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Squeeze cast aluminium reinforced with mild steel 
inserts 
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The bonding of a mild steel insert to an AI-7Si alloy during squeeze casting has been studied 
for a range of processing conditions. Assessment of the mild steel/AI-7Si alloy interface 
shear strength has been made with a push-out test, and the results have been correlated with 
microstructural observations and residual stress calculations. Uncoated inserts do not 
exhibit any significant reaction with AI-7Si because of rapid cooling of the melt during 
squeeze casting, giving a low interface shear strength of ,-~ 30 MPa. Preheating the inserts to 
900 ~ slightly improves the interface shear strength to -,~ 45 MPa, but reaction between the 
steel and AI-7Si is prevented by the formation of an Fe304 magnetite layer on the steel 
surface. Inserts hot-dipped in molten AI-10Fe before squeeze casting have a much" greater 
interface shear strength of ,-~ 110 MPa, with failure in the AI-7Si matrix rather than at the 
steel/AI-7Si interface. Inserts vacuum plasma spray coated with titanium have the greatest 
interface shear strength of ~ 130 MPa, without any interface reaction, because of 
mechanical keying of the rough splat-quenched titanium surface combined with high 
residual stresses in the AI-7Si matrix. 

1. Introduction 
There is considerable interest in replacing cast iron 
and steel automotive components such as brake discs, 
engine cylinder blocks and pistons with light weight 
aluminium castings to improve vehicle performance 
and efficiency [1]. The squeeze casting process, where 
solidification takes place under an applied pressure, 
has a number of benefits over conventional sand cast- 
ing and permanent die methods [2-4]. The applied 
pressure provides excellent feeding of shrinkage por- 
osity, such that the casting is virtually porosity free 
and risers are not required, and near net-shape com- 
ponents can be produced with good surface finish and 
dimensional control [-2]. The high rate of heat extrac- 
tion during solidification [-3] allows relatively short 
casting times ( ~ 60 s), and results in a refined micro- 

structure with good mechanical properties [4]. 
In structural components, the relatively low 

Young's modulus of aluminium alloys may present 
a problem and thus many studies have examined the 
prospect of reinforcing aluminium alloys with stiff 
ceramic fibres and particles, such as alumina and 
silicon carbide. The application of these composite 
materials has been limited, however, by their high cost 
and low fracture toughness (e.g. [5]). The use of a steel 
reinforcement offers a more cost-effective means of 
improving the mechanical properties of an aluminium 
alloy casting. However, mild steel and aluminium 
have a similar specific Young's modulus, and thus to 
reduce component weight the steel must be located in 
high load-bearing regions. For example, in compo- 
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nents subject to a bending moment, the steel needs to 
be located away from the neutral axis in regions of 
high compressive and tensile stress. Other applica- 
tions where a steel or cast iron insert may be of benefit 
include pistons with steel sealing ring grooves and engine 
cylinder blocks with wear-resistant steel liners [6]. 

One of the problems associated with steel inserts in 
an aluminium alloy casting is the necessity of forming 
a sound bond between the two metals [7]. When 
a cold insert is placed in the die, a poor bond results 
because of chilling of the molten aluminium around 
the insert together with surface oxide layers on the 
insert and casting alloy. To produce a good bond 
between ferrous metals and aluminium alloys, liquid 
metal hot-dipping processes have been developed 
[6, 8, 9] to wet the steel insert and coat it with a thin 
iron-aluminide reaction layer. The insert is then 
located in the die cavity and the aluminium alloy cast 
around it. This process results in a good metallurgical 
bond between the steel and aluminium, and has been 
applied to the production of aluminium alloy pistons 
with ferrous sealing ring grooves [6]. 

Despite the usefulness of bonding steel to alumi- 
nium alloys, little work has been published on the 
metallurgy of the interface or the mechanical proper- 
ties of the bond. This paper describes an investigation 
into the integrity of the interface formed between mild 
steel inserts and a squeeze-cast A1-7 wt % Si alloy. To 
try and promote a good bond, hot-dipping was 
studied, as well as coating the steel with a reactive 
titanium layer. The interface shear strength was 
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investigated using a push-out test, and the results were 
correlated with microstructural observations and cal- 
culated residual stresses. 

Ram 

2. Experimental procedure 
2.1. Insert preparation 
Mild steel inserts were prepared from 6.35 mm dia- 
meter rod with the chemical composition given in 
Table I. The inserts were cut to a length of 70 mm, and 
a 2 mm diameter hole was drilled in one end. The 
inserts were bead blasted, immersed i n  nitric acid to 
remove surface deposits of iron hydroxide, washed 
with acetone, hot-dipped or titanium coated and 
finally located in the die cavity with a thermocouple in 
the 2 mm diameter hole. 

