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Abstract 

The necessity to maintain the mechanical integrity of an alumina substrate during thick film processing has been 
documented. One of the consequences of diamond scribing sintered conductor material to remove shorts is the 
introduction of surface flaws in the alumina substrate. A small f law can ultimately lead to substantial stress 
concentrations which rem It in reduced substrate strength. There is very little supporting performance data for 
this short removal process. How much is the flexure strength of a substrate “degraded” when filaments of 
conductor material are removed using a diamond scribe? An analysis was performed on a complex government 
application to determine how much a diamond scribe rework had compromised the mechanical integrity of the 
substrate. 

Key Words: diamond scribe, thick film, reliability, biaxial flexvre strength, substrate, alumina 

*Operated for the United States Department of Energy under Contract No. DE-ACO4-76-DPOO613. 

I. Introduction 

A batch of complex resistor networks was 
successfully reworked to remove conductor shorts, 
but there was a concern that the process had affected 
the mechanical integrity of the finished parts. The 
objective of this study was to determine to what 
degree the rework had compromised the strength of 
the ceramics. 

1) a biaxial 
flexure test on 20 parts from the reworked lot; 2) a 
biaxial flexure test on 19 parts from a normally 
processed lot; 3) a biaxial flexure test on 20 virgin 
substrates with identical dimcnsions; and 4) a biaxial 
flexure test on 20 blank substrates that had received 
a simulated rework procedure by the same operator 
who performed the work on the original parts (these 
substrates were thcn rested without any further 
processing). 

1.1 Module Description 

The Code Activated Processor Module 
(CAP Module) is a code enable assemblage for a 
nuclear weapon fireset system. There are coded 

The investigation included: 

switches in certain areas of the system; and when the 
correct code is entered, some switches close and 
others do not, ultimately allowing power to the 
fireset. The resistor network in question is part of 
the CAP Module. 

The CAP Module must survive a severe 
environment of heat, moisture, and vibration. Thick 
film lends itself to this type of application because of 
its proven ability to withstand harsh environments. 
The resistor network consists of printed resistors on 
platinum gold conductor. The substrate is 
0.025 inch thick, and three decades of resistor 
material are used. 

U. Discussion 

A send-ahead sample failed an ohmmeter 
probe of printed resistors. The failure was caused by 
a conductor short between the resistor terminations. 
Three resistors on the send-ahead part uniformly 
exhibited the short, while three other resistors which 
were printed on the same part, at the same time, on 
the same level, and using the Same material (10K 
Wsquare material) did not exhibit the problem. 
Further examination of production parts, on which 
the resistors had not yet been printed, revealed a 
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uniform conductor short across the terminations of 
the resistors. The short, which resembled the size 
and shape of the resistors (.025 inch x .030 inch), 
was subsequently found on the artwork used to make 
the screen. The problem was traced back to the 
original layout which had recently been transferred 
to a new design system. Three resistors which had 
been moved as a cell ended up on both the first 
metallization level and the resistor level. 

In an attempt to salvage this lot of custom 
resistor networks, the shorts were manually removed 
with the aid of a diamond scribe. The reworked 
parts were processed through the printing of the 
resistors and the overglaze pattern. The completed 
networks were then subjected to laser trimming. 

To assess resistor performance of the 
reworked networks versus non-reworked siblings, 
sample quantities of both were subjected to 
temperature cycling, thermal life tests, and adhesion 
tests. These evaluations showed no difference in 
resistor drift or adhesion between the reworked parts 
and normal parts. 

Although the reworked CAP networks met 
all electrical performance specifications, a concern 
was raised that the rework procedure, involving the 
use of a diamond scribe to remove filaments of 
conductor from the surface of the ceramic, could 
compromise the mechanical integrity of the 
substrate. 

