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Effect of specimen thickness on the impact 
-resistance of alumina 

R. M. ANDERSON, G. LAIRD II, J. A. HAWK 
US Bureau of Mines, Albany Research Center, 1450 Queen Avenue, SW, Albany, OR, USA 

During the course of an ongoing study into the impact and erosion properties of alumina by 
the US Bureau of Mines, it was discovered that specimen thickness had a significant effect 
upon certain fractographic observations. To quantify this effect, impact studies were carried 
out on 1.9, 3.1 and 10.0 mm thick AI203 (alumina) discs. These discs were impacted at 
velocities from 15 to 65 m s -1 using 1.69 mm-diameter WC-Co spheres. In conjunction with 
this experimental approach, finite element models of the impact couples were constructed 
for the 1.9 and 10.0 mm-thick alumina discs. An elastic/plastic analysis was performed of the 
impact event in each case. Experimental and numerical results indicate that the length, depth 
and geometry of radial cracks are strongly dependent upon specimen thickness. 

1. Introduction 
Advanced structural ceramics, such as A1203 and 
Si3N4, possess both high strength and superior high- 
temperature properties. Such a unique combination 
of properties make these ceramics attractive for high- 
temperature structural components and as wear com- 
ponents for low impact, high abrasion environments. 
Typically ceramics are brittle, with the fracture 
stress controlled by the size of the flaws within the 
component. These flaws may be intrinsic due to 
processing conditions or extrinsic, i.e. caused by 
handling or conditions encountered during service. 
Impact with either blunt or sharp projectiles may 
also be a significant source of flaws in ceramics, lead- 
ing to a shorter wear life or the premature failure of 
the structural component [1, 2]. The US Bureau of 
Mines is studying this impact process in order to 
understand, and thereby improve, the impact response 
of commercially available fine grained A1103 (alumina). 

Inelastic impact and static indentation events of 
sufficient magnitude will normally produce radial 
cracks [3-5]. Inasmuch as they form on a plane per- 
pendicular to the surface, radial cracks are considered 
to be strength-determining primary flaws [6-8]. That 
is, upon subjecting the test specimen to a tensile stress 
field, fracture will originate and propagate from the 
dominant radial or cone crack, leading to failure of the 
test specimen. Moreover, predictions of residual 
strength versus impact event can often be made once 
the relationship between radial crack size and impact 
velocity is established [9, 10]. This relationship can be 
complicated for high impact velocities, i.e. when dy- 
namic conditions apply. However, for impact vel- 
ocities less than approximately 100 m s- i quasi-static 
conditions hold [-8-11]. For a given projectile-target 
couple, under Hertzian quasi-static conditions, the 
length of the radial crack is predicted to be propor- 
tional to v 4/5 [12]. Kirchner et  al. [13] obtained quali- 
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tative agreement using this formula for radial cracks 
measured on 3 mm-thick zirconia plates impacted by 
WC-Co spheres. However, at velocities greater than 
60 m s-1 the radial crack lengths were much longer 
than expected. We also noted this same anomalous 
radial crack length behaviour for 1.9 and 3.1 mm- 
thick A120 3 disks impacted with WC-Co spheres but 
not for the 10.0 ram-thick discs. Interestingly, it ap- 
pears that the impact fracture response is governed 
more by the specimen geometry, i.e. the disc thickness, 
than by the inherent toughness of the target material. 
This conundrum forms the basis of our investigation. 

2. Experimental procedure 
Commercial 99.5 alumina was obtained in the form of 
a 30.0mm-thick plate. From this plate, cylinders 
(29 mm in diameter) were cut using a core drill. Discs 
1.9, 3.1 and 10.0mm thick were sliced from these 
cylinders. The ends were then polished to a 1/4 micron 
diamond finish using standard metallographic pro- 
cedures. Impact experiments were performed using 
a gas gun and 1.69 mm WC-Co (6 wt % Co) spheres 
[14]. The impact velocities ranged from 15-65 m s-1. 
An optical microscope was used to measure the length 
of the radial cracks and the diameter of the impact 
craters. 

Strength tests were conducted using a three ball 
biaxial flexure fixture described by Wachtman et  al. 

[15] with displacements applied via a screw-driven 
load frame at a crosshead speed of 8.3 x 10-s m s-1. 
A 25 kN load cell was used to record loads. Prior to 
strength testing, several impacted specimens were im- 
mersed in dye penetrant to define the subsurface radial 
crack geometry. 