Hot-dipping was carried out by immersing and 
gently stirring the inserts in a crucible of molten alu- 
minium at 900 ~ Initial experiments indicated that 
saturating the aluminium melt with ~ 10 wt % Fe 
resulted in parabolic growth of an iron-aluminide 
reaction layer, without causing significant dissolution 
of the steel. The inserts were thus hot-dipped for 60 s, 
which provided complete wetting of the inserts with 
AI-10Fe and a final reaction layer thickness of 

140 gm. 
Titanium coating of the inserts was effected by 

a vacuum plasma spraying (VPS) technique using 
a Plasmatechnik A2000 robot-controlled VPS system. 
Inserts were placed in the vacuum chamber, which 
was evacuated to 0.1 mbar and then back-filled with 
argon to ~ 150 mbar, and were then given a pre- 
coating sputter cleaning cycle, followed by plasma 
spraying with molten 99.6% pure titanium particles 
whilst the insert was rotated about its axis. After ten 
spraying passes, the insert was coated with titanium 
layer ~ 80 gm thick. The surface of the coating was 
relatively rough as a result of splat quenching of the 
molten titanium. To investigate the effect of this 
roughness on the interface shear strength, a number of 
inserts were ground on successively finer grades of SiC 
paper down to 1200 grit, to give a smoother surface 
finish. 

2.2. Casting conditions 
The squeeze-casting apparatus consisted of a 100 
tonne hydraulic press with a cylindrical die and ram, 
as shown schematically in Fig. 1. This was used to 
produce castings 50 mm in diameter and 80 mm high. 
Thermocouples were located at the centre of the die 
cavity, towards the outside edge (at a radius of 17 mm) 
and in the die itself. A data logger was used to record 
temperature variations and the vertical displacement 
of the ram. To pre-heat the die prior to casting, the 
ram was lowered into the die cavity and a resistance 
furnace was placed around the die. In the majority of 

TABLE I Composition of the mild steel inserts 

C Si Mn S P 

0.160 0.200 0.750 0.020 0.022 
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Figure I Schematic diagram of the squeeze-casting apparatus. 

cases, the die cavity was lined with a 1 mm thick 
alumino-silicate insultating felt (Kaowool | to reduce 
melt cooling prior to pressurization. This fibrous felt 
was infiltrated with molten A1-7Si during pressuriz- 
ation to give a good thermal contact between the melt 
and die. 

In a typical run, an insert was located on the centre 
thermocouple and the die, ram and insert assembly 
were pre-heated to 300 ~ Molten A1-7 wt % Si at 
750 ~ was then poured into the die cavity, and the 
ram was moved down into contact with the melt to 
apply a pressure of 100 MPa  during solidification. The 
uncoated and titanium-coated inserts were pre-heated 
either to 300 ~ in the die or to 900 ~ in a furnace 
purged with argon. The inserts hot-dipped in molten 
AI- t0Fe at 900~ were placed quickly in the die 
cavity to minimize cooling prior to squeeze casting. 
The different insert coatings, pre-heat temperatures 
and die insulation conditions are given in Table II. 

2.3. Interface shear strength 
A push-out test was used to assess the mechanical 
integrity of the interface formed between the steel 
insert and the A1-7Si alloy. Five discs, ~ 7 mm thick, 
were machined from each casting, with care being 
taken to ensure that the insert remained parallel to the 
through thickness axis of the disc. The flat surfaces of 
the discs were then ground on SiC paper to remove 
machining damage. 



TABLE II Insert coating conditions and number of castings 

Coating technique Nominal insert Insulating felt Number of 
temperature (~ castings 

Uncoated 300 No 1 
Uncoated 900 Yes 2 
Hot-dipped 900 Yes 2 
Ti-coated 300 Yes 1 
Ti-coated 900 Yes 1 
Ti-coated and ground to 1200 grit 300 Yes 1 
Ti-coated and ground to 1200 grit 900 Yes 1 
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mm 

Figure 2 Schematic diagram of the push-out testing equipment. 

The testing rig for the push-out tests is shown sche- 
matically in Fig. 2, and consisted of an H13 tool steel 
lower plate with a 7.2 mm diameter hole. A 7 mm 
thick disc from the casting was placed on the plate, 
and a 5.0 mm diameter H13 tool steel punch was used 
to push out the steel insert. The push-out tests were 
performed on an Instron 1195 testing machine, with 
the load on the punch and its displacement recorded 
continuously throughout the test. Shear stress values 
at the interface, ~, were established from the load, 
L and the surface area of the insert, using the following 
formula 

= L / [ ~ D ( t  - d)] (1) 

where D is the diameter of the insert (6.35 mm), t is the 
specimen disc thickness, and d is the measured insert 
displacement, excluding elastic distortion. 

grades of diamond slurry, and finally polished with 
colloidal silica. The identification of intermetallic and 
oxide phases was performed using a combination of 
energy dispersive spectroscopy (EDS) and wavelength 
dispersive spectroscopy (WDS) in a CAMECA SU30 
microprobe. 

3. R e s u l t s  
3.1. Uncoated inserts 
SEM examination of the uncoated steel inserts re- 
vealed a pitted surface with no large deposits of iron 
hydroxide, as shown in Fig. 3a. Roughness traces such 
as that shown in Fig. 3b indicated that the surface 
height amplitude was 18.5 pm and the CLA value was 
4.3 gm. 

