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Elimination of Porosity from Aluminum-Silicon 
Castings by Hot Isostatic Pressing 

C.C. Charna 

Specimens from two commercial aluminum-silicon casting alloys, with 0.060 and 0.100 maximum volume 
fractions of porosity, were hot isostaticaUy pressed (HlPed) at 68.95 MPa and various combinations of 
temperature (500 to 560 ~ and time (15 to 120 min). Optical microscopy and scanning electron micros- 
copy (SEM) were used to document the distribution of porosity before and after HIPing in addition to 
standard stereological techniques and high-precision density measurements. It was found that HlPing 
these alloys for at least 120 min led to the elimination of porosity. In all cases, there was a significant in- 
crease in density after HIPing. 

1. Introduction 

THE sources of porosity in castings are shrinkage and gas dis- 
solution and subsequent exsolution, which occur during solidi- 
fication. The gas responsible for the formation of porosity 
depends on the type of alloy being cast. In aluminum-base al- 
loys, gas porosity is solely due to hydrogen. [1] During casting, 
for materials that do not expand on solidification, shrinkage ac- 
companies the change in state from liquid metal to solid. Some 
of this shrinkage is uncompensated for and is retained as poros- 
ity. It is difficult to distinguish between porosity due to shrink- 
age or gas because the two types of  porosity are formed 
simultaneously and at the same location. [2] Although the quan- 
tity of porosity formed in a casting can be minimized by adopt- 
ing better foundry practices, complete avoidance of its 
formation is impossible. This is because of the limitations that 
are inherent in the casting processes. 

There is evidence that some submicroscopic [3] and micro- 
scopicI4] porosity is eliminated by working and heat treatment. 
However, complete elimination of microporosity is impossible 
even after extensive working and heat treatment. [4] Hot 
isostatic pressing (HIPing) is the only process that has so far 
proved effective in healing porosity from a wide range of mate- 
rials. It is a process that can allow for some flexibility in manu- 
facturing procedures. This is because components not 
conforming to acceptable levels of quality can have properties 
improved by HIPing, a process that uses high temperatures in 
combination with large isostatic pressures to heal porosity. 
During HIPing, densification occurs, and the density increases 
toward the theoretical density because of the elimination of po- 
rosity. Phenomenological theories and models of HIPing are 
based primarily on investigations conducted on powder com- 
pacts. Densification models are based essentially on four proc- 
esses: plastic flow, [5] power law creep, [6] lattice diffusion 
(Nabarro-Herring creep), and grain boundary diffusion (Coble 
creep).17] During a HIPing cycle, all of the densification 
mechanisms may be operating. However, in most instances, 

only one mechanism will be dominant in the elimination of po- 
rosity. 

Even though HIPing technology has been in existence since 
the 1950s, it did not find wide industrial application for several 
years. However, in recent times, HIPing has become an in- 
creasingly important component of production in industry. This 
investigation arose from the consideration that, although pio- 
neering work on HIPing has been conducted mostly on powder 
compacts, very little study has been performed on castings. 
Specifically, it has not been fully established if all forms of po- 
rosity present in castings can be eliminated by HIPing and as a 
consequence rejuvenate mechanical properties. 
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Table 1 Composit ions of  Castings A a n d  B 

Element, wt% 
Casting Si Cu Mg Fe Sb AI 
A ............. 7.12 0.05 0.16 0.29 0.06 bal 
B .............. 10.71 1.13 0.16 0.27 0.06 bal 

2. Experimental Procedures 

Specimens from two aluminum-silicon castings of compo- 
sitions shown in Table 1 were HIPed at temperatures ranging 
from 500 to 560 ~ and 68.95 MPa for 15 to 120 min. The first 
stage of the HIPing cycle involved heating the furnace to the set 
temperature. The second stage, pressurizing using argon gas, 
was initiated when the furnace was within a few degrees of  the 
set temperature. Approximately 27 min was required to attain 
both the set temperature and pressure. The third stage involved 
holding the specimens at the set temperature and pressure for 
the desired (HIPing) time. When the holding time had elapsed, 
cooling and depressurizing of the furnace commenced. 

