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Two different plates of 10100 Cu (> 99.99 (% Cu) were incipiently failed using flyer plate impact in a gas 
gun equipped with soft recovery. One plate has a grain size of 53 mm and the other, 63 mm. The cleanliness of 
the plates was assessed using the cold ciucible melt technique. The smaller grain sized material has a number 
density of second phase particles about four times higher than the other material, but with a smaller mean size. 
The size distribution of second phasc particles is well represented by a log normal distribution. The Romanchenko 
corrected spall strength, as measured by a VISAK, of larger grain sized material is about 50 % higher than that of 
the other inaterial under incipient loading conditions. The difference in spall strength between the materials 
decreases with increasing shock pressure. Void nucleation plays a dominant role in describing the resulting 
porosity distribution in the incipiently failed samples. The CiitiSe of the difference in spa11 strength between the 
plates is attributed to differences in the second phase particle characteristics of the material. 

INTRODUCTION 
The dynamic failure resistance of ductile 

materials is a strong function of the particular, and 
often proprietary, processing details. These details 
begin with the melt practice used to make the 
primary ingot and maybe subsequently involve 
various thermal treatments that might cause 
precipitation and precipitate coarsening. The melt 
practice involved may entail processes that remove 
detrimental contaminants via degassing, flotation, 
dissolution, and filtration. The melt practice may 
even result in second phase particle contamination 
that has both systematic (process system) and 
random (batch to batch) variations. Some high value 
materials are processed with several sequential and 
varied melt practices [ l ]  the order of which is 

designed to remove certain impurities and result in a 
desirable solidification structure for subsequent 
thermo-mechanical processing. 

Essentially all engineering standards for metals 
do not specify permissible levels of second phase 
particle phases, number densities, or size 
distributions. Bulk chemistry levels are typically 
sufficient for understanding the effect of 
substitutional or interstitial impurities on yield and 
plasticity, but only in very impure materials is it 
sufficient to account for the effect of second phase 
particles on fracture behavior. 

The purpose of this study is to examine the effect 
of second phase particle number density and size 
distribution on the dynamic fracture resistance of a 
clean material. 



DESCRIPTION OF MATERIAL 
Two plates of 10100 Cu were used. The bulk 

purity of both materials is 99.995%. Atomic 
absorption bulk chemical analyses are provided in 
Table 2. The Follansbce plate was melted in the 
middle 1980's) from an unknown mill. It has been 
extensively characterized and was used to develop 
the mechanical threshold stress plasticity model [ 2 ] .  
The Hitachi plate is completely documented and was 
melted in 1998. Both plates are in the half hard 
condition and samples for the flyer plates 
experiments were anncaled at 600 "C for one hour, 
in VQCZIO. The resulting grain sizc growth during 
annealing was about 2 pm and is reflected in the 
grain sizes listed in Table 2, using 1.125 times the 
mean inkrccpt length to reflect the tiue volumetric 
grain ske .  The sensitivity of the bulk analysis 
atomic absoi7)tion analysis used to determine the 
values in  Table 2 is too low to measure differences 
in cleanliness in low impurity content metals. 

The cleanliness of clean materials must be 
assessed using volumetric melt methods that 
concentrate second phase particles to a particular 
region on the surface. The cleanliness of these 
materials was assessed using the cold crucible melt 
method. Details of the technique and results are 
provided in [3]. The limitations of melt based 
techniques is that wetting and low melting 
temperature phases will confuse the resulting 
quantitative analysis and give misleading number 
densities and sizes because of submergence and 
coalescence of small particles. 

The two materials were analy7ed using identical 
procedures, hence any relative differences in 
indicated number densities and si7e distributions are 
assumed real. The analysis had a lower detection 

Grain 
size. 

vlaterial---.--- Lab Ctr,% pin P Te I-lg Zn Cd S Pb Se Sb Bi As Fe Mn Ag Ni 0 
jpecification ASTM >99.99 53.0 510 5 : l . O  1 i .051.0  518.0 S10.0 1 1 0 . 0 5 4  510.0 5 5 C l O 5 0 . 5 S 2 5  510 510.0 
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limit of about 0.7 pm. The results of the analysis 
were fitted to a general three parameter log-normal 
distribution (see [4]) and are summarized in Table 1. 
Two separate analyses, labeled as ribs in Table I ,  
were made in the Follansbee material, and they give 
comparable results. The statistical analysis shows 
that the detection limit was too large to give absolute 
confidence in the indicated results, however, a 
relative comparison between the two materials may 
still be made. 

The Follansbee material shows about a four times 
greater number density of second phase particles 
than the Hitachi material, but the expected diameter 
of a particle in the Hitachi material is about 50 % 
larger than that of the Follansbee material. The 
measured volume fraction of the second phase 
particles in both materials is about 1/3 ppm. 

MECHANICAL TESTS 
Incipient spallation flycr plate experiments were 

performed using an 80 mm gas gun equipped with a 
soft recovery catch tank and velocity interferometry 
system for any reflector (VISAR) diagnostics [ 5 ] .  
The flyer plates were 1.5 mm thick z-cut quartz, 
impacting 1.5 mm thick targets consisting of the -19 
mm diameter specimen surrounded by two press-fit 
momentum trap rings of 25.4 mm and 57.1 5 mm 
outer diameter. The sample and flyer plate 
thicknesses result in compressive and tensile loading 
durations of about 0.4 p, with the plane of 
niaximum tensile duration about 100 pm from the 
sample center towards the flyer plate. 