Fig. 4a shows typical cooling curves for the insert, 
melt and die thermocouples, together with corres- 
ponding measurements of ram travel during squeeze 
casting with an insert pre-heated to 300 ~ Initially 

2.4. Surface morpho logy  and 
microstructural  analysis 

The surface roughness of the inserts prior to casting 
was investigated with a Philips 501 scanning electron 
microscope (SEM). The surface profile was measured 
using a Talysurf | profileometer, with a stylus radius 
of ~ 1 gin. Two roughness parameters were cal- 
culated from the surface profiles: (i) the surface height 
amplitude as the distance between the highest and 
lowest points over a sample length of 1 mm; and (ii) 
the centre line average (CLA) value as the arithmetic 
average of the profile above and below its mean height 
line over the sampling length [10]. 

Samples for microstructural analysis were taken 
from the top of each casting. These were mounted, 
ground on SiC paper, polished with successively finer 
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Figure 3 Surface of an uncoated insert; (a) scanning electron micro- 
graph and (b) surface profile. 
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Figure 4 Cooling curves during squeeze casting with uncoated in- 
serts pre-heated to (a) 300 ~ and (b) 900 ~ 

the die temperature was ~ 300 ~ and after ~ 7 s, in 
Fig. 4a, the melt was poured into the die and the insert 
and melt temperatures increased to 600 ~ and  730 ~ 
respectively. The melt then quickly cooled to 600 ~ 

15 ~ below the liquidus temperature, as the ram 
m o v e d  down towards the molten metal. The ram 
reached the molten metal at ~ 18 s and pressuriz- 
ation commenced, causing a rapid drop in the melt 
and insert temperatures as a result of the greatly 
increased heat-transfer coefficient between the melt 
and die [3]. Solidification was complete after 22 s, in 
Fig. 4a, which was ~ 15 s after pouring of the melt. 

Fig. 4b shows equivalent cooling curves for an in- 
sert pre-heated to 900 ~ and a die lined with alumino- 
silicate insulating felt. The melt was poured into the 
die after ~ 7 s, at which time the die and insert tem- 
peratures were 300 and 650 ~ respectively. The insert 
and melt temperatures then increased to maximum 
values after ~ 13 s of 710 and 740~ respectively. 
The combination of insulating felt and pre-heating the 
insert to 900 ~ resulted in much slower cooling, such 
that the melt temperature immediately before pressur- 
ization was 700 ~ compared with 600 ~ for a die 
without insulation and an insert pre-heat of 300 ~ 
see Fig. 4a. After pressurization at ~ 22 s, there was 
a marked decrease in temperature as the insulating felt 
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Figure 5 Uncoated inserts pre-heated to 300 ~ (a) optical micro- 
graph and (b) scanning electron micrograph. 

Figure 6 Optical micrograph of uncoated insert pre-heated to 
900 ~ 

was infiltrated with molten A1-7Si to give a high 
heat-transfer coefficient. Solidification was complete 
after 25 s, which was ~ 18 s after pouring of the melt. 

Fig. 5a and b show optical and scanning electron 
micrographs of the steel/A1-7Si interface for an 



Figure 7 WDS concentration maps for an uncoated insert pre- 
heated to 900 ~ (a) scanning electron micrograph, (b) oxygen, 
(c) iron, (d) aluminium, and (e) silicon. 

uncoated insert pre-heated to 300~ There was 
a crack 5-10 gm wide at the interface and little evid- 
ence any reaction between the two metals, and the 
matrix had a typical hypo-eutectic structure with no 

apparent  porosity. Fig. 6 shows an optical micrograph 
of the steel/Al-7Si interface for an insert pre-heated to 
900~ The interface was similarly cracked, with 
a dark layer '  ~ 5 gm thick adjacent to the A1-7Si 
matrix. Fig. 7 shows corresponding WDS concentra- 
tion maps of the elements iron, oxygen, aluminium 
and silicon, which revealed that the dark layer was an 
iron oxide. Quantitative analysis gave an Fe/O atomic 
ratio of ~ 3/4, indicating stoichiometry of Fe304 
magnetite. 

Fig. 8a and b show push-out load-displacement 
curves in each case for a series of test specimens from 
one casting using an insert pre-heated to (a) 300 ~ 
and (b) 900 ~ The number beside each curve in Fig. 8 
corresponds to the position in the casting from which 
the test specimen was taken, numbering from the 
bot tom upwards. For  the 300 ~ insert in Fig. 8a, the 
load increased sharply with displacement in a linear 
manner  until the steel/A1-7Si interface failed at a load 
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Figure 8 Push-out test results for uncoated inserts pre-heated to 
(a) 300 ~ and (b) 900 ~ 

of 3-5 kN, with a subsequent load drop of 1-2 kN. 
This was followed by a gradual increase in load up to 
a maximum value, after which the load decreased as 
the insert was pushed out of the specimen disc, giving 
a final displacement value approximately equal to the 
specimen thickness. Examination of the inserts after 
testing, Fig. 9, revealed small patches of A1-7Si matrix 
smeared vertically along the surface. Heating the in- 
sert to 900 ~ resulted in a greater interface failure 
load of 5-8 kN, as shown in Fig. 8b, although the load 
drop after failure was larger (2-4 kN) and there was no 
subsequent load increase. The extent of matrix ad- 
hesion on the pushed-out insert was less than for the 
insert heated to 300 ~ 

Interface shear strengths, zi, were calculated from 
the push-out data in Fig. 8a and b at the point of 
interface failure using Equation 1, and the results are 
given in Table III. The mean interface shear strength 
of the inserts pre-heated to 900~ was 44.5 MPa, 
somewhat greater than 30.5 MPa  for the inserts pre- 
heated to 300~ There was no consistent trend in 
interface shear strength with specimen location. 
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Figure 9 Uncoated insert after push-out testing. 

