




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The 3rd International Conferense on ALUMINIUM ALLOYS 

EVALUATION OF GRAIN SIZE AND MECHANICAL BEHAVIOR OF A COLD 

FORGED ALUMINIUM COMPONENT BY COMBINATION OF 

RECRYSTALLIZATION STUDIES AND FEM ANALYSIS. 

0. Jensrud and R. Holthe, 

Raufoss A/S, Materials Research and Development Centre, 

N-2831 Raufoss, Nor way. 

INTRODUCT ION 

Forging is an old art of making useful shapes out of metals. 

It was early known that the forging process its _lf influence 

the properties of the material . The blac ksmith hammer work 

greatly i nfluenced the quality of the sword. The great 

practical knowledge of forging is further developed by 

simulation and fundamental understanding o f Metal 

fo rming processes plastic deformation of metals . Cold 

forging of Aluminium components are no exception . 

Recrysal lization behaviour of Aluminium alloys and users 

properties is well ·known to be strongly linked together 

especially fatigue (1,2) . This paper wil l as an example show 

how grain size, mechanical properties and deformat ion 

history reely are linked together . 

Further show 

instrument 

relationship. 

how 

of 

computer 

predicting 

simulation by FEM is a helpful 

this property structure 

The two alloys in the experiments have quite different 

recrystallization behavior but have similar static 

mechanical strength in T6 condition . 

EXPERIMENTAL 

The rear · axle link sho wn in Fig. 1 is produc ed in two 

different alloys on the AlMgSi l , basis table 1. The heat 

treatment is to the peak hardness condition for all 

specimens. Microstructural investigation is done in two 

positions as shown in Fig . 1 and the macrostructure is 

etched in the plane longitudinal section . 
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spesimens are c ut out also in Fig. 1, A and B pos it ions. 

The fatigue tests are carried out samp~~s along the half 

s ide of the component . The notch part of t ·he component is 

tested by bending fatigue. The FEM metal forming simulation 

program Forge 2D supported from CEMEF (5) was used for 

calculating equivalent strain maps fo r one half of the 

component. The experiments are based on prototype 

manufacturing at Raufoss A/S. 

Table l 

Chemical composition, nominal v alues in wt% . 

Alloy Fe Si Mg: Mn Cr Cu 

6082 0,2 1,0 0, 9 0, 6 0,15 0 

6010 0,2 1,0 0, 6 0,6 0 0,3 

RESULTS 

Mechanical Properties. 

Results from tensile testing and fatigue bend testing are 

listed in table 2. 

Table 2 

Tensile testing results T6 condition. 

Alloy and I\,o, 2 R, As Work 
positon (MP a) (MP a) (%) hardening 

(MP a) 
6082 A 321 335 13,0 14 

B 340 3.73 13,0 33 
6010 A 327 347 12,5 20 

s 347 399 15,0 52 
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Fatigue bend testing results T6 condition, stress range . 

Alloy 

6082 

6010 

R4 1 o 4 (MP a) 

280 

280 

Microstructure . 

R1 o 5 (MP a) 

190 

200 

R1 o6 (MPa) 

105 

120 

Figure 2 shows the mi c rostruc ture and the macrostructure of 

t he positions given in figure 1 for the two alloys 6010 and 

6082 . Alloy 6082 is dominated by (a) coarse columnar grain 

area. 

FEM analysis. 

The Equivalent strain distribution obtained by FEM 

simulation of the rear axle link formging process is shown 

in fig. 3. 

Recrystallized grain size. 

Compression testing of the alloys followed by s o lution heat 

treatment at 53o o c give a realtionship betwee n tne grain 

size and the strain . Table 3 show qualitatively grain size 

and compression strain, deformation speed equal to l0 - 3 s - 1. 

Table 3 . 

Metallographic investigation. 

Grain size is defined as square root of grain area , mm- l /2 . 

