiK | 20.63 | 12.06 | 16.98 | 09.26 |
Cuk 11.12 | 06.01 | 09.25 04.66

FIGURE 2. SEM micrographs of as-cast afith heat treatment conditions; a) as-cast319, b) AA319rs, ) as-castAA319 + 2%Nirs,
d) AA319 + 2%Nir¢. The EDS results in Figs. c), d), and g) correspond to the representative phases found in more significant quantities in
each thermal state and chemical composition.

To AA319 + 2%Ni, additional phases were indexed corre-arrangement that the observed for as-c4s4t319 + 2%Ni
sponding to expect AINi and AICu. ThE6 heat treatment (Fig. 2b)). ¢-Si precipitates were rounder in shape and
does not modify Ni intermetallic compounds because of thersmaller than the case of as-calst319 + 2%Ni than in com-
mal stability, which is related to an expected increment in themercial A A319, while e-Si precipitates appear in block-shape
hardness performance. morphology after Ni addition.

SEM micrographs (Fig. 2a)) of the as-catt319 show Al,Cu clusters were identified as coarsening particles in
that a-Al precipitates do not present a clear dendritic ar-the as-cast stage. Intermetallic particles were identified along
rangement morphology, obtaining a similar microstructuralAl-matrix containing as main elements: Cu, Fe, Mn, and Ni

Rev. Mex. Fis68031004
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FIGURE 3. TEM micrographs of a1 A31916, b)AA3190H1, €) AA319 + 1%Nrg, d) AA319 + 1%Non. In all cases, elemental analyses
are listed and labeled &pectrurmand the studio number.

[15]. In the case 0fAA319 + 2%Ni (Fig. 2e)), AkNi in Elemental analysis is included for phases commonly present
ribbon-like morphology was the most notable effect after Niin alloys in Fig. 2¢), d) and g).
addition [16]. Ni intermetallics precipitated with Fe and Cu  Regarding Cu clusters, there was a similar amount of Cu
elements [17]. Microstructural changes dud®heat treat-  dissolved ina-Al after Ni addition, which remained without
ment were observed following the Oswald ripening processsignificant changes in bothA319,¢ and A A319 +2%Nirg.
a notable effect of coarsening and roundesi in AA3197¢  Additionally, in both solution temperatures schemes (495
until remained some sharpestdm319+2%Nirg (Fig. 2f)).  and 520C), Cu clusters were maintained in similar amounts

and sizes. The morphology of #feNi was modified in Ni

Rev. Mex. Fis68 031004



Al-Si-Cu ALLOY ENHANCED TO HIGH-TEMPERATURE APPLICATION BY NICKEL ADDITION 5

samples, differing from undesirable Fe phases with sharpus thermal conditiori]'6. AA319 + 1%Noy was enhanced

edges. around 10% relative to the reference alléyl31904 and 5%
Figure 3 characterized by TEM the evolution of micro- compared to the maximum ofA319¢.
and nano- precipitates inA319 and AA319 + 1%Ni at7T6 In Fig. 4b, tensile tests are shown: in the as-cast condi-

and over-heating thermal stagds6 heat-treated samples in tion, AA3194 1%Ni sample obtained the highest UTS values

Figs. 3a) and 3c) show dark phases of irregular morphologyf 218 MPa, followed byd 4319, +1.5%Ni, and +2%Ni (178

corresponding to high Si content precipitates with a simi-MPa). AfterT6 thermal treatment4 4319 + 1.5%Nip¢ and

lar composition rangeAA3197¢ (Fig. 3a)) contains a high A A319+4 1%Nip¢ samples present the highest UTS values of

density of ALCu—¢’ precipitates in needle-like morphology. 278 and 267 MPa, respectively. In comparison, the AA319