TABLE I I I  Interface shear strength, zl, for uncoated inserts 

Insert Interface shear strength for each Mean 
temperature sample (MPa) strength 
(~ (MPa) 

1 2 3 4 5 

300 30.3 36.1 36.2 25.1 25.1 30.5_+ 6.9 
900 49.9 61.5 48.0 38.8 44.0 48.4_+ 10.5 
900 44.5 37.4 44.0 39.7 36.8 40.5 +_415 

3.2. Hot-dipped inserts 
Fig. 10a shows a backscatter scanning electron micro- 
graph of the insert surface af ter 'hot-dipping in 
AI-10Fe at 900 ~ for 60 s. A reaction layer ~ 140 ~tm 
thick formed around the insert, and EDS analysis, 
Fig. 10b, revealed that it contained aluminium, iron 
and a trace of manganese. Quantitative WDS analysis 
identified this reaction layer as a mixture of iron 
aluminides, predominantly Fe2A15 with some regions 
of FeA13. The iron aluminide grains appeared to have 
grown radially outwards from the steel surface, and 
contained ~ 10 vol % porosity. An outer aluminium- 
rich coating around the reaction layer was picked up 
during removal of the inserts from the reaction bath 
and this outer coating consisted of aluminium with 

16 vol % FeA13, i.e. corresponded to the hot-dip- 
ping bath composition (AI-10 wt % Fe). 

Fig. 10c shows typical cooling curves during 
squeeze casting with hot-dipped inserts in a die lined 
with insulating felt. The cooling trends were similar to 
those observed during squeeze casting with uncoated 
inserts pre-heated to 900 ~ (see Fig. 4b). When the 
melt was poured into the die after ~ 2s, the die 
and insert temperatures were 300 and 650 ~ respec- 
tively, and the melt temperature immediately before 
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Figure 10 (a) SEM backscatter micrograph of a hot-dipped insert, 
(b) EDS trace of the iron-aluminide reaction phase, and (c) cooling 
curves during squeeze casting with a hot-dipped insert. 

pressurization at ~ 17 s was 680 ~ Rapid cooling 
subsequent to pressurization resulted in a solidifi- 
cation time of ~ 18 s after pouring of the melt. 

Fig. 1 la  and b show optical micrographs from two 
regions of the steel/A1-7Si interface after squeeze cast- 
ing. The interface consisted of regions where an oxide 
film was present between the aluminium-rich outer 
coating on the hot-dipped insert and the AI-7Si 
matrix, Fig. l l a ,  and regions where the oxide was 

Figure 11 Optical micrographs of an AI-7Si squeeze casting with 
a hot-dipped insert showing (a) regions with an oxide layer, and 
(b) regions without an oxide layer. 

removed leading to some dissolution of the alumi- 
nium-rich outer coating and the Fe2A15 reaction layer, 
Fig. 1 lb. The oxide film was Present on approximately 
30% of the circumference of the insert. 

Fig. 12a shows a series of push-out tests from one 
casting with a hot-dipped insert. The load required to 
force the insert out of the matrix was much greater for 
the hot-dipped inserts in Fig. 12a than for the un- 
coated inserts in Fig. 8 (note the change of scale). The 
initial linear region in Fig. 12a persisted up to a load of 
12-16 kN, after which the load increased progressively 
more slowly towards a maximum value. This was 
followed by a decrease in load as the insert was pushed 
out of the sample, with a final displacement value 
approximately equal to the specimen thickness. After 
testing, the insert was found to be coated with an 

0.5 m m  thick layer of A1-7Si, Fig. 12b, indicating 
that failure occurred in the matrix rather than at the 
steel/A1- 7Si interface or at the oxide film shown in 
Fig. l la .  

Two interface parameters were calculated from the 
loa~disp lacement  curves for the hot-dipped inserts in 
Fig. 12a: (i) the interface yield strength, ~y, at the end of 
the initial linear region; and (ii) the interface shear 
strength, ~i, at the point of maximum load. These 
results are given in Table IV. The interface shear 

595  



strength was some 20 MPa  greater than the interface 
yield strength. Furthermore, the mean interface shear 
strength of 113 MPa was much greater than the value 
of 45 MPa  obtained for uncoated inserts pre-heated to 
900 ~ 
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3.3. Titanium-coated inserts 
Examination of the as-sprayed titanium-coated inserts 
revealed a rough, splat quenched surface, Fig. 13a. 
Talysurl ~ measurements, Fig. 13b, established that 
the surface height amplitude was 39 gin and the CLA 
value was 7.8 gm. After grinding on SiC paper down 
to 1200 grit, the surface height amplitude was reduced 
to less than 1 gm, as shown in Fig. 13c, and the CLA 
value correspondingly decreased to ~ 0.2 gin. 