Alloy 

6 08 2 

60 10 

5% 

0 

0 

10 % 

12 

0 
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15 % 

6 

5 

25 % 

0' 7 

0,7 

30 % 

0' 7 

0 ' 6 



DISCUSSION~ 

Table 2 and Figure 2 shows that the mechanical properties 

are strongly dependent upon the microstructure, especial ly 

when the grain size is above 1 mm. Grain sizes influencing 

static and dynamic properties are easily seen .upon 

macroetching . From a practical point of view this 

etchtechnique gives a good indication if reduced dynamic and 

static strength are to be expected locally for the actua l 

component. The relationship between distrubution and the 

resulting 

easily 

grain size upon the subsequent heat treatment are 

mapped by compression tests. Homogenization 

temperature, strain rate, deforming temperature and solution 

heat t reatment temperature are important variables in this 

grain size map . The FEA computer program Forge 2D calculate 

the strain map in different positions for an actual 

component, and if the program had integrated the 

strain-grain size· relationship the computer program would be 

able to tell the designer if any part of the component have 

regions with low mechanical properties. Figure 2, figure 3 

and table 3 gives a good indication that it is possible on a 

qualitative level to predict property variations in a forged 

component on the basis of its strain history. 

The comparison between 6010 and 6082 show that the a l loy 

with the lowest content of Mg2 Si have the highest mechanica l 

strength and the highest ductility . The higher content of 

dispersoides in 6082 containing Cr compared with 6010 does 

not give any fine grain sizes in the medium range of 

deformation strain . The small addition of Cu in 6010 seems 

to increase the resistance toward recrystallizat ion and 

grain growth, and also give a more fine grained structure 

for all strain levels . 

The alloy with highest hardning potensial, 6082 do not after 

co ld forging and heat treatment have the best mechanical 

properties in comparison with 6010. Thi s effect is strongly 

dependent of grain sizes and of cause the thermomechanical 

history of the product. 
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The paper 

properties 

will be 

CONCLUSIONS 

gives evidence that a n integrated model o f 

and grain s ize realtionsh~p with a FEM program 

a strong t ool to optimi c e product s wi th respect to 

static and dynamic properties . The thermomechanical 

processes of cold forged component determine the users 

properties of the product. The integration of physical 

metallurgical models in FEM programs simulating metal 

forming~ reely fulfill the idea of new cost eff ective 

product and process development in luminium forging. 
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Figpre 2 

Micro and macro structure 

of the co ld forged component. 

fig.3 
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The 3rd International Conferense on ALUMINIUM ALLOYS 

THE EXTRUDABILITY OF MEDIUM HIGH STRENGTH ALZNMG ALLOYS 

AND THE LOCAL MELT I NG PHENOMENA. 

0. Jensrud and T. L0ken, 

Materials Research and Development Centre, Raufoss A/S, 

N-2831 Raufoss, Norway. 

INTRODUCTION 

Low cost .medium high strength aluminium alloys are the 

material for Raufoss A/S bumper production. AlZnMg alloys 

with small additions of Zr and Cu shows rather high 

extrudability compared with AlMgSil alloys at equal 

T6-strength (1) . The only possibility to reach T6 yield 

strength in range of 360 to 480 N/mm2 is to use the AlZnMg 

alloys. Extrudability is the critical parameter for 

production of low c ost profiles having high strength in 

T6. The extrudability is a rather complex parameter but 

one definition is the maximum exit speed without hot 

tearing. Hot tearing is mostly a phenomena concerned with 

local melting due to non-equilibrium low-melting eutectic 

phases . The only low melting eutectic pAase in the low 

alloyed AlZnMg system is Mg2 Si particles after 

homogenization (2, 5, 6). Contents of Si and homogeni­

zation temperature are the two very importante parameters 

for the extrudability, also found by G. Scharf (4) and by 

0 . Reise (2). 

The Raufoss A1Zn5,5Mg . alloys have yield stresses in T6 

condition from 320 N/mm2 up to 480 N/mm2 depending on Mg 

content. The solid solubility of the Mg2 Si phase depends 

on Mg content at temperature (5) . This work has varied 

the homogenization temperature and the Si content for the 

alloy AlZn5,5MgXZr and measured the maxi mum extrusion 

speed before hot tearing. The results from the experiment 

are compared with a hollow section bumper profile to 

verify the effects of Mg2Si on extrudability . 
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EXPERIMENTAL 

Basis for the investigation is the 71 08 alloy and it's 

modifications . Table 1 show the chemical compos ition of 

the different alloys. The ingots are homogenized at 

temperatures from 480 to 560°C for 4-6 hours . 

