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Mechanical property-grain size relationships have been examined for squeeze cast AI-4.5% 
Cu alloy, for an aluminium alloy with a composition corresponding to wrought 7010, and for 
a magnesium alloy AZ91. The general trend of the results obtained showed that the tensile 
properties and the fatigue strength improved as grain size decreased and the reverse was 
found to be the case for the fatigue crack propagation resistance and fracture energy of these 
castings. However, the results also showed that no simple common relationship existed 
between grain size and the tensile properties of the different alloys. The results are discussed 
in respect of their microstructures. 

1. Introduction 
The grain size effect on the mechanical properties of 
castings has never been unequivocally assessed due to 
inherent defects which make their own contribution 
and which tend to mask grain size-mechanical prop- 
erty relationships. In this respect porosity presents 
a major problem in assessing these relationships. Re- 
cent advances in the production of pore-free material 
has overcome this obstacle, and thus enabled the true 
mechanical properties of the cast microstructure, free 
of defects, to be determined. 

The influence of grain size on the tensile properties 
of metals and alloys has been widely reported in the 
literature [1-5]. It is, perhaps, not surprising that it is 
those microstructures where grain boundaries repres- 
ent the prime obstacles to dislocation movement that 
this influence can be most clearly demonstrated, and 
where the Hall Petch relationship can be established. 
The presence in a microstructure of other dispersed 
features that also impede or modify dislocation move- 
ment must tend to reduce the grain size contribution. 
Furthermore, the presence of discontinuities such as 
pores, by virtue of their strength reducing effects, may 
swamp any grain size effects. The picture has been 
further complicated by the various shapes that poros- 
ity can take in different castings. Ruddle [2] has 
shown that the tensile properties of some AI-Cu alloys 
increased markedly with a decrease in grain size, bu t  
this might have also been due to changes in the form of 
the intergranular shrinkage porosity that related to 
these different grain sizes. The effect of porosity on the 
tensile properties of an aluminium alloy has been 
studied by Surappa et al. [6] and the results show that 
the properties depend mainly on the size of the domi- 
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nant cavity, rather than the volume percent porosity 
obtained by density measurements. On the other 
hand, Khan and Murthy [7] have found a relation- 
ship between volume-percent porosity and tensile 
strength for an aluminium-10% magnesium alloy, the 
results revealing that even a minor amount of porosity 
decreases the tensile strength significantly. Apart from 
tensile property effects Chien [8] has found that the 
amount and shape of microporosity also affected the 
fatigue strength of a high strength Al-alloy. With re- 
spect to grain size effects themselves, Campbell [9] has 
suggested that grain refinement can produce only lim- 
ited increases in the mechanical properties of alumi- 
nium alloy castings. However, for the alloys that he 
was considering, this could be due to the fact that 
silicon, which was the predominant phase present, was 
distributed mainly at dendrite boundaries and this 
phase was mainly responsible for the tensile properties 
developed. It should be noted in this context, that with 
most A1-Si casting alloys, the as-cast dendrite struc- 
ture remained, even after heat treatment. It has been 
suggested that in AI-Si casting alloys, other micro- 
structural features, such as the secondary dendrite arm 
spacing (SDAS) as well as the morphology of the 
silicon phase, are the prime governing features in 
controlling their mechanical properties [10]. 

The casting materials chosen for the present work 
do not retain a strongly developed dendrite pattern 
after heat treatment, and consequently have a well 
defined polygonal grain structure. With such charac- 
teristics it was anticipated that the effect of grain size 
on properties would be more clearly demonstrated. 
Nevertheless, as has been mentioned, with porosity 
present in castings, their strength and ductility 
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dependence on grain size cannot be properly assessed, 
and thus this porosity must be eliminated if a true 
grain size effect is to be studied. In the past fifteen 
years it has been demonstrated that the squeeze cast- 
ing process can produce 100% dense castings both 
with conventional casting alloys and with composi- 
tions of wrought forms [-11, 121. This paper presents 
some preliminary results obtained on the grain 
size/mechanical properties ,.relationships of some 
squeeze cast aluminium and magnesium based alloys. 