IIL Experimental Approach 

The biaxial flesure strength test was 
proposed to assess the effect of the rework process by 
direct comparison with identical conventionally 
processed parts. In the biaxial flexure test, a flat 
plate is supported at three symmetrically-spaced 
points, equidistant from the center, and a load is 
applied at the center of the opposite face by a 
cylindrical ram. Loading is performed at a constant 
rate in a universal test machine until the plate 
fractures. The maximum tensile stress developed at 
the center of the supponed face can be calculated 
from [l]: 

S = -0.2387 P(X - Y)/ d’ 

where S = Maximum tensile stress @si) 

P = Applied load (Ibf) 

x = ( I+  u) In (B/c>* + [(~-U)/~](B/C)’ 

Y = (I+u)[I + I ~ ( A / C > ~ I  + (~-u)(A/c)~ 

u = Poisson’s ratio (here assumed 0.23) 

A = Radius of the support circle (0.5 inch) 

B = Radius of the loading ram (0.14 1 inch) 

C = Radius of the test specimen (assumed to 
be that of an inscribed circle, 0.563 in.) 

d = Thickness of the substrate (0.025 inch) 

The substrate thickness (0.025 inch) 
exceeded the minimum (0.018 inch) imposed to limit 
deflection at the center point to less than one half of 
the thickness dimension. 

A fixture, based on ASTh4 F 394-78, but 
modified to apply the load to the entire reworked 
area, was designed for this evaluation. [l] The 
fixture accurately located and supported the 
rectangular substrates on three 0.125-inch ball 
bearings, spaced 120 degrees apart on a nominal 
one-inch diameter circle. F 394 employs a circular 
specimen, but Wilshaw concluded that the specimen 
need not be circular if a suitable choice of the 
equivalent radius is made.[2] This study used the 
distance from the center of the support circle to the 
nearest edge (0.563 inch) as an equivalent radius. 
Although the creation of an inscribed circle to 
establish the specimen radius is somewhat arbitrary, 
all of the substrates had identical external 
dimensions. Consequently, the choice of a radius 
does not alter the relative strength of each sample 
group, and direct comparisons are valid. A 0.282 
inch steel loading pin was fabricated to completely 
encompass the region of interest. The pin contained 
an articulated ball and socket arrangement to ensure 
that it remained perpendicular to the substrate 
surface. The location of the supports and the loading 
footprint are shown with respect to the circuit 
elements in Figure 1. A layer of 0.002-inch thick 
Kapton tape was used to distribute the central load 
and preserve the fractured components for analysis. 
Testing was performed on an Instron machine which 
had an automated data acquisition system that 
sampled at a rate of 50 points/second. The crosshead 
speed (0.02 inch/minute) was selected from ASTM 
F 394, for a specimen thickness of 0.025 inch and a 
Young’s modulus of 50 x lo6 psi. 

Twenty parts from the reworked lot were 
selected for testing, along with 19 normally 
processed parts (electrical rejects from a previous lot) 
to provide a baseline for comparison. In addition, 
two groups of 20 virgin substrates with identical 
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dimensions were also tested to validate the test 
procedure. The first group was tested in the as- 
received condition for comparison with previous and 
generally accepted strength data for this material. 
The second group received a simulated rework 
procedure by the same operator who performed the 
work on the original parts. These substrates were 
then tested without any further processing. 

N. Test Results 
The data and calculated results for the four 

groups are presented in Attachment 1. The mean 
breaking load of the normally processed parts was 
24.49 pounds (46 ksi), while that of the reworked 
group was 21.48 pounds (40 ksi). The virgin 
substrates broke at an average of 35.88 pounds (68 
ksi) in the as-received condition, in reasonable 
agreement with four-point bend data for the same 
material, and at 26.3 1 pounds (50 ksi) following the 
simulated reworking procedure. 

V. Statistical Analysis 

The strength data from Table 1 is shown as 
box plots in Figure 2. The horizontal line through 
the box is drawn at the median strength value for 
that group, and the lines extending vertically from 
the boxes indicate the spread in the data. This 
graphical comparison shows that the reworked parts 
have less strength than the non-reworked parts. A 
formal t-test indicates that the average strength of 
the reworked parts is significantly less than the non- 
reworked parts. A 95% confidence interval for the 
average difference is -5650 + 2040 psi. It is also 
clear from Figure 2 that the scribed substrates are 
weaker. It is also evident that normal processing 
significantly reduces the strength of the substrate. 