Before HIPing, each specimen was examined for porosity 
by using an optical microscope and scanning electron micros- 
copy (SEM). Information obtained in this manner was then 
compared to that obtained on the same specimen after HIPing. 
After HIPing, each specimen was cut into several sections, and 
these were then examined for porosity. Sectioning was neces- 
sary because HIPing only heals internal rather than surface po- 
rosity. In the examination of porosity, emphasis was placed on 
documenting the size distributions and measurement of volume 
fractions by point-counting techniques. [8] Furthermore, high- 
precision density measurements [9] were performed on each 
specimen before and after HIPing: 

( W  a -- Wh)  

P* = (Pw- Pa) Wa _ Ww + Pa [1] 

To determine W a and W w, each specimen was put in a holder 
and then weighed in air and in distilled water. Before determin- 
ing Ww, the specimen was put in a distilled water container, 
which was then put in an ultrasonic bath for a few minutes. Air  
trapped in surface-connected pores was expelled from the 
specimen during the residence of the specimen/distilled water 
container in the ultrasonic bath. Trapped air reduces the accu- 
racy of measured densities. The following densities [1~ were 
used in Eq 1 : 

Pa = 1.204 kg/m 3 [2] 

Pw = 998 kg/m 3 [3] 

Therefore: 

996.796(W a - Wh) 
p* = + 1.204 kg/m 3 [4] 

W a - W w 

Equation 4 was used to calculate the density of  each speci- 
men after determining Wa, Wh, and Ww on an electronic bal- 
ance. The data obtained were then used to calculate 
densification and relative density as outlined below: 

Fig. 1 Microporosity and macroporosity in casting B in the as- 
cast state. 

Ap = ( p f - ) p i  100% 
Pi 

In addition, before HlPing: 

[5] 

Pi 
p = - -  [6] 

Pt 

And after HIPing: 

p =Pf  [7] 

Pt 

Furthermore: 

Vap = 1 - p [8] 

3. Results and Discussion 

3.1 Microstructural and Macrostructural Examination 
o f  Porosity 

In the analysis of porosity, a distinction between micro- 
porosity and macropurosity has been made. Any pore less than 
about 100 ktm in diameter or cross section has been designated 
as a micropore and that larger than 100 ktm as a macropore. Be- 
fore HIPing, there was a large difference in the volume fraction 
of macroporosity for the two castings. Specimens from casting 
A had a maximum volume fraction of macroporosity of 0.090. 
Few specimens from casting B contained macroporosity; the 
maximum volume of macroporosity was 0.050. The maximum 
volume fraction of microporosity was 0.010 for each casting. 

As shown in the optical micrograph in Fig. 1, macroporosity 
(A) usually coexisted with microporosity (B). The micrograph 
in Fig. 1 was obtained from a polished but unetched specimen. 
Figure 2(a) shows the representative appearance of the most 
porous specimens obtained from these castings. As expected, 
larger macropores are located in the central portion of  the cast- 
ing, because this is the last region to solidify during casting. Af- 
ter HIPing, it was observed that macroporosity was extensively 
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Fig. 2 Macrostructure of casting A (a) before and (b) and (c) after HIPing at 68.95 MPa and 500 ~ for 120 min. 

Fig. 3 Casting A after HIPing at 68.95 MPa and 500 ~ for 120 
min. 

eliminated from the castings, as shown in Fig. 2(b) and (c), 
which are sections obtained after cutting a HIPed specimen. 
During HIPing, there should be no change in the shape of a ma- 
terial, but a uniform reduction in size is expected due to the 
elimination of porosity. As is apparent from Fig. 2(b) and (c), 
there was no shape instability in the castings at these HIPing 
conditions. The SEM micrograph in Fig. 3 further confirms the 
absence of porosity in the HIPed materials. 

3.2 Quantitative Evaluation of Porosity by 
Density Measurements 

Accurate theoretical densities of castings A and B could not 
be determined by measurements, because it was impossible to 
verify that any specimen obtained from these castings was 
completely free of porosity. Therefore, theoretical densities for 
the castings were estimated on the basis of chemical composi- 
tion by using a technique developed specifically for aluminum- 
base alloys.J11] The following estimated theoretical densities 
were determined as illustrated in Tables 2 and 3: 

For casting A: 

Pt = 2686 kg/m 3 [9] 

For casting B: 

Pt = 2690 kg/m 3 [10] 

The dependence of densities on HIPing temperature is 
shown in Tables 4 and 5 for the specimens that were HIPed at 
68.95 MPa for 120 min. 