However, in AA319 4+ 1%Nirg, the presence of needles- value was 246 MPa; over-heating conditions, the deteriorat-

pairs with a relative angle of 9C was increased, as seen ing effect in 4431904 and AA319 + 1%Noy Samples were

in Fig. 3c). The average thickness#fin AA319 + 1%Nirg evident. For thed 4319 + 1.5%Noy and AA319 + 2%Non

was close to 60%, a smaller amount than those needles copamples, UTS values were 260 and 264 MPa, respectively,

tained inAA3197¢. Interestingly, even Ni and Cu’s affinity evidencing the effect of the addition of Ni. UTS reaches max-

at the nanoscale level is not observed as the dominant inteimum values at th&'6 stage ford. 4319¢, AA319+1%Nrg,

action to form Ni-Cu phases in competition with»8lu nee-  and AA4319 + 1.5%N7g; however, a pronounced drop of ev-

dles. ery maximum peak was observed in the over-heating condi-
The TEM micrograph presented in Fig. 3b) reveals thation. The maximum UTS was obtained at over-heating for

high temperatures, described in the experimental sectiord A319 +2%Noy. UTS values until high-temperature condi-

produce thermal degradation of tHed319. AA31904 Sam-  tions were maintained in the range of 136 MPRAG19 +

ple shown in Fig. 3b) a representative area wh#r@ee-  1%Nyr;) to 182 MPa @AA319 + 2%Niyr;). Regarding

dles have been coarsened, retaining a minimal quantity in thghe higher solubilized temperaturd 72, the range was 112

matrix. In the evolution of the nanostructure 44319 + (AA319 + 1%Ng72) to 162 MPa AA319 + 2%Ng12).

1%Noy, Fig. 3d) differs fromAA31904 due to the higher

amount of’ phases. Even though needles inAA319 +

1%Noy retain the morphology and high aspect ratio, com-4. Discussion

pared to T6 heat treated thermal state, they are coarser and

retain a close and similar spatial distribution. Commercial aluminum alloy 319 (AA319) aftef6 heat
Figure 4 concentrates hardness and tensile test measuré&atment reduced the amount and size of Cu clusters due to

The presence of hard Ni phases should be enough to increatit€ solubilization process activated by high temperat@fe [

hardness value regardless of thermal history; thus, this waé Ni-modified samples, a significant reduction in the size

observed since the as-cast condition, as seen in Fig. 4a). #d quantity of mentioned Cu-clusters was presented. Re-

was observed a gradual increment in hardness with Ni corgarding indexed crystal phases, XRD showed a quantity de-

tent additions in modified alloys. In tHE6 condition, hard- ~ crease i?’-Al 2 Cu due to Ni addition. Such results contrasted

ness variation is not significant since changes were just ®ith TEM observations showing a higher densitydoto all

few units. It was observed mechanical degradation by overmodified samples. This behavior can be attributed to XRD

heated condition after high-temperature condition, with in-differences related to reducing the coarsenes8’ @hases

crement in hardness as a function of Ni content. The hardnedbat precipitated in Ni samples. Ni phases formed in modi-

of AA319 + 2%Non increased significantly from its previ- fied samples consisted of A, identified at the microscale

MAA319 B1.0%Ni SH15%Ni [2.0% Ni -8-AA319 & 10%Ni A 1.5%Ni -®- 2.0% Ni

56 280 A
2 ¢ .
2 sy 290 e
S &
& 50 S 220 | ¢ | |
T
@ == o
=y vy 190
— w
T .
S a4 o, 160
8 [9p]
e 130

18 100 -

AC Té OH HT1 HT2

FIGURE 4. Rockwell B Hardness and UTS values for all chemical compositidAs;19, AA319 + 1%Ni, AA319+ 1.5%Ni, andAA319+
2%Ni. Used thermal stages were; as-cd¥, over-aging, and high temperature for two different solubilization temperatures HT1G3%95
and HT2 (520C).

Rev. Mex. Fis68031004



6 J. CAMARILLO-CISNEROS, R. EREZ-BUSTAMANTE AND R. MARTINEZ-SANCHEZ

dimension and indexed by XRD. Ni precipitates must con-starting the high temperature, thereby delaying the alloy’s de-
sist of a range of other reported phases. However, jugtliAl  terioration.

was in the range of XRD sensitivity?’-Al,Cu dimensional Al-Ni precipitates are hard and brittle particles, which can
reduction with the highest number of needles could improvedecrease UTS in the way that occurredin319 + 2%N 4.