2. Materials 
Three different alloys were used in this investigation, 
their nominal compositions are given as follows: 

(i) A binary A1-4.5% Cu alloy; 
(ii) A high strength Al-alloy with the 7010 composi- 

tion (6.5 Zn-2.hMg-l.6Cu), which in the wrought 
form is widely used in the aerospace industry; and 
(iii) A magnesium alloy AZ91 (9AI-lZN). 

These materials were squeeze cast in a 100 mm dia- 
meter cylindrical die under pressures between 50 MPa 
and 300 MPa. By varying the casting parameters 
a range of different grain size castings was produced. 
However, the SDAS of the cast microstructures were 
not greatly affected by the casting parameters being in 
the range of 20 gm to 45 gm, and, as has been men- 
tioned earlier, these dendrite structures were largely 
eliminated by heat treatment. 

3. Microstructure and heat t reatment  
Typical examples of the fully heat-treated grain struc- 
tures of the alloys are shown in Figs 1 and 2. No 
porosity was observed in any of the castings produced. 
In both of the aluminium alloys used, fine cellular 
as-cast grains were obtained (Fig. 3) by selecting the 
correct casting parameters. Some of the castings were 
tested in their fully heat treated (FHT) conditions. 

Heat treatment conditions: 
Al 4 .5%Cu 

8 h at 535 ~ (WQ)" then 
For peak aged: 16 h at 140 ~ (AC) b 
"WQ cold water quench 
bAG air cool 
7010 
24 h at 475 ~ (WQ) then 
For peak aged: 24 h at 120 ~ (AC) 
For overaged: 8 h at l l 0 ~  followed by 15h at 
175 ~ (AC) 
AZ91 
16 h at 420 ~ (WQ) then 
For peak aged: 4 h at 205 ~ (AC) 

Figure 1 Fully heat-treated A1 7010. (a) Coarse grain; (b) fine 
grain. 

4. Results 
4.1. Tensile properties 
Tensile properties as a function of the inverse square 
root of the grain size of the squeeze cast materials are 
shown in Figs 4-6. The results show that no simple 
common relationship existed between the data from 
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Figure 2 Fully heat-treated Mg AZ91. (a) Coarse grain; (b) fine 
grain. 
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Figure 3 Fine grained as-cast Al 4.5 Cu structure. 

Figure 4 Relationship between the elongation and the inverse 
square root of the average grain diameter of the squeeze cast 
materials. O AI-4.5 Cu (as cast); �9 A1-4.5 Cu (FHT); [] A1-7010 
(overaged); A Mg AZgl  (FHT). 

the different alloys. The % elongation and ultimate 
tensile strength of the 7010 material, tested in the 
overaged condition, increased with decreasing grain 
size up to a critical grain diameter, beyond which no 
appreciable increase was obtained (Figs 4 and 6). The 
0.2% yield strengths of the 7010 overaged alloy (Fig. 5) 
did not appear to change significantly with grain size 
nor did the as-cast A1-4.5% Cu material. The 
A1 4.5% Cu fully heat treated did show a change, but 
a well defined Hall-Petch relationship was only ob- 
tained for the AZ91 alloy. 
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4.2. Fracture toughness 
A three-point bend technique using slotted rectangu- 
lar bars [13, 14] was employed to determine the en- 
ergy of fracture both of the AZ91 and 7010 materials. 
Although, the test itself may not provide a valid 
K~c measurement, work by Ahmady and Kaufman 
[13, 15] have shown that there is an approximate 
correlation between unit energy of fracture and valid 
K~c data. 

The variation in energy of fracture per unit area 
with grain size for squeeze cast AZgl and 7010 mater- 
ials is shown in Fig. 7. The related fracture paths of the 
7010 material are illustrated in Fig. 8. These figures 
reveal that, disregarding differences in grain size, the 
crack follows either an intergranular or interdendritic 
path. For the two alloys studied, the crack path of the 
coarse grained specimen was found always to have 
larger amplitude of deviation away from the plane of 
maximum tensile stress than that of the finer grain 
specimen. 

Figure 5 Relationship between the 0.2% proof stress and the in- 
verse square root of the average grain diameter of the squeeze cast 
materials. See Fig. 4 for key. 
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Figure 6 Relationship between the UTS and the inverse square root 
of the average grain diameter of the squeeze cast materials. See 
Fig. 4 for key. 