Due to the difficulty of finding specimens with similar pre- 
HIP densities, specimens from casting A with total volume frac- 
tions of porosity up to 0.050 were used for this particular 
investigation. After HIPing casting A, it was noted that the den- 
sification values were identical for all the temperatures shown 
in Table 4; all of the post-HIP densities were, however, below 
the estimated theoretical density (2686 kg/m3). The specimen 
that had been HIPed at 515 ~ attained the least post-HIP den- 
sity, probably due to the presence of surface-connected poros- 
ity or insufficient HIPing time. For casting B, substantial 
improvements in the densities were observed at all the HIPing 
temperatures shown in Table 5, but these were again below the 
theoretical density (2690 kg/m3). For both castings, the amount 
of densification was significant at all temperatures. The vari- 
ation of density with HIPing time is shown in Table 6 for speci- 
mens that were HIPed at 68.95 MPa and 560 ~ 

In the selection of specimens for these tests, emphasis was 
placed on choosing specimens with similar pre-HIP densities. 
It is clear that substantial densification occurred even for speci- 
mens that were HIPed for only 15 min. This indicates that, for a 
longer HIPing cycle, most of  the densification occurs in the 
early stage. The nonuniform variation in densification as a 
function of  HIPing time was probably due to the wide variabil- 
ity in the porosity contents of the specimens. 

3.3 Stereological Analyses of the Distribution of Porosity 

The actual volume fractions of porosity present in speci- 
mens were determined by measurements using point-counting 
techniques. On the other hand, the apparent volume fractions of  
porosity were calculated from Eq 8 after obtaining the densities 
from Eq 6 and 7. The actual and apparent volume fractions of  
porosity at different HIPing temperatures are shown in Tables 7 
and 8. 

There are some discrepancies between some actual and ap- 
parent values of volume fractions of porosity. These discrepan- 
cies can be explained as follows. Firstly, because in many cases 
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Table 2 Calculation of  Theoretical  Density  for Casting A 

wt % of element Calculated element Calculated element 
Element in alloy concentration Factor concentration x factor 
Si .............................................................................. 7.12 
Cu ............................................................................. 0.05 
Mg ............................................................................ 0.16 
Fe ............................................................................. 0.29 
Sb ............................................................................. 0.06 

3.6 0.4292 1.545 
0.02 0.1116 0.002 
0.08 0.5522 0.044 
0.15 0.1271 0.019 
0.03 . . . . . .  

3.88 1.610 

Note: Sum of calculated element concentration = 3.88. Calculated element concentration for aluminum = 100 - 3.88 = 96.12. Calculated element 

concentration x factor for aluminum = 96.12 x 0.3705 = 35.612. Sum of calculated element concentration x factor = 1.610 + 35.612 = 37.222. 100 _ _ 
37.222 

2.6865. Metric density = 2.686 • 103 = 2686 kg/m 3. 

Table 3 Calculation of  Theoretical  Density  for Cast ing B 

wt % of element Calculated element Calculated element 
Element in alloy concentration Factor concentration x factor 
Si .............................................................................. 10.71 
Cu ............................................................................. 1.13 
Mg ............................................................................ 0.16 
Fe ............................................................................. 0.27 
Sb ............................................................................. 0.06 

5.4 0.4292 2.318 
0.6 0.1116 0.067 
0.08 0.5522 0.044 
0.14 0.1271 0.018 
0.03 . . . . . .  

6.25 2.447 

Note: Sum of calculated element concentration = 6.25. Calculated element concentration for aluminum = 100 - 6.25 = 93.75. Calculated element 
100 concentration • factor for aluminum = 93.75 x 0.3705 = 34.734. Sum of calculated element concentration x factor = 2.447 + 34.734 = 37.181. = 

37.181 
2.6895. Metric density = 2.690 • 103 = 2690 kg/m 3. 

Table 4 Effect o f  HIPing Temperature  on Densit ies  o f  Casting A Before and After  HIPing  at 68.95 MPa for 120 min  

HIPing Pre-HIP Post-HIP 
temperature, Density, Relative Density, Relative Densification, 
~ kg/m density kg/m density % 
500 ........................................................................... 2509 
515 ........................................................................... 2409 
532 ........................................................................... 2526 
550 ........................................................................... 2507 