Another formal t-test was done to show that 
the average strength of the reworked units is greater 
than 28 ksi (minimum acceptable value). The 
calculated test statistic is of the form: 

Lak= n(X - U O Y S  

where X is the saiiiple average strength of the 
reworked parts, s is the simple standard deviation of 
the strength measurements, and u, is the target 
average. If this calculated value exceeds 2.0, the 
average strength of the reworked parts is greater 
than 28 hi. Substituting the values into this 
expression yields: 

fcalc = 16.5, 
so we can conclude that the average strength of tlie 
reworked parts is greater than 28 ksi with a 

confidence level of essentially 100%. The 
probability of a single strength value falling below 
28 ksi is approximately 0.0001. Figure 3 shows a 
histogram of the strength data, with an overlaid 
normal curve. Assuming a minimum of 28 ksi, only 
0.0108% (108 parts per million) of the parts would 
fall below the limit. 

VI. Summary of Results 

Clearly the rework process has a measurable 
effect on the flexure strength of the ceramic. A 
statistical review of the test results concluded that, 
with a 95% level of confidence, the reworked parts 
retained at least 84% of the strength of the baseline 
components. If the thickness of the part is assumed 
to be that of the substrate, that is disregarding the 
thick film layers, the fracture stress of the reworked 
parts is in excess of 40 ksi, compared with 46 ksi for 
normally processed parts. The effect on the blank 
substrates with simulated rework is somewhat 
greater than that for the printed parts, suggesting 
that subsequent processing after rework may 
partially mitigate the initial surface damage. 

It is concluded that the reworked custom 
networks did not suffer a catastrophic loss of 
strength due to diamond scribe reworking at the 
resistor sites. Assuming a reasonable design margin 
(5 times the strength requirements for this 
component) the minimal decrease in flexure strength 
(12%) was deemed to be acceptable. 
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Figure 1. Location o f  Support and Loading Points 
for Biaxial Flemre Test of Circuit 
Boards 
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Figure 2. Strength Data for Hybrids and Blank 
Substrates 
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Table 1. Strength Measurements (psi) for Hybrid 
and Blank Substrates 
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Figure 3. Reworked Hybrid Strength Data 



Attachment 1 
Specimen Load d C B A X Y 5 Test Stress 
Number P Speciment Radius Radius Radius P i  Duration Rate 

0.23 Ibs Thickness Specimen Ram Circle msec kdmin 
, i i 

Test Date:19 April 1996 Blank Substrates 
I I 1 1 1 1 1 1 

Where u = Poission’s ratio = 0.23 
X = ( l+u)*ln(B/C)2+[( l-u)/2](B/C)’ 

S = -0.2387*P*(X-Y)/d2 
Y = (l+u)*[l+ln(A/c>2]+(l-u~A/c)2 

Per ASTM-F-394-9 1 



Attachment 1 Continued 
Specimen Load d C B A X Y l  S Test Stress 
Number P Speciment Radius Radius Radius ' Psi Duration Rate 

0.23 Ibs Thickness Specimen Ram Circle msec ksilmin 

Test Date: 30 A ~ r i i  1996 "Reworked" 

I Maximum I 25.171 I I I I I Maximum I 473641 I Maximum I ' 177 I 
I Std Dev 1 1.791 ! I I I Std Dev I 33591 I Std Dev I 4 1  

Where u = Poission's ratio = 0.23 
X = (l+u)*ln(L3/C)Z+[(1-u)/2](B/C)2 

S = -0.2387*P*(X-Y)/dz 
Y = ( I+u)*[l+ln(A/c)2]+( 1-uXAIC)Z 

Per ASTM-F-394-91 