4.3. Fatigue properties of the 7010 
and AZ91 materials 

Total fatigue life, in which the crack initiation period 
is of considerable significance, has been determined on 
plain fatigue specimens using a single rotating canti- 
lever Rolls-Royce fatigue machine of reversed loading 
cycle, i.e. the stress ratio R = -- 1. The fatigue proper- 
ties of the squeeze cast 7010 and AZ91 materials, both 

in their peak aged condition, are presented as S/N 
curves in Fig. 9(a) and (b) respectively. There was 
a significant improvement in the fatigue strength of 
the two squeeze cast materials when the grain size was 
reduced. For both squeeze cast materials, transgranu- 
lar cracks frequently changed direction at grain 
boundaries (Fig. 10). A change of fatigue cracking 
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Figure 7 Fracture energy versus the average grain diameter of 
A1-7010 and Mg-AZgl.  [] 7010 averaged; �9 AZ91 peak aged. 

mode was also observed, from being largely Stage 
I cracking in the coarse-grained structure (Fig. 1 l(a)), 
to predominantly Stage II cracking in the fine-grained 
structure (Fig. ll(b). 

The fatigue crack propagation resistance of the 
squeeze cast material was assessed using the Pearson 
bend fatigue machine [16] with specimens containing 
an edge crack. In this study the stressing form of 
1.22c& _+ ~a was used. Since results of similar trends 

were observed for both the 7010 and the AZgl mater- 
ials only the relationship between crack growth rate 
and stress intensity factor range for the 7010 material 
is presented (Fig. 12). The crack path in these two 
squeeze cast materials was primarily transgranular; 
however, the amplitude of crack deviation was much 
greater in specimens with a coarse grained structure. 

5. Discussion 
The experimental results show that the squeeze cast 
alloy of the 7010 composition, when tested in the 
overaged condition, had no yield strength sensitivity 
to grain size, and only slight tensile strength sensitiv- 
ity. 

The materials and conditions that did show a re- 
sponse to changing grain size were Mg-AZ91 (FHT) 
and A1-4.5% Cu (FHT). This behaviour implies that 
microstructures containing large amount of dispersed 
particles show little strength sensitivity to grain size. 
This is in agreement with the earlier premise that grain 
size effects are only likely to be found where the grain 
boundaries themselves represent the prime obstacle to 
slip deformation. In this case, the particles themselves 
replace the boundaries as the main obstacles of free 
dislocation movement. 

Looking now at the Mg-AZgl (FHT) which has 
a c.p.h, lattice with considerable slip anisotropy which 
implies inherent difficulty of slip transfer across grain 

Figure 8 The fracture path of a 3-point bend specimen of A1 7010 material. (a) Coarse grain, (b) fine grain. 
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Figure 9 S/N curves for the FHT cast materials. (a) A1-7010; grain 
size [] 70 gm, �9 800 Ixm; (b) Mg-AZ91, grain size [] 346 pro, 
�9 543 pm. 

Figure 11 Fracture surfaces of A1 7010 material tested in rotating 
bend fatigue, (a) Coarse grain; (b) fine grain. 

Figure 10 Transgranular cracks were frequently interrupted by 
grain boundaries in A1 7010 rotating bend specimens (elec- 
tropolished). 

boundaries.  The smaller the grain size the smaller is 
the free path  for dislocation movement ,  and the more  
difficult transmission of plastic deformation to neigh- 
bouring grains will be. Thus this AZ91 material shows 
a close correlat ion between strength and grain size. 
Considering this in more  detail, the linear increase in 
yield strength of  AZ91 when plot ted against d -1/2 

shows that  for this c.p.h, alloy, a Ha l l -Pe t ch  model  of 
strengthening applies; that  is, dislocation pile-ups 
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Figure 12 Fatigue crack growth rate da/dN, versus stress intensity 
factor, AK, in 7010-T6 Al-alloy. Grain size �9 380 gin, �9 70 pro. 

occur at the principal obstacles in the microstructure 
- the grain boundaries  - with the consequent  produc-  
tion of long range internal stresses. A c.p.h, metal, with 
its restricted slip systems, does not  have sufficient 
independent  shear mechanisms to allow unrestricted 
change in shape of  a polycrystalline aggregate. Thus, 
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there is less likelihood of a contribution from second- 
ary strengthening mechanisms which would obscure 
the simple grain size relationship. 