Tabel 1. 

Chemical composition, weight percent. 

Alloy Fe Si Mg Zn Zr Cu 

7108. 5 0A 0,24 0 , 25 0, 83 5,3 0,15 0, 03 

7108.50B 0, 2.0 0,07 0,81 5,5 0,1 6 0, 0 1 . 
~ 

7108.70 0,21 0,09 1,16 5,3 0, 1 6 0,0 3 

7021.50 0,17 0,09 1,16 5,3 0,16 0 ,3 0 

The alloys are all extruded at 460°C and 5 00°C using a 

test tool with small fins 1,3 mm wide and highs of 0. 7 , 

1.3, 2 .3 and 3.3. The test profile easily show t e a ring on 

the small ribbons. The hollow section profi l e no. 2 9 82 is 

produced in the alloys 7108.50B and 710 8 .7 0 at bi l l e t 

t~mperature 500°C. 

RESULTS 

The effect of homogenization temperatu re on extrusion 

speed vm is show in figu re 1. 

the two Si levels are 0,09 

The a l loy is 7108.50 and 

and 0 ,25 wt %. The Vm is 
strongly dependent on 

range 480-500° C when 

homogenization tempe r a ture i n the 

the Si content is 0, 25 wt% . The 

relationship between Mg level and spee d Vm i s shown i n 

figure 2. The billet temperature is 500° C and 

homogenization t e mperature 485°C. 

The compar i s i on betwee n t est profi le and profile 2982 is 

s hown in tab le 2. 
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Table 2 . Profile speed equal a lloy d ifferent tool s . 

Alloy Profi ;le Mg (wt%) V m (m/min) %Si 

7108.50 298 2 0,8 1 11 ,0 0,07 

7108.70 298 2 1,19 6, 5 0,07 

7108 . 50 Test 0,81 34,0 0,05 

7108.70 Test 1 ,16 15,0 0,09 

DISCUSSION 

d o not influence the The homogenization 

extrusion speed when 

temperatur e 

the Si c ontent is low. This is 

supported by table 1. and figure 1. Alloys with l ow 

contents of Mg and low c ontents of Si have not Mg2 Si 

particles present in the as homogenized condition . From 

Philips (5) the solid solubilty of Mg2 Si at 500° C is 0,3 

wt% which at 1,2% Mg level correspond to maximum 0,11 wt% 

Si . Above this composition coar se Mg2 Si will be present 

at 500°C. This is the basis for the relationship shown 

i n figure 1. between Vm and wt% Mg . If the Mg2 Si is 

present in the alloy the effect of incrased homogenization 

temperature is significant. In opposite situation the 

homogenization temperature do not influence the extrus i on 

speed. The homogenization process in thi s c ase i s a 

matter of solution heat treatment of Mg-Zn eutectic phases 

and presipitation of Al 3 Zr particles. 

The exit speed is strongly dependent o n Mg content in the 

alloy, figure 2. 

It is reported (1 ) and (2) that Zn do n ot i nfluenc e on the 

extrusion maximum speed. The· · reduct i on in extrus i on speed 

is approximately 1,4 m/min. pro . 0,1 wt% Mg bot h for test 

profile and hollow section . When the Mg2 Si is present the 

same effect occur but on a lower speed plateau. Without 

low melting eutectic phases it is possible to have rather 

high extrusion speed for AlZnMg alloy . the limit for Si 

in AlZnMg alloy decrease with wt% Mg . When the wt% Mg is 
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EXPERIMENTAL 

Basis for the investigation ie the 7108 alloy and it's 

·modif ications. Table 1 show the chemi cal composition of 

the different alloys. The ingots are homogenized at 

temperatures from 480 to 560°C for 4-6 hours . 