Impact velocities were nominally 200, 250, and 
350 d s .  In addition, one experiment was performed 
in the Hitachi material at an impact velocity of 180 
id s .  VISAR traces of the back surface velocities of 
the experiments are shown in Figure 1 

___---_I_ _ _ _ _ . - - ~ -  
Table 2: OFHC 10100 Impurity Levels, in ppm wt % I  

I Table 1: Alloy Cleanliness Assessment 
Size Distribution 

Constants 
Number Expccted Volume 

Number Density Diameter, Fraction 
Plate Rib Observed l/mm - pm ppm (J E P ~ - - - _  
Yollansbee 1 8082 52.1 1.2 0.377 0.9 0.68 -0.22 

2 8496 54.8 I .02 0.244 0.93 0.77 -0.41 
3491 - 13.4 1.77 0.31 1 1.09 0.61 -0.021 - ' -- Hitachi 

I____ 



Table 3: Spa11 Strength 
Grain Shock Stepanov 

Material Size, Pressure, spall strength, 
pm G Pa GPa 

200 - 

.@ 150 - 

v) 

-2 

x - 5 100 - 
fi 

5 0 -  
- -  

I 

5.0 5.5 6.0 6.5 

Figure I .  VISAR signals of the back surface 
velocitics of the flyer plate experiments. 

The Stcpanov corrected [6,7] spall strcngths 
determined from the VISAR traces are summarized 
in Table 3, The VISAR pullback signals for the 
Hitachi 2.88 GPa and Follansbee 2.86 GPa show a 
dramatic difference. While the Hitachi signal shows 
a characteristic sharp pull-back of a well defined 
reflection plane and clearly defined ringing, the 
Follansbec sample pull-back is much smaller in 
amplitude and the ringing is much more poorly 
defined, perhaps indicative of a multi-wave or a 
difftise reflection at the region of' spallation. 'This 
dramatic difference in VISAR pull-back signals 
between the two materials disappears in the Hitachi 
4.28 GPa and Follansbee 4.23 GPa tests. 

The VISAR trace of the experiment impacted at 
180 m/s shows that a fully developed shock profile 
was not reached, while the experiments impacted at 
200 m / s  indicate that essentially a fully developed 
shock was reached. The pull-back of the experimcnt 
impacted at 180 m/s did not reach zero velocity, as 
would be expected for the case of a symmetric 
impact. 

MICROSTRUCTURAL ANALYSIS 
The soft recovered specimens were mounted, 

sectioned, polished, chemically polished and etched. 
The chemical polish/etch was designed especially for 
facilitating subsequent image analysis and consisted 
of 8:5:1 parts of lactic acid, phosphoric acid, and 
nitric acid, respectively. The etch, created fresh for 
each application session, was applied with a 
vigorous swabbing action to increase the etching 
activity on the surface relative to the feature 
interiors. 

Figure 2 contains micrographs of the Follansbee 
plate tests and Figure 3 shows micrographs of' the 
Hitachi plate impacts. Comparing the spatial 
distribution of voids between the materials in 
comparable tests reveals that the damage is more 

Time, ps 

Hitachi 63 1.95 nia 
Fols. 53 2.26 0.92 
Hitachi 63 2.27 I .48 t Fols. 53 2.86 0.95 
Hitachi 63 2.88 1.65 
Fols. 53 4.28 1.48 I Hitachi 63 4.23 1.57 

spatially diffuse, by about a factor of three, an! 
extensive in the Follansbee plate than in the Hitack 
plate. The more localized damage in the Hitachi 
plate visually appears to give a plane of greater 
maximum porosity than the Follansbee plate under 
similar impact conditions. This can be deceiving in 
these images because they show such a small section 
of the sample, which is about 19 mm wide. The 
voids and void clusters are also larger in the 
Follansbee plate tests than in the equivalent Hitachi 
plate tests. 

The region of maximum porosity in the Hitachi 
2.86 and 4.23 GPa tests appear remarkably similar. 
Thc: most substantial microstructural difference 
between these two tests is the appearance of a 
secondary plane of voids in the Hitachi 4.23 GPa 
test, visible in the upper part of Figure 3 (c). The 
damage is too diffuse in the Follansbee 4.28 GPa 
shot for a secondary spall plane to be evident. The 
width of the damage in the 2.8 and 4.3 GPa shots. is 
about 400 pm and 100 pin in the Follansbee and 
Hitachi, respectively. 

The Hitachi 1.95 GPa shot had about 5-6 voids in 
the section plane, all of them small, on the order of 
single-digit microns in the diameter that intersected 
the metallographic section plane. 

CONCLUSIONS 
The relative cleanliness differences between 

these two materials are real and substantial, but the 
absolute accuracy of the measurements should not be 
given great confidence for the reasons mentioned. 
The factor of four times difference in the number 
density of particles is balanced by a concomitant 
difference in expected diameter, yet the differences 
i n  VISAR pull-back signal and incipient damage 
niorphology between the two materials are profound. 
The differences in VISAR pull-back signal diminish 
greatly with increasing shock pressure, but the 
microstructural differences remain. 

The smaller region of damage in  the Hitachi 
material indicates that void nucleation requires 
greater time at stress than in the Follansbee material. 
This is substantiated by the 55 % greater spall 
strcngth in the Hitachi material compared to the 
Follansbee material. Higher pull-back is an 



(c) 
VISAR Side 

Figure 2. Optical micrographs of the region of 
spallation in the Follansbee plate samples. (a) 2.26 
GPa, (b) 2.86 GPa, (c) 4.28 GPa. 

indication of a smaller propensity for nucleation to 
occur early in the first tensile pulse. 
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