The f.c.c. A1-4.5% Cu (FHT) also shows some sensi- 
tivity of strength to grain size in spite of the expected 
isotropic behaviour of the lattice. However, this ma- 
terial in the fully heat-treated condition will have 
a boundary precipitate network and an associated 
precipitate-free zone which results in characteristic 
boundary sliding coupled with difficulty of boundary 
penetration by dislocations. For the same reasons as 
for the magnesium base alloy, reducing the grain size 
will make boundary slip penetration more difficult 
and will thus enhance strength. 

The strengthening in the f.c.c. A1-4.5% Cu alloy 
(FHT) does not follow a well defined Hall-Petch rela- 
tionship, although yield strength does generally in- 
crease with decreasing grain size. In other work [17] 
observations on pure aluminium, with its less inhib- 
ited slip systems, revealed that considerable cross slip 
occurred particularly near grain boundaries, when 
subjected to tensile stress, and this was found to be 
more evident in the small grain size material than in 
the large. It is likely that this complex deformation 
strengthening obscured any grain size relationship, 
and the introduction of other microstructural ob- 
stacles, particles etc, will suppress it even further, as 
can be seen with the overaged 7010 and the as-cast 
A1-4.5% Cu alloy. 

The effect of grain size on ductility has also been 
investigated and Fig. 4 shows that all of the materials 
tested showed increased ductility with reduced grain 
size. However, with what might be described as disper- 
sed particle mictrostructures, for example overaged 
7010 and as-cast A1-4.5% Cu, further improvement 
was negligible when the grain size was reduced below 
0.25 mm. As mentioned earlier, cross slip was very 
much in evidence in the grain boundary region of pure 
aluminium and has similarly been observed in 
A1-4.5% Cu and 7010 alloy. AZ91 with its restricted 
slip systems would also be expected to exhibit more 
intense deformation in the grain boundary regions. 
Thus the smaller the grain size the greater the volume 
fraction of material undergoing cross slip for a given 
total strain, and the more homogeneous the deforma- 
tion becomes. Fracture will be expected to occur after 
exhaustion of all possible modes of deformation, and 
the utilization of the total volume of material with 
potential for slip. The smaller grain size material will 
be more efficient in this respect and provide a greater 
total strain capability. By the same token, ineffectual 
use of the total potential slip volume in the material 
has limited the strength that can be developed. The 
c.p.h, metal with its restricted systems will, at all grain 
sizes, be disadvantaged with respect to ductility when 
compared with the f.c.c, metal. 

Referring now to the fracture energy and the fatigue 
results, it might be expected that a fine grain size, 
which confers increased ductility, should also enhance 
fracture toughness in terms of fracture energy, but 
some researchers have shown this to be untrue [18]. 
The present work also shows that ductility and tough- 
ness are not directly related. The inferior fracture 
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toughness of the finer grained material is believed to 
be due to the fact that a small grain size allows an 
intergranular crack to follow a less devious path when 
compared with the coarse-grained material. Any crack 
deviation will cause a decrease of the effective stress 
intensity at the crack front and will, therefore, increase 
the energy needed to propagate the crack. 

The relatively poor fatigue strength observed in the 
coarse-grained squeeze cast material is considered to 
be the consequence of easy fatigue crack initiation. In 
the corase-grained squeeze cast material, because of 
the longer mean free path for slip, State I fatigue 
cracks can grow deeper into the test Piece before any 
Stage II cracking develops (Fig. 11). Conversely, the 
relatively coarse-grained material has a better fatigue 
crack propagation resistance (lower da/dN for a given 
AK value) than the fine grain size material. This is 
thought to be due, as for the fracture energy case, to 
the greater deviations that the crack tip makes from 
the generalized fracture plane when compared with 
the finer grain size material. Again this results in 
a reduction in the energy per unit crack front length in 
the coarse-grained material. Work by Pitcher et al. 
[19] also found that the fatigue crack growth rates of 
some cast Al-alloys were significantly influenced by 
the nature of the crack path. Other workers [20, 21] 
have also shown that a tortuous fatigue fracture path 
will cause a reduction in the effective stress intensity 
factor range at the crack front. 