Tabel 1. 

Chemical composition, weight percent. 

Alloy Fe Si 

7108.50A 0,24 0,25 

7108.50B 0,20 0,07 

7108 .70 0,21 0,09 

7021.50 0,17 0,09 

Mg Zn 

0,83 5,3 

0 ,81 5,5 

1 , 16 5,3 

1,16 5 ,3 

zr 

0,15 

0,16 

0,16 

0, 16 

Cu 

0 , 03 

0,01 

0,03 

0,30 

The alloys are all extruded at 460° C and 500°C using a 

test tool with . small LQn~ 1,3 mm wide and highs of 0.7 , 

1.3, 2.3 and 3.3 . The test profile easily show tearing on 

the small ribbons . The hollow section profile no . 2982 is 

produced in the alloys 7108.50B and 7108 .70 at billet 

t~mperature 500°C. 

The effect 

speed vm is 

the two Si 

RESULTS 

of homogenization 

show in figure 1. 

levels are 0,0 9 

temperature on extrusion 

The alloy i s 71 08 . 50 and 

and 0,25 wt% . The Vm i s 

strongly dependent on homogenization emperature in t he 

range 480-500° C when the Si content is 0,25 wt%. The 

relationship between Mg level and speed Vm is shown in 

figure 2. The billet temperature is 500° C a nd 

homogenization temperature 485° C. 

The comparision between test profile and profile 2982 is 

shown in table 2. 
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Table 2. Profile speed equal alloy different tools. 

Alloy Profile Mg (wt%) V m (m/min) %Si 

7108.50 2982 0,81 11,0 0,07 

7108.70 2982 1,19 6,5 0,07 

7108.50 Test 0,81 34, 0 0,05 

7108 . 70 Test 1,16 15,0 0,09 

DISCUSSION 

The homogenizat ion 

extrusion speed when 

temperature 

the Si 

do not 

content 

influence the 

is low. This is 

supported by table 1. and figure 1. Alloys with low 

contents of Mg and low contents of Si have not Mg2 Si 

particles 

Phi lips 

present in the as homogenized condition. From 

(5) the solid solubilty of Mg2 Si at 500°C is 0,3 

wt% which at 1,2% Mg level correspond to maximum 0,11 wt% 

Si. Above this composition coarse Mg2 Si will be present 

at 500°C. This is the basis for the relationship shown 

in figure 1. between Vm and wt% Mg . If the Mg2 Si is 

present in the alloy the effect of incrased homogenization . 
temperature is significant. In opposite situation the 

homogenization temperature do not influence the extrusion 

speed . The homogenization process in this case is a 

matter of solution heat treatment of Mg-Zn eutectic phases 

and presipitation of Al 3 Zr particles. 

The exit speed is strongly dependent on Mg content in the 

alloy, figure 2. 

It is reported (1) and (2) that Zn do not influence o n the 

extrusion maximum speed. The reduction in extrusion speed 

is approximately 1,4 m/min . pro. 0,1 wt % Mg both fo r test 

profile and hollow section . ·When the Mg2 Si is present the 

same effect occur but on a lower speed plateau . Without 

low melting eutectic phases it is 'possible to have rather 

high extrusion speed for AlZnMg alloy. the limit for Si 

in AlZnMg alloy decrease with wt% Mg. When the wt% Mg is 
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above 2,0 wt% the Si level must b e l ower then 0, 05 wt % if 

the homogenization temperature is de f ined t o be 500°C. 

The temperature is needed to be a maximum 

transformation a nd coarsening of 
'· 

temperature to prevent 

t he Al 3 Zr particles. Th e Al 3 Zr d i spersoids give a not 

recrystallized microstructu re and t his fine subgrai n 

structure give contri bution to the s t rength of the alloys . 

Level of Si belowO , OS wt% is not p ract i cal in t he Al 

industri, but a optimizing between Mg c ontent, def i ned 

limit of Si and homogenization give AlZnMg alloy with 

rather high extrudability. 

CONCLUSIONS 

The contents of Si in AlZnMg alloy must be kept on low 

level as pratictal as pos s ible . 