UTS due to the highest number of obstacles to nanofracturddowever, the increase of ACu phases positively counter-
diffusion. An essential difference betweend319 and Ni  balanced the presence of Ni phases in a significant way. UTS
modified samples showetl needles inAA319 with higher  value increased by Ni addition due to the higher density of
density. In the case of Ni modified samples, there were preAl,Cu with a smaller dimension. The observed drop in UTS
cipitated in two different directions creating a high amount ofvalues at high temperatures and long times is due to the coars-
0’ pairs. 8’ mainly drove the hardness behavior until needleening of Al-Cu and Al-Si precipitates, which quickly screen
pairs were not influenced positively because of hardness dehe improvements done by Ni precipitates. It is a known fact
pending on the global value ef-Al deformation. It can be that the coarsening of ACu phases is presented as a func-
rationalized thaf'6 results ind’ needles, which are the prin- tion of the temperature. However, the detrimental effect of
cipal hardness enhancement, and Ni precipitates were screemansformation kinetics of thé’ phase in this condition was

ing contribution. The 250C overheating conditions did not attenuated mainly in thd A319 + 1%Noy sample.

significantly modify the hardness values, and therefore, the

presence of the ANi intermetallic was responsible for ther-
mal stability. Due to that, a dynamic transformation was no

observed; hardness decreased due to the coarseniBiol g mercial aluminum alloy 319 and a series of alloys mod-

andd’-Al,Cu phases. Hardness increased at the as-cast st%%d with +1.0%. +1.5%. and+2.0% Nickel were used to
was expected due to hard Ni precipitates in modified aIIOySinvestigate their micro and nanostructural evolution. The syn-

However, thel’6 heat treatment condition and hardness _be'thesized conditions were as-cag$, overheating, and high

havior depended of’ formation and presence as the prin-

ial hard h Hard q t b 4emperature. By TEM micrographs, it was concluded that
cipal hardness p /ase. araness gecrement was observe r?é modified alloys reduc#-Al,Cu precipitation kinetics in
over-aging due t@’ phase coarsening as observed by TEM

micrograph (Fig. 3b). comparison to the commercial alloy. The direct effect of Ni

- o . additions on mechanical properties was an increase in both
On the other hand, the retaining#fin Ni modified sam- brop

hardness and UTS. In the latter case, the maximum UTS

ples (Fig. 3d) was responsible for the favorable mechanica\llalues atl'6 were for AA319 + 1.5%Ni addition, followed

response. Copper-rich nanostructures were responsible fB AA319 + 1.0%Ni. After being subjected to 25C for
hardness enhancement. Thus Ni precipitates attenuated deté'- minutes, thed A319 + 1.5%Ni alloy was the only one

. . , , .
mental effect on UTS due to the increasing numbet’ef that preserved the mechanical conditions for engineering ap-

AIgCuhnededIes. O’;figltge h;g/hliltemper%tubre event, tht?l rr;""X'blications. Compared to the tests performed on the material
mum haraness + 270Non could be reasonable 10 5 >53¢ the alloy 44319 + 2%Ni was the least affected,

, o N .
reduce’-Al,Cu !(lnetlcs of precipitation _by N'_ presence. confirming the reduction af’-Al,Cu phase kinetics.
The mechanism, such as Ni interacting with Cu to reduce

the size of the needles, was not clear after using TEM mi-

crographs at solubilized samples after 1 to 4 hrs. HowevelAcknowledgments

it was supposed a reduction of kinetics transformation from

GP tod¢’. Thin needles precipitated due to Ni additions underThe authors are grateful to CONACYT for 290674 and
the same heat treatment ds1319,, however, coarsening 290604 scholarships. This research work was carried out dur-
of # at 250C occurred at all samples. Improvement of Ni iNg the summer research internship at UACH-COMIMSA-
samples was because the size of needles was smaller befa@21.
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