A finite element analysis was used to determine the 
effect of specimen thickness on the post-impact or 
residual stress distribution. The residual stress field 
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results from the inelastic nature of the impact or 
indentation event. That is, during impact, a small 
amount of plastic flow occurs beneath and a r o u n d  
the impacting sphere. Finite element modelling of 
elastic/plastic contact is a well established procedure 
[16-19]. A typical axisymmetric finite element model 
used in this study is shown in Fig. 1. The sphere and 
disc were modelled using four-node isoparametric ele- 
ments [20] with gap elements [21] employed between 
the sphere and disc to transfer contact forces. Consti- 
tutive and kinematic relationships were modelled 
using small strain theory with a bilinear elastic/plastic 
material response [20]. Elastic modulus and yield 
strength for the W C - 6 % C o  sphere were 640 GPa, 
and 5.2 GPa, respectively [22]. Whereas for the 
alumina, the elastic modulus is 370 GPa  [-23] with 
a pseudo yield strength (flow stress ~ yield stress) in- 
ferred from hardness measurements [24] as approxim- 
ately 3.9 GPa. Poisson's ratio for W C - 6 % C o  and 
alumina were approximated at 0.25. The work hard- 
ening response of both the W C - 6 %  Co and alumina 
were assumed to be negligible [25]. However, to en- 
force convergence within the numerical procedure 
a tangent hardening modulus of 1% of the elastic 
modulus was used for both materials. 

Fini te  element models were constructed to simulate 
impact of the 1.9 mm- (Fig. 1) and 10.0mm-thick 
alumina specimens. Boundary conditions along the 
bottom o f  the plates were enforced by additional 
gap elements that only resist compressive forces. The 
modelled impact event was simulated as behaving 
quasi-statically and hence, all dynamic stress wave 
effects were ignored. 

G a p  
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Figure i Axisymmetric finite element model of a 1.69 mm-diameter 
WC-6%Co sphere and 20mm diameter, 1.9mm-thick alumina 
disc. 
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3 .  R e s u l t s  a n d  d i s c u s s i o n  

Fig. 2 is a plot of crater diameter versus impact velo- 
city for the three thicknesses of alumina discs. For  
the limited range of velocities studied, the relation- 
ship between crater diameter and impact velocity 
is linear. Typically, the contact diameter is propor- 
tional to /)2/5 o v e r  a wide range of velocities for 
elastic contact (i.e. Hertzian cone fracture theory) 
[26]. The relationship between crater diameter and 
impact velocity was unaffected by the thickness of 
the specimen for velocities between 15 and 65 m s-1. 
However, as evidenced in Fig. 3, the length of the 
radial cracks is significantly influenced by the speci- 
men thickness. For  the 10.0 ram-thick specimen the 
radial crack length increases in an approximately 
linear manner with impact velocity. This is in good 
agreement with the earlier mentioned theoretical 
predictions [12, 13]. Additionally, the radial crack 
lengths on the 3.1 mm-thick specimen are similar to 
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Figure 2 Crater diameter versus impact velocity (1.69 mm-diameter 
WC-6%Co sphere) for the three thicknesses of alumina discs. 
�9 10mm; [] 3.1 mm; A 1.9 mm. 
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Figure 3 Radial crack length as measured using an- optical micro- 
scope versus impact velocity (1.69mm-diameter. WC-6%Co 
sphere) for the three thicknesses of alumina discs. �9 10 ram; 
[] 3.1 mm; Lx 1.9 mm. 



those on the 10.0 mm-thick specimen up to impact 
velocities of ~ 40 m s- 1. At higher impact velocities 
the crack lengths become much longer than those 
found on the 10.0 mm-thick specimen. For the thin- 
nest alumina discs (1.9 mm thick), crack lengths were 
similar to the 3.1 and 10.0 ram-thick samples only at 
the lowest velocity ( ~, 15 ms-t) .  Above this velocity 
threshold, the crack size increases rapidly with impact 
velocity. At the highest velocities it was usual to see 
10-15 radial cracks around the impact crater. 