The homogenization te~perature strongly i nfluence on the 

extrudability of AlZnMg ailoys especially on h i gh level of 

Mg. Phase piagrams and extrusion speed experiments on a 

test tool give a good qualitative relationship to 

practical uses. There are great relatonship between 

homogenization temperature and limit of Si content. 
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Figure 1 . 

Effect of h omogenization temper3.ture on extrusion speed . 
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The 3rd International Conferense on ALUMINIUM ALLOYS 

INFLUENCE OF SILICON CARBIDE PARTICLE SIZE AND WEIGHT FRACTION 
ON THE CORROSION BEHAVIOUR OF COPPER-CONTAINING 

ALUMINIUM MATRIX ALLOYS 

J. Williams, S. ] . H arris and P.J . Boden 
Department of Materia ls Engineering and Materials Design, 

University of Nottingham, UK. 

INTRODUCTION 

Use has been made of ex-s ilicon carbide p·articles to reinforce aluminium matrix alloys 
and this has produced improvements in st iffness and strength as well as inueased 
res istance to fatigue crack init iat ion . To promote strength leve ls in t he composites 
which are compet itive with those achieved in high str~ngth aluminium alloys it has been 
necessary to use 2000 series matrix alloys which conta in copper. The introduct ion of 
copper into aluminium alloys has in the past often provided problems of pitting, 
ex foliating and stress corrosion in certain environmental conditions. This promotes a 
need to control heat- treatment procedures in order to minimise the formation of coarse 
intermetallics and to eliminate fine precipitate free zones near gra in boundaries, both 

of which encourage uneven concentrat ions of copper in the alloy. 

A very limi ted number of corrosion studies ( 1-4) have so far been completed on 
compos ites based upon Al - Cu-Mg (2014 and 2024) alloys . The reinforcements used in 
these studies have sometimes been !3-s ilicon carbide whiskers and on other occasions ex­
si licon carbide particles have been employed. In all cases the weight fraction of 
r in forcement has exceeded 20% and the alloys in the as- formed or heat-treated to T4 
or T6 condition. Corrosion tests have usually been carried .out in so lu t ions containing 
between 0.1 and I M sodium chloride either in the deaerated or aerated condition. 
These tests have giv n results which suggest that corrosion rates of the matrix al loys 
are accelerated by the presence of the r einforcem ent . I t is not c lear from these results 
what effect particle geometry, volume frac tion and distribution have upon an alloy 

which is subjec t to the sam e heat- treatment. In this investigation the influen of 
silicon arbide partic le size (3- 20JJm) in a 2124 alloy (T4 condition) has been examined 
in a number of deaerated c hloride- containing so lutions. To reduce the possibili ties of 
particle clustering, with small particle sizes, 10wt% of reinforcement has been 
employed as well as 20wt% in the composites which have been examined. 
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EXPERIMENTAL 

Materi a ls 

The composites and the un~e i n forced matr ix a lloy were prepared by a powder based 
process ing r oute. Alloy powde r and t he appropriate a-s ilicon carbide par t icles (3, 7 and 
20pm) were m ixed and blended to ensure e ffective distribution. The ble nde d powders 
wer e evacuated, pressed and HIPped to form a billet of high de ns it y. This was hot 
ro lle d in stages to form a l.l mm t hick sheet product. The unre inforced all~y and all 
fo ur composite types were so lution t reated for 1 hour a.t 505oC and this was followed 
by a quench in cold water and a room temperature age for a minimum of lOOh, which 
according to Huang et a! [5] gives maximum hardening for the T4 condition. 

Metallography 

Sections were cut from the sheet to give specimens which a llowed the rolling, 
longitudinal and transverse pl anes to be observed. These were ground and polished to 
a !pm fini sh by conve ntiona l tec hniques and then fina lly po lished with a fine suspension 
of s ilica (OPS). Each specimen was then anodised in 2% fluoroboric ac id at 25 V for a 
given period. Optical microscope observations us ing po larised light c lear ly revealed the 
gra in structure of the alloys and the partic le distributions. Samples were a lso taken to 
reveal the depth of attack in as corroded alloys and compos ites, these were prepared 
in a Sim ilar manner but without t he requirement for anodising and the use of polaris ing 
light. 