Fig. 14 shows cooling curves during squeeze casting 
with an insulated die and titanium-coated inserts 

Figure 12 Hot-dipped inserts: (a) push-out test results, and (b) a 
typical insert surface after testing. 
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Figure 13 Titanium-coated inserts: (a) optical micrograph, (b) sur- 
face profile of as-sprayed insert, (c) surface profile after grinding. 

T A B L E  IV Hot-dipped inserts; interface yield strength, ~y, and interface shear strength, ~ 

Cast Interface yield strength for each sample Mean yield Interface shear strength for each sample Mean shear 
number (MPa) strength (MPa) strength 

(MPa) (MPa) 
1 2 3 4 5 1 2 3 4 5 

1 90.5 89.4 103 108 84.3 95.0 • 12.4 101 116 128 125 100 114 • 16.3 
2 81.0 97.3 99.7 104 87.0 93.8 _+ 11.8 92.7 121 117 124 105 112 4- 16.1 
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Figure 14 Cooling curves during squeeze casting with titanium- 
coated inserts pre-heated to (a) 300 ~ and (b) 900 ~ 

pre-heated to (a) 300 ~ and (b) 900 ~ For  the insert 
pre-heated to 300 ~ the melt was poured into the die 
after ~ 5 s, and the insert and melt temperatures 
increased to 590 and 700 ~ respectively at the point 
of pressurization ( ~ 20 s). Solidification was complete 
after 22 s, i.e. ~ 17 s after pouring of the melt. For  the 
insert pre-heated to 900 ~ the melt was poured into 
the die after ~ 22 s, and the insert and melt temper- 
atures were 650 and 700 ~ respectively, at th e point 
of pressurization (36 s). Solidification was complete 

20 s after pouring of the melt. 
Fig. 15a shows an optical micrograph from a cast- 

ing with an as-sprayed titanium coated insert pre- 
heated to 300 ~ No reaction between the titanium 
coating and the A1-7Si matrix was observed. How- 
ever, the optical micrograph Fig. 15b for an insert 
pre-heated to 900 ~ shows a dark layer ~ 4 gm thick 
between the titanium coating and the A1-7Si matrix. 
WDS analysis revealed that this layer contained the 
elements titanium, oxygen and aluminium with the 
approximate atomic ratio 28 : 61 : 11. 

Fig. 16a and b show push-out results for the as- 
sprayed titanium-coated inserts pre-heated to 300 and 
900 ~ The push-out curves exhibited a similar trend 
to the hot-dipped samples shown in Fig. 12a, with 
a linear region followed by an increase in load towards 
a maximum value. The surfaces of the pushed out 

Figure 15 Optical micrographs of as-sprayed titanium-coated in- 
serts pre-heated to (a) 300 ~ and (b) 900 ~ 

inserts were again coated with an ~ 0.5 mm thick 
layer of AI=7Si. Interface yield strength, "Cy, and inter- 
face shear strengths, ti, are given in Table V. Both the 
interface yield strength and the interface shear 
strength were slightly greater for the inserts pre-heated 
to 300~ (ty = 125 MPa and ti = 150MPa) com- 
pared with the inserts pre-heated to 900~ 
( ty=  l l 0 M P a  and t i =  126MPa). The push-out 
curves shown in Fig. 16c and d for the ground tita- 
nium-coated inserts were similar to those obtained 
for the uncoated inserts in Fig. 8, with a linear increase 
in load up to a peak value followed by a decrease in 
load. The interface shear strengths, tl, were calculated 
at the end of the linear region and are given in 
Table V. Compared with the as-sprayed titanium- 
coated inserts, the interface shear strengths were 
markedly reduced, although the inserts pre-heated to 
900~ had a greater interface shear strength 
(34.4 MPa) than those heated to 300 ~ (4.7 MPa). 

4. Discussion 
4.1. Interface microstructure 
Incorporating uncoated mild steel inserts at 300 ~ 
into an AF7Si squeeze casting results in a cracked 
interface with little evidence of any reaction between 
the steel and A1-7Si, see Fig. 5. This lack of reaction is 
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Figure 16 Push-out test results for titanium-coated inserts: (a) as-sprayed 300~ (b) as-sprayed 900~ (c) ground 300 ~ (d) ground 
900 ~ 

TAB L E V Titanium-coated inserts: interface yield strength, Zy, and interface shear strength, ~ 

Insert Temperature Interface yield strength for each sample Mean Interface shear strength for each sample Mean 
condition (~ (MPa) yield (MPa) shear 

strength strength 
1 2 3 4 5 (MPa) 1 2 3 4 5 (MPa) 

As-sprayed 300 121 128 126 124 124 125 • 3.2 147 156 152 152 144 150 • 
900 116 111 117 99.0 107 110• 135 123 132 119 123 126 • 8.4 