Analysis of radial crack lengths for the three speci- 
mens reveals that: (i) for the 3.1 and 10.0 mm-thick 
samples the ratio of the longest crack to an average 
of the five longest cracks is approximately 1.2; 
whereas, (ii) for the 1.9 mm-thick specimens this 
ratio increased to a maximum of 2.2 with 1 or 2 of 
the radial cracks being much longer. 

3.1. Crack geometry  
For the 1.9 and 3.1 mm-thick alumina discs, the radial 
crack length can easily exceed the specimen thickness. 
If a typical half-penny crack morphology is assumed, 
then it would be expected that the specimen will im- 
mediately fall apart upon impact. However, it was 
observed that the impacted specimens remained intact 
and retained a significant amount of their strength, 
approximately 65% for the sample with the longest 
crack compared to the one with the shortest crack 
(Fig. 4). This result requires a change in subsurface 
geometry from the half-penny crack type observed for 
short cracks in the 10.0 mm-thick discs to an elon- 
gated elliptical geometry in the thinner discs (Fig. 5). 
To verify this mechanism, radial crack geometries 
were observed by staining the crack plane with a dye 
penetrant prior to strength testing (fracture). It was 
found that, in general, the short secondary radial 
cracks as well as longer radial cracks on the 10.0 mm- 
thick specimens, possess approximately quarter- 

penny geometry (i.e. they are often not coplanar with 
their diametrically opposed counterpart). Alternately, 
the radial crack length geometries for the 1.9 and 
3.1 mm-thick specimens were found to be elliptical 
with decreasing a/c ratios as the crack length increases 
(a is the radial crack depth and c is the radial crack 
length). Importantly, fracture surfaces produced by 
linking short and long radial cracks reveal that both 
cracks have approximately the same depth. Overall, 
the crack depth for long cracks on the 1.9 and 3.1 ram- 
thick specimens are within 20% of the depth for the 
10.0mm-thick specimens, while the radial crack 
length increases as the thickness of the disc decreases. 

3.2. S t r e n g t h  m e a s u r e m e n t s  
Biaxial flexure strength tests were performed on im- 
pacted 3.1 and 10.0 mm-thick specimens. A wide range 
of radial crack lengths were observed on these speci- 
mens as previously discussed. The fracture stress from 
the biaxial flexure test is calculated from the following 
equation [15] 

3 P 
S - 4 ~ d 2 ( X -  Y) (1) 

where X and Y are functions of Poisson's ratio, the 
radius of the support circle, the radius of the loaded 
area, and the radius of the specimen. P is the ap- 
plied load and d is the disc thickness. As previously 
mentioned, a value of 0.25 was used for Poisson's 
ratio while the specimen thickness varied from 1.9 
to 10.0 mm. The radius of the support circle was 
12.7 ram, the radius of the loaded area was 0.8 mm, 
and the radius of the specimen was 15.9 ram. Using the 
equations in Ref. 15, the values for X and u were 
calculated to be - 7.49 and 1.17, respectively. Since 
all biaxial flexure tests used the same specimen 
geometry, the quantity ( X -  Y) was the same in a l l  
instances. 
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Figure 4 Fracture stress measured from biaxial strength test versus 
crack length for impacted 3.1 and 10.0 mm-thick alumina discs. 
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Figure 5 Schematic diagram of a finite plate with the geometry of 
both the half-penny and elliptical cracks shown. For the case of 
the half-penny crack pattern, the crack depth a or c is equal to half 
the surface crack length 2c. For the elliptical crack pattern, the 
depth is denoted as a while the surface crack length is equal to 
2c E27]. 
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3.3. Stress intensity factor calculations 
An estimated mode I stress intensity factor was cal- 
culated based on an equation of the form 

K,  = (2) 

where Y is a crack geometry constant, ~ is the applied 
stress and c is the characteristic crack dimension. For  
the half-penny crack geometry, Y is approximately 
1.24 [28] and c is the radius of the half-penny crack or 
the length of the radial crack. In order to more ac- 
curately describe the actual crack geometry in the 
alumina samples, an empirical formulation developed 
by Newman and Raju [29, 30] is used which gives the 
stress intensity factors for elliptical surface cracks as 
a function of parametric angle, crack depth, crack 
length, plate thickness, and plate width for both ten- 
sion and bending 

F aq 1/2 [a a c 4)  
Ki = ~Lrc~J  f~)- ,C,~ , / (3) 