Electrochemica l Measurements - Cyclic Polarisation 

Cyclic potentiodynamic polarisation (E vs. log i) plots were made on the reinforced alloy 
and on the compos ites. Each samp le was placed in a rotating disc electrode (ROE) with 
950mm2 of the· polished (\pm finish) rolling plane exposed to the so lution. Prior tn 
immersion the surface were degreased with methanol and then dried. Three 
concentrations of sod ium chloride were used: 1 M, 0.1 M and 0.01 M, each with a pll 
va lue of 7.0 ± 0.2. The so lutions were deaeraled with nitrogen for one hour before each 
test. A Luggin capillary Saturated Ca lome l Electrode (SCE) and recording system were 
used to monitor the e lectrode potential. A platinum counler e lectrode was also inse r ted 
into the all glass cell whic h was maintained at 298K. Polarisation measurements were 
made in the potential range - 1300 to -300mV at a scan rate of 0.33mVs - 1. Th~ RDF 
rotated at 735 rpm which produced a flow across its surface of 1 ms · 1. The potential 
cycle was started as soon as the ROE was introduced into the solution, otherwise· non ­
reproducible results were obtained with composite samples. Each material was t sted 
on three occasions to ensure reproducibility. After completing the cycle, each sample 
was washed, cleaned, dried and sectioned. After mounting, it was ground and polished 
for metallographic examination. 
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RESULTS 

Cyclic Polarisation 

The cyclic polarisation plots for the unreinforced 2124 a lloy and an MMC with 20wt% 
3Jlm particles whe n exposed to I M NaCl solu tio n are shown in Fig l (a and b) . The 
general form of the plot (Fig l b) for the composite m aterial was typical of a ll 
compos ite mate rials tested. It was shown that the corros ion potential (Ecorr) for the 
compos ite was significantly more ca thodic (- IOlOmV) than was the case with t he 
unreinforced a lloy (-915mV). As the potential became more anodic beyond Ecorr the 
current increased to a constant value indica ting that the pass ive state had bee n attained 
in both cases over a range of - 300mV. Above t his range the current again increased 
rap idly and the potential whe re this change took place was speci fied as Epit· Va lues for 
Epit for all materia ls tested are given in Table l, these varied in the l M NaCI so lution 
from -570mV for the unre inforced alloy to -640mV for the composite c ontaining 20wt% 
3JJm SiC particles . Specimens exposed to solutions with a lowe r c hloride conte nt (0.1 
and 0.1 M) gave values of Epit whic h where more anodic than those quote d above, see 
Table l. On revers ing the po larisation cycle, the current dec reased in a patte rn whic h 
lead to a hysteres is loop being formed, see Fig I . Eventua lly t he curre nt reduces to a 
va lue which is t he same as that obtain~d at a give n pote ntial on the forward part of the 
cycle, this is spec ifie d as t he repassivat ion pote nti a l, Erp· Differences were noted 
between the composites and the unre inforced a lloy in r espect of where th is inte rsect ion 
took place, i.e. En= 880mV for t he compos ite in Fig lb and -9 18mV for t he re inforced 
a lloy in Fig l a . R'epass iv ation va lues for other compos ites a re g ive n in Table 2. 

- 400 - 400 -
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- 800 
~::. =::- -------- ··;="-:: 

~ - 1000 - 1000 
_/ . 
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0 
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- 1200 ) 

(a) (b) 

Fig 1 Potentiodynamic plots for (a) unre inforced 2 124 a lloy and (b) a 2 124 matrix 
composite with 20wt% SiC (3Jlm in s ize). 
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Table I. Pitting Potentials (mY) of 2124 Matrix A lloy and Composites 