Ground 300 - 5.4 4.3 4.4 4.8 4.7 • 0.7 
900 50.4 40.4 39.5 26.0 15.9 34.4 • 16 

due to r ap id  cool ing  of  the mol t en  A1-7Si a r o u n d  the 
re la t ively  cool  insert.  The  Fe-A1 equ i l ib r ium phase  
d i a g r a m  shows tha t  the lowest  t empe ra tu r e  at  which 
an i ron  a lumin ide  phase  is expected  to  form is 652 ~ 
for FeA13 [11], and  the cool ing  curves in Fig. 4a reveal  
tha t  the mel t  t e m p e r a t u r e  at  a rad ius  of  17 m m  is 
above  652 ~ for less than  5 s, and  the reac t ion  t ime 
ava i lab le  at  the steel surface is even shor te r  as a result  
of  mel t  quenching  a r o u n d  the 300 ~ insert.  The  crack  
at  the  interface forms when res idual  stresses are re- 
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laxed dur ing  sect ioning of  the cas t ing for me ta l logra -  
phy, as discussed further in Section 4.2. There is still no 
reac t ion  between the steel and  the A1-7Si even when 
the inserts  are p re -hea ted  to the h igher  t empe ra tu r e  of  
900 ~ see Fig. 6. This  is a t t r i bu tab le  to a 5 gm thick 
F e 3 0 4  magne t i t e  layer  on the steel surface, which 
p r o b a b l y  forms when the insert  is r emoved  f rom the 
a rgon  a tmosphe re  of  the p re -hea t  furnace and  is 
loca ted  in the die  cavity,  a process  which takes  
10-15 s. The  F e 3 0 4  layer  is no t  r educed  by  the A1-7Si 



melt, presumably because the A1-TSi alloy is liquid for 
less than 20 s during squeeze casting (see Fig. 4b). 

Hot-dipping and stirring the inserts in molten 
AI-10Fe at 900 ~ for 60 s results in full wetting of the 
insert and a reaction layer thickness of ~ 140 gin, see 
Fig. 10. The reaction layer is predominantly Fe2A15, 
which accords with the findings of Yeremenko et al. 

[12], although some regions of FeA13 are also present. 
Other equilibrium iron-aluminium phases, which 
might be expected to form from the Fe-A1 phase 
diagram, either do not nucleate or are consumed dur- 
ing the rapid growth of Fe2A15 and FeA13. Removal of 
the insert from the hot-dipping bath results in an outer 
aluminium-rich coating on the insert surface, see 
Fig. 10a, and this coating oxidizes whilst the insert is 
located in the die cavity. During pouring of the A1-7Si 
melt, much of the oxide film is disrupted, although it 
remains intact on ~ 30% of the circumference of the 
insert (see Fig. 11). 

Plasma-sprayed titanium coatings on inserts which 
are pre-heated to 300~ and squeeze cast in an in- 
sulated die cavity do not react significantly with the 
A1-7Si melt, see Fig. 15a. This is because of rapid 
cooling during squeeze Casting, with the A1-7Si being 
molten for less than 17 s, and quenching of the melt 
around the relatively cool insert. An additional barrier 
to the reaction of inserts pre-heated to the higher 
temperature of 900 ~ is the formation of a 4 gm thick 
oxide layer on the titanium coating, although WDS 
analysis indicates that some reduction of this oxide 
does occur because the layer contains ~ 11 at % A1. 

4.2. M e c h a n i c s  of  t h e  p u s h - o u t  t e s t  
The mechanics of the push-out test have been studied 
for various fibre-reinforced ceramic matrix [13, 14] 
and metal matrix [15-17] composite materials. These 
studies have attempted to relate the load recorded in 
the push-out test to the interface shear strength. Dur- 
ing the push-out test, the load first increases in a linear 
manner with punch displacement as the specimen 
deforms elastically. When the shear stress at the inter- 
face reaches a critical value, "q, the interface fractures 
and there is a decrease in load, after which the resist- 
ance to displacement is due to Sliding friction, given by 

Tfr - -  ~ p  (2) 

where g is the coefficient of friction and p is the normal 
stress acting on the insert surface. The magnitude of 
p is determined by residual elastic stresses in the 
matrix, which are generated during cooling after 
squeeze casting in response to the difference in coeffi- 
cient of thermal expansion, ACTE, between the matrix 
and the insert. 

Residual stresses in a composite cylinder, see Fig. 17a, 
can be calculated as follows [18-21]. For an axisym- 
metric stress state, the principal stresses in polar co- 
ordinates are the radial stress, %, the circumferential 
stress, ere, and the axial stress, c~z. Considering the 
stress equilibrium equations, the strain compatibility 
equations and the generalized thermoelastic stress- 
strain constitutive equations in polar co-ordinates, 
and further assuming that plane cross-sections of the 
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Figure 17 (a) Thick-walled composite cylinder model, and (b) cal- 
culated residual stresses in a squeeze casting containing a mild steel 
insert. 

cylinder remain plane, it can be shown that the princi- 
pal stresses are given by El8] 

errs = As -- Bs/r  2 (3a) 

C~os = As + Bs/r  2 (3b) 

~s  = Cs (3c) 

where r is the radial distance from the cylinder axis, 
A and B are constants and the subscript s is replaced 
by i for the insert and m for the matrix (see Fig. 17a). 
For finite stress values at the centre of the insert, 
Bi = 0, such that [211 

O'ri = s = Ai (4) 

The constants Ai, Am, Bm, Ci and Cm can be estab- 
lished by imposing the following boundary conditions 
[19]: (i) no radial displacement at the main cylinder 
axis; (ii) displacement continuity at the insert/matrix 
interface; (iii) continuity of c~r at the insert/matrix 
interface; (iv) Or = 0 at the matrix surface; (v) no net 
force over the ends of the cylinder. In terms of y = b/a, 

where a and b are the radius of the insert and matrix 
respectively, the constants are [19] 