In Equation 3 F and () are empirical functions de- 
signed to correct for stress intensity at the boundary 
for tension and bending, respectively. The function 
F is obtained from a curve fitting procedure in terms 
of a/c, a/t, and the angular function ~). The terms in 
Equation 3 have the following meaning: a is the depth 
of the surface crack (for a half-penny crack a would be 
the radius of the crack; and for elliptical cracks, a is 1/2 
the length of the minor axis), c is the half-length of the 
trace of the crack on the surface, t is the plate thick- 
ness, b is the half-width of the cracked plate, and qb is 
the parametric angle of the elliptical crack in the plate. 
Fig. 5 shows the details describing the geometry of an 
elliptical crack in a plate. Additional discussion on the 
development of this equation is found in references 
[27, 29, 30] and will not be discussed further. Because 
K~ varies along an elliptical crack front, 4 determines 
the angular location for this calculation. 

Using Equations 2 and 3, mode I stress intensity 
factors (KI) were calculated for elliptical cracks with 
varying a/c ratios and for half-penny cracks with the 
same radial crack length or c value. Fig. 6 plots K~ for 
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Figure 6 Mode I stress intensity factor calculations for half-penny 
and elliptical crack geometries as a function of radial crack length. 
Specimen thickness was 3.1 mm and it was assumed that a constant 
crack depth a of 1.55 mm held regardless of radial crack length. 
O half-penny; [] elliptical d2 = 0; A elliptical d~ = n/2. 

both the half-penny and elliptical (4 = 0.0 (surface) 
and 4 = re/2 (bottom)) cracks versus radial crack 
length. Fig. 6 was formulated using a value of 3.1 mm 
for d. In addition, a crack depth of 1.55 mm (i.e. the 
half-thickness of the disc) was used for the elliptical 
cracks, regardless of the radial crack length. For  the 
half-penny crack, the length of the radial crack corres- 
ponds to its depth. It can be seen that the stress 
intensity factor for a half-penny crack continues to 
increase as the length of the crack increases. However, 
for the elliptical crack geometry, the stress intensity 
factor for the crack converges to approximately 
3 M P a m  1/2 for increasing radial crack length, 
whether at the surface (4 = 0) or at the root of the 
crack (4 = rff2). If a critical fracture toughness (K~c) 
of say 4.0 M P a m  I/2 is assumed for alumina, then the 
half-penny crack geometry would unequivocally cause 
fracture during impact, where the velocity exceeds 
40 ms -1 for the 3.1 mm-thick disc (Fig. 3). Note that 
impact velocities for the W C - C o  spheres greater than 
50 m s - 1 caused radial cracks in excess of 2 mm. These 
samples remained intact as did the 1.9 ram-thick 
alumina discs for al l  impact velocities used in this 
research. Therefore, it appears reasonable to use an 
elliptical crack geometry for KI calculations. Addi- 
tionally, whether the elliptical geometry K~ is cal- 
culated at the bottom of the crack or at the surface, the 
value of stress intensity remains less than that for the 
equivalent half-penny crack. 

Newman and Raju [291 have generated some 
curves and empirical relations relating stress intensity 
to the angular position along the crack, 4- Some 
general trends were observed from these curves: when 
a/c is small (i.e. the depth of the crack is small com- 
pared to the length of the crack, or the crack is 
"shallow"), and only for small values of a/t (less than 
0.4), the stress intensity at the crack is greater at the 
bottom than at the surface. In virtually all other cases, 
the maximum stress intensity occurs at the surface. 
Thus, it is expected that in bending, for typical values 
ofa/t (e.g. 0.5) and a/c (e.g. a/c equal to 0.4, 0.6, 0.8 and 
1.0), the maximum stress intensity is located at the 
surface. Conversely, for a constant ratio of a/c, the 
stress intensity increases as the thickness of the speci- 
men increases, except at the surface. The greatest 
changes in stress intensity occur at the bottom of the 
crack. In this research, very little change in K~ occur- 
red at the surface for the a/c values observed. There- 
fore, for equivalent a/c ratios in the different thickness 
alumina discs, we would expect the fracture toughness 
to be controlled by the value of the stress intensity at 
the surface. The ratio of a/c is typically larger in the 
thinner discs (as a reaches a limiting depth while 
c continues to increase, Fig. 3), and for equivalent disc 
thicknesses, the stress intensity increases as the a/c 
ratio increases. 