Chlor ide Concentration (moles) 
Sample 

1 0. 1 0.01 

3J..lm · MMC (20wt %) -640 ± 5 - 580 ± 5 -525 ± 5 
3J..lm MMC (lOwt%) -6 15 ± 5 - 560 ± 5 -505 ± 5 
7J..lm MMC (lOwt%) -595 '± 5 - 540 ± 5 - 485 ± 5 
20J..Im MMC (I Owt%) -585 ± 5 -530 ± 5 - 475 ± 5 
2124 alloy (l Owt%) -570 ± 5 - 515 ± 5 - 460 ± 5 

Table 2. Repassivation Potentials (mV) of 2124 Matrix Al loy and Composi tes 
in I M NaCI Solutions 

Potentia l 
Sample (m V) 

3J..Im MMC (20wt %) -880 
3J..Irn MMC ( I Owt%) - 885 
7J..Irn MMC (!Owt%) -900 
20wn MM (lOwt%) -900 
2124 alloy (1 Owt%) -918 

. Met all ography 

Figs 2 and 3 show triplanar optical photornicrographs of the unreinforced alloy and a 
composite containing 3J1rn particles. It is c lear that a very large change in grain si ze 
had occurred as a result of adding the SiCp . At higher magnif ica tions cracks were 
oi.Jscrved on both the transv<·rsP and longitudinal faces of the . composites containing 
20Jlm SiC p, this was not obsl'fved in composites with smaller partic les. The effect of 
dif fering part i c le si zes <.ll gtv<'n wctght fractions upon the grain size of the matrix alloy 
js shown in Fig 4. I t can be seen that for a given weight frac tion o f SiCp, the grain stze 
of the 2 124 matrix alloy dP< reasPs with partic le size, e.g. composites with 20wt% SiCp 
have a grain si ze of 22J..Im for 2011m particles and this decreases to 1111m for 311m 
part ic les. The grain size for tlw unrPinforced al loy is in excess of 6011m. 

Ex amination o f samples whi< h had bepn sectioned after periods of exposure to a 1 M 
NaCI deaerated so lu tion show<'d that corros ive at tack had taken place at partic le 
m atrix in tcrfacPs as well .ts at mutri.x grain boundaries, see Fig Sa. After longer 
exposure granular pits developed .1s shown in Fig 5b. Differences were found in the siz( 
and form of these plts us partwle size decreased, with the sma ller partic les the pits 
were less d~'PP and more spll!' r wul. 
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Fig 3 Tr iplanar photomic rograph 
of 2 124 compos ite re inforced 
wi th 20wt% J11m SiC particles. 
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Fig 2 Tripl anar photom icrograph of 
2124 unrei nforced matrix a lloy. 
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Fig 4 Variation in grain s ize of 
the 2124 matrix alloy 
with increas ing we ight 
fract ion of SiC particles. 

Fig 5 Cross-sect ions of a 2124 matrix composite with (a) !Owt% 20,um SiCp and (b) 
1 Owt% 7 ,urn SiCp after exposure to I M NaCI solution 

DISCUSSION 

The observations made on the ma trix grain s ize with increasi ng weight fract ion of 
particles and decreasing partic le size are i.n broad agreement with those made by 
Humphreys( 6). During fliPping and hot ro lling the matr ix gra ins we re e ncouraged to 
rcc rysta lli s on a fin e sca le by the presence of parti les. In addition, the particles also 
res tricted the extent to which grain growth took place. 

Data on pitting potential, Epit• g~ven in Table l c learly shows that as the's ize of the 
particles decreases and the ir weight fraruon Increases, the corrosion is in itiated at 
more cathodi c potentia Is. This has arisen bee ause passive film breakdown has been 
promoted at the giv •n ·hlorid concentration. In the case of the composites two major 
reasons may b given for film breakdown, these are , (a) the dec rease in gra in s ize and 
t he associated increase in grain boundary area, and (b) the increase in particle-matrix 
inte rfaces, ev idence for which has been found in Fig 5a. Estimates of the inc reas in 
grain boundary area when partidPs are added to th 2 121! matr ix a lloy have been mad 
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from the data given in Fig 4. This shows a six- f old change in boundary area when 
changing from an unre inforced m atrix to a composi te with 20wt% of SiCp (3J1m in size). 
At the sam e time t he partic le-matrix interface area also increases rapidly. 