0.934 2664 0.992 6.18 
0.897 2570 0.957 6.68 
0.940 2668 0.993 5.62 
0.933 2638 0.982 5.22 

the actual  va lues  are less than  the apparen t  values,  it is l ikely 
that  by us ing the SE M some micropores  were not  reso lved  and  
are thus unaccoun ted  for  in the de te rmina t ion  of  the actual  vol-  
ume  fract ions  of  porosity.  Secondly,  the es t imated theoret ical  
densi t ies  for  cas t ings  A and B of  2686 and  2690  kg/m 3, respec- 
tively, may  be  too high.  Thirdly,  the  apparen t  va lues  are based  
on  dens i ty  measu remen t s  and  therefore  depend  on  all of  the po- 
rosi ty (surface and  internal)  present  in a spec imen;  the actual  
va lues  are based  on surface porosi ty  alone. Despi te  these  obser-  
vat ions ,  the  data  in  Tables  7 and  8 reveal  that  there  was e l imina-  
t ion of  porosi ty  after  HIPing  at a t empera ture  of  at least  500 ~ 
Similarly,  Table  9 shows  that  a HIPing  t ime  of  120 m i n  resul ted  
in the vir tual  e l imina t ion  of  porosity. 

Before  HIPing,  spec imens  usual ly  con ta ined  s igni f icant  po- 
rosity, as s h o w n  in Fig. 4(a). It is wor th  not ing  that  the spec imen  
in Fig. 4(a) con ta ined  more  microporos i ty  than  macroporosi ty .  
Af ter  HIP ing ,  even  for  a shor t  t ime such as 30 min,  there was 
ex tens ive  e l imina t ion  of  bo th  microporos i ty  and  macroporos -  
ity (see Fig. 4b). Most  of  the pores  were spherical .  For  size dis- 

t r ibut ions  such as those  in Fig. 4(a) and  (b), the va lue  of  2 r  was  
taken  as the  ar i thmet ic  m e a n  of  the  upper  and lower  b o u n d s  o f  
the size interval.  For  example ,  all o f  the pores  in a b in  be tween  

100- and  200-~tm d iamete r  were ass igned  a 2r  va lue  of  150 l.tm. 

3.4 Mechanisms of  Porosity Elimination 

In the as-cast  state, the  room- tempera tu re  yie ld  s t rengths  of  
cas t ings  A and B are 86.02 and 122.48 MPa,  respect ively.  [12]At 

1000 ~ (=538 ~ a yield stress of  800 psi (=5.52 MPa)  has  
been  de te rmined  o n  a luminum-s i l i con  cas t ings .  I13] There  is 

ev idence  that  the yield stress of  some cas t ings  wi th  s imilar  
compos i t ions  to cas t ings  A and  B decreases  w i th  increas ing  
temperature.t14] Therefore,  the yield s t rengths  of  cas t ings  A and  

B will be  far be low 86.02 and 122.48 M P a  du r ing  HIP ing  be- 
cause  of  the h igh  tempera ture  to w h i c h  they are exposed.  Be-  

cause  the h igh- tempera tu re  yie ld  s tress  (~-5.52 MPa)  is m u c h  
less than the HIPing  pressure  (68.95 MPa) ,  it is ve ry  l ikely tha t  
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Table 5 Effect of HIPing Temperature on Densities of Casting B Before and After HIPing at 68.95 MPa for 120 min 

HIPing Pre-HIP Post-HIP 
temperature, Density, Relative Density, Relative Densifi~fion, 
~ kg/m density kg/m density % 
5 0 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 4 6 0  

515 ........................................................................... 2466 
532 ........................................................................... 2488 
550 ........................................................................... 2513 

0.914 2646 0.984 7.56 
0.917 2652 0.986 7.54 
0.925 2626 0.976 5.55 
0.934 2604 0.968 3.62 

Table 6 Effect of HIPing Time on Densities of Casting A Before and After HIPing at 68.95 MPa and 560 ~ 

HIPing Pre-HIP Post-HIP 
time, Density, Relative Density,, Relative Densification, 
inin kg/m density kg/m ~ density % 
15 ............................................................................. 2468 
45 ............................................................................. 2482 
120 ........................................................................... 2488 

0.919 2639 0.982 6.93 
0.924 2605 0.970 4.96 
0.926 2666 0.992 7.15 

Table 7 Effect of  HIPing Temperature on Actual and Apparent Volume Fractions of  Porosity in Casting A Before and 
After HIPing at 68.95 MPa for 120 min 

HIPing 
temperature, 
*C 

Actual Apparent 
Pre-HIP Post-HW Pre-HIP Post-HW 

500 ........................................................................... 0.042 
515 ........................................................................... 0.056 
532 ........................................................................... 0.060 
550 ........................................................................... 0.060 

0.002 0.066 0.008 
0.011 O. 103 0.043 
0.000 0.060 0.007 
0.002 0.067 0.018 

Table 8 Effect of  HIPing Temperature on Actual and Apparent Volume Fractions of Porosity in Casting B Before and 
After HIPing at 68.95 MPa for 120 min 

HIPing 
temperature, 
~ 

Actual Apparent 
Pre-HIP Post-HIP Pre-HIP Post-HIP 

500 ........................................................................... 0.048 
515 ........................................................................... 0.052 
532 ........................................................................... 0.050 
550 ........................................................................... 0.060 

0.000 0.086 0.016 
0.008 0.083 0.014 
0.000 0.075 0.024 
0.000 0.066 0.032 

plastic flow had a very significant role in the el imination of  po- 
rosity from castings A and B. 