3.4. Finite element modelling results 
An impact velocity of 30 m s-  1 was used in the finite 
element analyses to model the impact of the 1.9 and 
10.0 mm-thick alumina discs. Fig. 7(a) and (b) shows 
the out-of-plane hoop stress for the 10.0 mm-thick 
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Figure 7 Finite element results showing the out-of-plane hoop 
stress (~zz) for the 10.0 mm-thick alumina specimen; (a) at peak 
impact and (b) subsequent to the impact event - no applied load. 
A 1 MPa; B 2.5 MPa; C 5 MPa; D 10 MPa; E 20 MPa; F 40 MPa; 
G 80 MPa; H 160 MPa. 

alumina disc at peak impact, and subsequently, after 
the impact event. It is this out-of-plane hoop stress, 
or C~zz, that drives the initiation and propagation of 
radial cracks. In Fig. 7(a) the stress contours are 
bunched around the impact area and curve down- 
ward-away from the surface. This is in direct contrast 
to the Cyzz contours shown in Fig. 7(b) which bend up 
to meet the surface. These results agree with the 
fractographic observations of Cook and Pharr  [4], 
that radial cracks dominantly propagate during the 
unloading stage of the contact event. 

A totally different Cyzz contour pattern is repres- 
ented in Fig. 8(a) for the 1.9 mm-thick model at peak 
load when compared to that for 10.0 mm-thick model 
(Fig. 7(a)). However, the residual stress field patterns 
are somewhat similar for both the 1.9 and 10.0 mm- 
thick finite element models. It appears that the ge- 
ometry of the specimen strongly influences the peak 
load stress field and to some extent the residual stress 
field. These results indicate (Fig. 8(a)) that the long 
radial cracks formed in the thin specimens (1.9 and 
3.1 mm) propagate primarily during the loading phase 
of the impact event (Fig. 8(a)) although crack exten- 
sion during unloading also occurs (Fig. 8(b)). Specifi- 
cally, in the 10.0 mm-thick alumina specimen, the 
relative increase in radial crack length (e.g. a crack 
generated by Cyzz = 10 MPa, contour D) during un- 
loading versus that during impact is approximately 
4 to 1. Thus, a crack in the thick sample propagates 
primarily upon unloading. In the 1.9mm-thick 
alumina sample for the same cyzz (contour D), radial 
crack growth during the loading event is greater than 
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Figure 8 Finite element results showing the out-of-plane hoop 
stress (CYzz) for the 1.9 ram-thick alumina specimen; (a) at peak 
impact and (b) subsequent to the impact event - no applied load. 
A-H as for Fig. 7. 

that upon unloading. In this case, the crack only 
grows by 0.75 times the initial crack length. Quantitat- 
ively, the finite element results indicate that the forma- 
tion of long radial cracks would be facilitated by 
strong cyzz stress fields shown in Fig. 8(a) for thin 
specimens. 

4. Conclusions 
It was found that specimen thickness has four effects: 
(i) radial crack length is dependent upon the specimen 
thickness, e.g. as specimen thickness is reduced, radial 
crack length in the 1.9 mm-thick discs increases dra- 
matically at lower impact velocities compared to the 
thicker discs; (ii) radial crack geometry is modified 
from the half-penny shape in the 10.0 mm-thick disc 
to an elliptical crack pattern in 3.1 and 1.9 mm-thick 
discs; (iii) as such, the stress intensity factor is now 
influenced by the specimen thickness, and long radial 
cracks do not necessarily mean low fracture tough- 
ness; and (iv) the results of finite element modelling 
quantitatively show that for thin specimens, radial 
crack initiation and propagation occurs primarily 
during the loading stage of the contact event and leads 
to the formation of long radial cracks. 

These results have significant implications for test- 
ing the impact resistance of ceramics. Moreover, since 
a quasi-static approach was used, these results should 
hold for static indentation of strain-rate independent 
brittle materials. In conclusion, it seems apparent that 
utilizing data obtained from testing thick specimens 
will yield overly optimistic expectations of crack size 
and lead to uncertain strength predictions. Secondly, 
because of the potential overwhelming influence of 
sample thickness, the testing of relatively thin speci- 
mens is not a reliable way to assess material parameter 
effects on the impact resistance of ceramics. 
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