:> - 500 
8 

......... 

p.. - 550 
~ 

Fig 6 Pitt ing potentials plotted aga inst grain 
boundary and partic le-matrix in ter f ace 

areas for al l 2124 composi ts exposed to 
0.0 1, 0. 1 and IM NaCI deaerated 

so lutions. 

opport unity for c r evice attack . 

Fig 6 gives plots of the values of 
E pit for each ma~erial against the 
maximum grain boundary and 
particle interfacial area, it shows 
t hat in each of t he three ch loride 
solutions a linear relationship ex ists. 

The number of fl aws in the passive 
film m ay incr ease rapidly in these 
areas f or a number of r easons. In 
the c ase of the grain boundaries, 
differential copper distribu tions 
could arise due to t he presence of 
intermeta ll ic particles which r emain 
out of so lution as well as zones 
which are free of GPB precipi tates 
due to vacancy dep let ion. At t he 
partic le-matrix interfaces in t he 
composi t es, vacancy loss cou ld again 
take pi a e and r strict GPB 
formation. In addition, there is a 
possibility of ineffect ive bonding 
between the SiCp and t he alloy 
wh ich wi ll then provide the 

By carrying out a complete polarisation loop on each material it is c lear that t he va lue 

of t he repassivation potential Erp becomes more anod ic as part ic les of smal ler si ze ar e 
added t o the matrix alloy. 'This leads to a significant reduc tion in the potentia l 
difference between E . and E . The hys t eresis area (I lA) in the po lar isa t ion loop was 

p1t rp. . . . 
also changed by the particle s1ze, see F1g I . At all chlondp concentrauons t he 
unreinforced 2 124 alloy has t he largest area, this is foll owed in descending order by the 
composites with 311m, 7J1m and 2011m SiCP. This would suggesL that the amount of 
corrosion v ia anodic dissolution, once pitt ing has ini tiated, is greater in the unreinforced 
al loy t han in any of t he MMCs. Prev ious work( 1) has also demonstrated t hat ini t i al 

atta k on an MMC is greater than on an unreinforced composite but subsequent pit 

growth slows down. Intergranul ar attack whi ch occurred within t he unreinfor cd matrix 

produced corrosion tunnell ing v ia large gr anular pi ts. Micrographs of the ~11m MMC in 
Fig 5b again show similar forms of corrosion , but t he pits that have formed are smaller . 

The smaller grain size has probab ly en ouraged the intcrgranular corrosion to be more 
uniform, whilst the particl s have inhibited attack . Th larg r SiC part ic les (20J1m) may 
also provide a better barrier to corrosive attac k . Corr osion tunnelling is the gen ra l 
mode of pit propagat ion in aluminium alloys in hlor ide so lutions. The tunnels grow 

with a tapered .crystalloraphic front along the (I 00) - f~ce~ whic h ~roduces a granu~ar 
ef f ect. on the p1t wa lls(? . W1th t he presen e of wel l d1stnbuted 1Cp the opportunity 

for th1s type of growth m ay be interrupted. 
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1. 

2. 

4. 

5. 

CONCLUSIONS 

The pitting po tential, Epit• for all composites (T4) are more cathodic than the 
unreinforced matrix alloy when corroded in deaerated sodium chloride solutions. 

As the SiCp size decreases and as particle weight fraction increase then Epit 
becomes more cathodic. 

Initial sites for corrosion have been found at grain boundaries and particle-matrix 
interfaces in the composite and a linear relationship has been established 
between EJ)it and the total area of these boundaries and interfaces. Adjacent to 
these boundaries variat ions in copper content may exist which strongly influence 
passive film breakdown. 

After completing a polarisation loop, the repassivat ion potential, Er , moves to 
more anodic potentials with the addition of particles. p 

After longer periods of exposure to chloride solutions the depth of c orros ion in 
the composites was reduced when compared with the situat ion in the 2124 
unreinforced matrix alloy. This was due to particles disrupting the pattern of pit 
propagation . 
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