6. Conclusions 
1. A well defined tensile property/grain size depend- 
ence of the Hall-Petch type was found for squeeze cast 
magnesium alloy AZ91. 
2. The tensile properties of squeeze cast A1-4.5% Cu 
alloy in the fully heat-treated state were grain size 
dependent, but not with a clearly defined Hall-Petch 
relationship. 
3. The tensile properties of the squeeze cast 7010 
composition aluminium alloy, with a more complex 
microstructure containing out-of-solution intermetal- 
lic particles showed virtually no tensile property/grain 
size dependence. 
4. For squeeze cast aluminium alloy to show a well 
defined relationship between grain size and tensile 
properties there appear to be two main requirements: 

(a) That the grain boundaries should be the prime 
obstacles to slip in the microstructure and 
(b) There should be only limited secondary slip 
hardening, either by dislocation/dis!ocation or dis- 
location/particle interactions. 

5. The fracture energy and fatigue crack propagation 
results confirm well-established principles that coarse 
microstructures, by imposing tortuous crack paths, 
exhibit higher crack resistance than those microstuc- 
tures where the crack path is more closely confined to 
the general crack plane. On the other hand, fatigue 
strength, on the basis of the S/N data, shows that 
fine-grained material has a higher fatigue strength 
than coarse-grained material due to the greater diffi- 
culty of fatigue crack initiation and early growth in 
small grains. 



Acknowledgements 
The author would like to thank Professor P.J.E. 
Forsyth for his fruitful comments on this paper. Drs 
Yue and Musson are grateful to Ministry of Defence 
(Royal Aerospace Establishment, Farnborough) for 
their supports on the aluminium squeeze casting 
work, also Dr Ha is grateful to NPL (National Phys- 
ical Laboratory, Teddington) for their financial sup- 
port on the magnesium work. 

References 
1. E . O .  HALL, Proc. Phys. Soc. London 64B (1951) 747. 
2. A. C I B U L A a n d R .  W. RUDDLE,  J. Inst. Metals76(1949-5)  

360. 
3. J .C .  LI and Y. T. CHOU, Met. Trans. 1 (t970) 1145. 
4. T. N A R U T A N I  and J. TAKAMURA,  Acta Met. et Mat. 39 

(1991) 2037. 
5. S. SANGAL, K. J. K U R Z Y D L O W S I  and K. TANGRI,  ibid. 

39 (1991) 1281. 
6. M.K .  SURAPPA,  E. BLANK and J. C. JAQUET,  in "Alumi- 

n ium Technology 86", Book 2: Session A, London 11-13 
March 1986 (Institute of  Metals, London). 

7. R .H.  K A H N a n d K .  S .S .  MUR T HY ,  Aluminium76(1978)392. 
8. K . H .  CHIEN and F. R. MOLLARD,  Met. Trans. 4 (1973) 

1069. 

9. J. C A M P B E L L  in "Proceedings Advanced Casting Techno- 
logy, AGARD",  No  325 (NATO, France) 16 5. 

10. K. RADAKR1SHNA and S. SESHAR, Cast Metals 2 (1989) 
34. 

l 1. G. W I L L I A M S a n d  K. M. FISHER in Solidification Techno- 
logy in the Foundry  and Casthouse, Warwick, (Metal. Society, 
London) September, 1980. 

12. G. A. C H A D W I C K  and T. M. YUE, Metals and Materials 
1 (1989) 6. 

13. S. M_ H. AHMADY, Ph.D Thesis, Southampton  University, 
1986. 

14. H .G.  TATTERSALL and G. TAPPIN,  J. Mater. Sci. 1 (1966) 
296. 

15. J . G .  KAUFMAN,  J N L  Mater. 8 (1967) 889. 
16. S. PEARSON, R.A.E. Tech. Report, No. 66204 (t966). 
17. P . J . E .  FORSYTH (RAE), Private communicat ion.  
18. C.J .  PEEL and P. J. E. FORSYTH, Metal Sci. J. 7 (1973) 121. 
19. P .D .  P ITCHER and P. J. E. FORSYTH, RAE Tech. Rep. No  

82107, November  (1982). 
20. C.A.  STUBBINGTON,  and N. J. F. GUNN,  RAE Tech. Rep. 

No. 77158 (1977). 
21. K .S .  RAVICHANDRAN,  Int. J. Fracture 44 (1990) 97. 

Received 11 April 
and accepted 21 September 1994 

2283 