The influence of capillarity on the el imination of porosity 
was also evaluated. For porous materials such as castings A and 
B, the pressure inside a pore is: [15] 

aP--- 2~t [11] 
r 

For aluminum, T= 1 N/m.[16]Therefore, Eq 11 can be writ- 
ten as: 

zSdg--2pa [12] 
r 

For example, for pores with a 2r value of 1200 I.tm in Fig. 
4(a), AP is 0.003 MPa. Because the HIPing pressure (68.95 
MPa) is much greater than the pressure inside the pores, 0.003 
MPa in this particular case, it can be presumed that capillarity 

did not play an important role in the el imination of porosity 
from castings A and B. 

In addition, the role of  grain boundary and lattice diffusion 
on porosity el imination was determined by considering diffu- 
sion distances. For lattice diffusion: 

xt = q-Dr t [13] 

The matrix (darker phase in Fig. 3) for these castings is alu- 
minum rich. Between 450 and 650 ~ the self-diffusion of alu- 
minum is:[ 171 

l - 34,000 cal/mol ) 
D l = 1.71 exp ~- ~ cm2/s [14] 

Equation 14 can be used to estimate the diffusivity of spe- 
cies such as vacancies and atoms in aluminum. At 550 ~ Dt is 
1.58 • 10 -9 cm2/s. According to Eq 13, the diffusion distance 
(xt) in a material that is HIPed at 550 ~ for 60 min is 24 ~tm. 
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Fig. 4 Pore size distributions in casting A (a) before and (b) af- 
ter HIPing at 68.95 MPa and 550 ~ for 30 min. 

Because the diffusion distance (24 pm) is very small compared 
to the minimum half thickness of the specimens (0.30 cm) used 
in this investigation, this implies that porosity elimination by 
lattice diffusion is insignificant. Similarly, for grain boundary 
diffusion: 

~-Dg b t [15] xsb= 

In the absence of explicit grain boundary diffusion data for alu- 
minum, the following approach can be adopted: 

1 
Qgb = 2 Qt [16] 

Assuming that: 

Do,g b = Do, 1 [17] 

And using Eq 14 and 16: 

- 17,000 cal,/mol ) 
Dgb= 1.71 exp ~- ] ~  e cmZ/s [18] 

At 550 ~ Dgb is 5.23 X 10 -5 cm2/s. Using Eq 15 for a HIP- 
ing time of  60 min, the diffusion distance (XgO) is 0.43 cm. The 
diffusion distance for grain boundary diffusion (0.43 cm) is 
larger than the minimum half thickness of the specimens, 

Table 9 Effect of HIPing Time on Actual and Apparent 
Volume Fractions of Porosity in Casting A Before and 
After HIPing at 68.95 MPa and 560 ~ 

HIPing 
time, Actual Apparent 
min Pre-HIP Post-HIP Pre-HIP Post-HIP 
15 ................ 0.088 0.050 0.081 0.017 
45 ................ 0.069 0.056 0.076 0.030 
120 .............. 0.042 0.000 0.074 0.007 

which would indicate that Coble creep makes a significant con- 
tribution to the elimination of  porosity when the HIPing time is 
60 min. However, consideration of  Table 6 reveals that densifi- 
cation occurs in a very short time. For example, a significant 
amount of densification occurs within 15 min of HIPing. In this 
period, the diffusion distance is 0.22 cm, which is again less 
than the minimum half thickness of the specimens. From all the 
above considerations, it would seem that the most probable 
dominant mechanism responsible for the elimination of poros- 
ity from castings A and B during HIPing was plastic flow. 

4. Conclusions 

Hot isostatic pressing is an effective process for eliminating 
porosity from castings A and B. Extensive elimination of  
macroporosity and microporosity occurs in castings A and B 
when HIPed at 500 to 560 ~ and 68.95 MPa for about 120 min. 
Significant densification of castings A and B occurs in the early 
stages of a HIPing cycle. 
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