E i E ~ A e  
A~ - ~ [E~(1 + Vm) + E m ( 1  + V i ) ( ]  t2 - -  1)] 

(5a) 

B m = Am b2 (5b) 
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C m - E i E m A ~  [ E i ( l  q- Vm) (,~2 ~_ 1) 
D 

+ Era(1 + vi) (7 2 -- 1)] (5C) 

Ai = Am(1 - ./2) (5d) 

Bi = 0 (5e) 

c i  = cm(1  - v 2) (50 

where D is given by the determinant 

2[E,vm + Emv,(7 z - 1)] E, 4- Em(y 2 --  1) 

Ei[1 - vm + 3'2(1 + vm)] 

+ Era(1 - vi)(y 2 - 1) glvm + EmVi(y 2 - 1) 

and E is Young's modulus, v is Poisson's ratio and the 
term Ae is the misfit strain defined as 

A• = (0~ m - -  ~i )Ar  (6) 

where a is the coefficient of thermal expansion (CTE) 
and AT is the net change in temperature as the casting 
cools. A value of - 2 0 0 ~  has been used for AT, 
based on the assumption that the stresses generated in 
the initial stages of cooling are relieved by plastic 
relaxation of the A1-7Si matrix, until a temperature of 
220 ~ is reached [22, 23]. The thermoelastic proper- 
ties of the mild steel insert and the AI-7Si matrix are 
given in Table VI [24]. 

In Fig. 17b the residual elastic stresses, calculated 
using Equations 3-6, are plotted as a function of 
radial distance (the axial stress in the insert, which is 
not shown, has a value of - 450 MPa). Shrinkage of 
the A1-7Si around the insert results in a large radial 
compressive stress in the matrix, cym, with a value of 

- 120 MPa  at the insert surface, and this decreases in 
a parabolic manner towards the surface of the casting. 
The radial stress at the interface acts normal to the 
insert surface, and thus the value of p in the sliding 
friction Equation (2) may be taken as - 120 MPa. In 
the axial direction, the matrix is in tension (7.4 MPa) 
and the insert in compression ( - 450 MPa). The large 
difference between these values is primarily due to the 
much greater cross-sectional area of the A1-7Si matrix 
compared with the insert. Furthermore, the insert is 
under a large compressive hydrostatic stress 
( -  230 MPa), such that the high axial stress in the 
insert ( - 450 MPa) does not cause it to yield. 

The above calculations of residual stress are based 
on a composite cylinder with a relatively large length 
to diameter ratio. Removal of the 7 mm thick discs for 
push-out tests will, however, significantly alter the 
residual axial stress state (~z~, c~z~) because free surfa- 
ces are introduced perpendicular to the main cylinder 
axis. These free surfaces allow the insert, which is in 
axial compression, to expand and the A1-7Si matrix, 

T A B L E  VI Material property data used in the residual stress 
calculations [24] 

Property Mild Steel Aluminium 

Young's modulus (GPa) 195 70 
Poisson's ratio 0.30 0.33 
Coefficient of thermal expansion 12.8 23.0 
(10- 6 ~  1.) 

600 

which is in axial tension, to contract, thereby creating 
a shear stress at the steel/A1-7Si interface. The extent 
to which the axial stresses are relaxed depends on the 
interface shear strength, and the resultant axial stress 
distribution will be non-uniform along the length of 
the insert [25]. The crack observed at the steel/A1-7Si 
interface for uncoated inserts (see Fig. 5) is thus at- 
tributable to the relaxation of axial stresses during 
removal of the sample for metallography, and to an 
inherently low interface shear strength. Residual stres- 
ses in the radial and circumferential directions are not 
relaxed to such an extent when samples are removed 
from the casting because no free surfaces are created 
normal to these stress directions. 

4.3. Interface shear strength 
The push-out curves for uncoated inserts pre-heated 
to 300 ~ (see Fig. 8) are characterized by a peak load 
followed by a load drop. The peak load is related to 
the interface shear strength, with a mean value of 
30.5 MPa, and the load drop is caused by propagation 
of the crack along the length of the interface, see Fig. 5. 
After debonding, there is an increase in push-out load 
which is attributable to asperities on the insert, which 
have a surface height amplitude of ,-~ 20 gin, causing 
local deformation and work hardening of the sur- 
rounding matrix, as evidenced by the small patches of 
A1-7Si identified on the insert surface after testing (see 
Fig. 9). The coefficient of friction, calculated using 
Equation (2) and a normal stress of - 120 MPa, thus 
increases from a value of ~ 0.17 immediately after 
debonding to a peak value of ~ 0.24. Pre-heating the 
inserts to 900 ~C increases the interface shear strength 
to a mean value of ~ 44 MPa, although the sub- 
sequent load drop is greater, to a value which corres- 
ponds to a coefficient of friction of ~ 0.19, similar to 
that for inserts pre-heated to 300 ~ There is no load 
increase after debonding, and little A1-7Si matrix is 
visible on the insert surface after testing, indicating 
that failure occurs at the steel/Fe304 interface rather 
than at the Fe304/A1-7Si interface. Such an argument 
accords with the cracks observed between the steel 
and the Fe304 magnetite layer (see Fig. 6). 

With hot-dipped inserts, the load-displacement 
curves in the push-out test (see Fig. 12) are signifi- 
cantly different from those exhibited by the uncoated 
inserts. Following a linear elastic region, the matrix 
yields and work hardens towards a maximum load 
value, without the subsequent load drop associated 
with debonding. The interface yield strength 
(94.4 MPa) and the interface shear strength (113 Mpa) 
are much greater than the interface shear strength of 
uncoated inserts (30-44 MPa). Furthermore, a thick 
A1-7Si coating, with an outside radius similar to that 
of the hole in the lower die of the push-out rig, is 
present on the inserts following testing. These results 
show that failure occurs in the A1 7Si matrix, with 
fracture occuring at the diameter of the hole in the 
push-out rig. The maximum shear stress is, indeed, 
approximately what might be expected for a squeeze- 
cast A1-7Si alloy. For  example, Chadwick and Yue 
[4] obtained a UTS value of 214 MPa  for as-cast 



LM25 alloy (AI-7Si-0.3Mg), which from yon Mises 
yield criterion gives a shear strength of ~ 120 MPa. 
The concept of a coefficient of friction does not apply 
to the hot-dipped inserts because failure occurs in the 
matrix rather than at the steel/A1-7Si interface; in- 
deed, the calculated value of bt corresponding to the 
interface shear strength is ~ 0.94, which is greater than 
the maximum value of 0.577 expected for full bonding 
at the interface with sub-surface shearing [26]. 

The effect of surface roughness on the interface shear 
strength is clearly demonstrated by the plasma-sprayed 
titanium-coated inserts. With inserts in the as-sprayed 
condition pre-heated to 300~ the push-out curves 
(see Fig. 16a) are similar to the hot-dipped inserts, 
with an interface shear strength of 150 MPa and fail- 
ure in the matrix rather than at the steel/A1-7Si inter- 
face. However, grinding the titanium coating with SiC 
paper to 1200 grit reduces the surface height ampli- 
tude from ~-, 40 btm in the as-sprayed condition to 

1 t,m, and the interface shear strength correspond- 
ingly decreases to ~ 5 MPa, with a coefficient of 
friction of ~ 0.04. These results show that the bond 
between titanium coated inserts and the A1-7Si matrix 
is weak, but large surface height amplitude ( ~ 40 gm) 
combined with a high residual radial stress 
( - 120 MPa) can still lead to a large interface shear 
strength and failure in the A1-7Si matrix. The effect of 
surface roughness on sliding friction is further evid- 
enced by the ground titanium-coated inserts. A surface 
height amplitude of ,-, 1 btm gives  a coefficient 
of friction of ~ 0.04, considerably lower than ~ 0.20 
for the uncoated inserts, which have a surface height 
amplitude of ~ 20 txm. The theoretical treatments of 
Jero et  al. [14] and Mackin et  al. [17] have considered 
surface roughness effects by calculating the separate 
contributions to p in Equation (2) arising from the 
residual radial stress and the additional normal stress 
arising from surface asperities at the interface. Such an 
analysis is inappropriate in the present case, because 
the A1-TSi matrix is relatively soft, and thus matrix 
asperities deform plastically rather than slide over 
asperities on the insert surface. Pre-heating the ground 
titanium-coated inserts to 900 ~ results in a larger 
coefficient of friction of ~ 0.20, larger than inserts 
pre-heated to 300 ~ and this is related to the limited 
reaction between the oxide layer on the titanium coat- 
ing and the A1-7Si matrix during squeeze casting. 

5, Conclusion 
Squeeze casting AI-7Si with a mild steel insert at 
300 ~ does not result in any significant reaction at the 
interface, because of rapid cooling of the melt around 
the relatively cool insert. Push-out tests reveal a rela- 
tively low interface shear strength of ~ 30 MPa. Pre- 
heating the inserts to 900 ~ does not significantly 
improve the interface shear strength ( ~ 45 MPa) be- 
cause reaction between the steel and A1-7Si is pre- 
vented by the formation of the Fe304 magnetite layer 
on the steel surface. 

However, squeeze casting A1-7Si with a mild steel 
insert hot-dipped in A1 10Fe at 900 ~ for 60 s greatly 
improves the interface shear strength to ~ 110 MPa, 

with failure in the A1-7Si matrix rather than at the 
steel/Al-7Si interface. This increase in the interface 
shear strength is due to wetting of the insert with 
AI-10Fe prior to squeeze casting and to the formation 
of an iron aluminide reaction layer on the steel 
surface. 

Squeeze casting A1-7Si with a mild steel insert vac- 
cum plasma-spray coated with titanium does not re- 
sult in significant reaction at the interface, even when 
the insert is pre-heated to 900~ However, in the 
rough as-sprayed condition the interface shear 
strength is 150 MPa, because of a large surface height 
amplitude ( ~  40 gm) combined with high residual 
radial stresses in the AI-7Si matrix ( ~  120 MPa). 
After grinding the titanium-coated inserts to reduce 
the surface height amplitude to ~ 1 btm, the interface 
shear strength is correspondingly decreased to 

5 MPa. 
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