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FOREWORD 

'Hiis report covers work done in the period January 1 to December 31,1973, under the general 
title Center for High Energy Forming ■ Second Semi-Annual Technical Report.   The work is 
sponsored by the Advanced Research Projects Agency under ARPA Order No. 720, Program 
Code No. 61101D.    The work was sponsored by Army Materials and Mechanics Research Center, 
Watertown, Massachusetts,   02172, and was monitored by Arthur F. Jones under Contract 
No. DAAG46-72-C-0130. 
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ABSTRACT 

Til ^TToil^l1^  the reSUltS durinL7 the period 1 January trough June 30, 1973.  Studies vere conducted in the following areas: 

a. A Metallurgical Investigation of Explosion Welded Copper- 
Nickel Composites; 

b. Determination of the Optimum Parameters for Explosion 
Welding A515 Steel; 

c, 

d. 

e. 

Analysis and Design of an Explosion Cladding Facility; 

Free Forming Steel Domes with D/t Ratios of 56 and Greater; 

The  Mechanics of Energy Transfer from Underwater Explosions; 

f. The Explosive Free-Forming of Arbitrary Shapes from Thin 
Metal Sheets; 

g. Stress Corrosion Cracking Behavior of Explosively Deformed 
Austenitic Stainless Steel; 

h. Explosive Thermomechanical Processing of Beta III Titanium 
Alloy; 

i. Explosive Compaction of Nickel Base Superalloy Powders; 

J. Engineering Economics of the Explosive Forming Manufacturing 
Facilities. 
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1-       A Metaimrgical Investigation of Explosion Welded Copper-Nickel 
Composites. ~^ — 

Faculty Advisors:   S.H.   Carpenter and H.E.   Otto 

Graduate Student:   M.D.  Nagarkar 

Further work was  carried out  in the  analysis  of diffusion data on 
explosion welded and roll-bonded copper-nickel  composites.     As  reported 
earlier    roll-bonded Cu-Ni   couples were explosion welded to each other 
to form Ni-Cu-Ni-Cu composites.     These  and the pure roll-bonded specimens 
were subsequently heat-treated for 10 hours in vacuum at annealing te^ 
peratures  of 500,   750,  900,   a^d 9750C.     To determine the  extent of dif- 
fusion across  each interface  the electron microprobe method of analysis 
was used      A computer prograjii,  as  described by Brown1 was  used for  calcu- 
lating the  composition of Copper in atomic percent  from the measured X-ray 
data.     This program corrects  the measured X-ray  intensities  to relative 
intensities  and also applies necessary  corrections to the  latter for 
absorption,   secondary  fluorescence,   and atomic number effects. 

,.^     .Pl0ts  0f c°ncentration versus  diffusion width had indicated enhanced 
diffusion  across  the  interface of the explosion weld as   compared to  the 
pure roll-bonded interface  as well as  the  Cu-Ni  interface  of the  cladder 
plate  and of the base plate.     For a more meaningful analysis  of the  diffu- 
T10"    „  a'  " Was necessary to detemine  the  diffusion  coefficients   (D). 
in Cu-Ni D is  concentration-dependent,  hence the Boltzman-Matano method 
ol   determination  of D was   found most  suitable. 

For greater accuracy and speed,  a computer program was written to 
Cr^^^Ut the Boltzman-Mat^o analysis.     This program yields  values     of D 
at  different  concentrations  of Cu across  the  interface.     A typical result 
obtained from the  computer is  given  in Table 1. 

The  Jata at  present  analyzed is  of Cu-Ni  weld using an explosive 
loading of Ö g/sq.   in.    At annealing temperatures  above 750oC, diffusion 
was  found to  follow  an Arrhenius  type  of relation: 

Doei 

where 1) is the Diffusion Coefficient, 

Do, the frequency factor which is independent of 
the annealing temperature, 

Q, the activation energy, R the gas constant, and 
T, the annealing temperature in degrees Kelvin. 

1. J.D. Brown, 'Comprehensive Computer Program for Electron 
Probe Microanalysis', Anal. Chem., 38, No. 7, 090 (1966) 

2. B. Ya. Pines, I.G. Ivanov and I.V. Smushkov, Soviet Physics 
Solid State, ^ 7, 1380 (1963). 
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The plot D vs. l/T yields a straight line, and from the slope the 
activation energy can be calculated.  Figure 1 shows a D vs. l/T plot for 
Cu-Ni at 8 g/sq.. in. explosive loading.  Similar analysis is being done for 
welds made at a higher explosive loading, viz. 12 g/sq. in. 

Table 1.  Concentration dependence of diffusivity for Cu-Ni loaded 8 g/sq.in. 
kQ%  Red Cross Dynamite (Traverse across crest of wavy explosion 
welded interface) 

Temperature Time  of Concentration of Difl fusion 
(0C) anneal Copper  (Atomic Coeffii :ients 

(sec) (cm2. ̂ sec) 

975 36 x 103 90 1.85 X lo-io 

85 1.10) X 10-io 

80 7.53 X IQ"11 

75 h.91 X IC"11 

70 3.65 X lO-H 

65 2.90 X lo-n 

60 2.38 X lo-n 

55 1.99 X lo-n 

50 1.68 X lo-n 

h5 1.1+2 X lo-n 

ko 1.20 X lo-n 

35 1.00 X lo-n 

30 8.33 X 10-12 

25 6.75 X IQ-22 

20 5.^9 X 10-12 

m^^^nt^mimmi^^^m^tmma^ mm ^.^™.m*l 
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1-        stress  Corrosion Cracking Behavior of Explosively Deformed 
Austenitlc Stainless   Steels   

Faculty Advisor:     H.   Otto and R.N.   Orava 

Graduate Student:     Edward Chang 

^-   v      ^he  explosive  free  forming of AISI   30^  and 310 blanks,  0.5  in 

TlZT t     " f ^^  Were  Carried OUi by  a Sand-Ch -th^d usi^g a pancake type  charge  developed by Alting1 and refinea by Wittrock2 

Ifobt^n  t^  Hteel dTS. reqUired 69h gramS  0f Tro^ SWP-5 explosive to obtain the  desired deformation. 

on  *•>,« T^
0

?
0
 

SridS Vith FOlar  coordinates,   8 inch  in diameter,  were made 

strSn    c*    'f^l   '? rf0SiVe f0rming-     AS  in Pri0r V-k'   tL ^-tive 
strain'       '  Va^calculated using the measured circumferential  and radial 
strains.     The  domes were not  sized so the  strains were not  symmetrical 

oSlvSuse^f tTeS;    There  ^ n0 neCeSSity  f0r a Unif0- *^ ^e the only use of the  domes   is  to provide  specimens  for testing.     A typical 
effective  strain  curve  is  shown  in Figure  1.     Strains  for the AISI  301, 
domes  range  from about  11  to  k2 percent  and those  for the AISI  310  from 
about  12 to  39 percent.     There was  very  little  difference  in the  forming 
characteristics  for the two materials. lorming 

The  effective  strains  on the AISI   310  and 301, stainless  steel 
domes  ranged from 0.38 at  the  center to 0.12 at a distance  of 7 inches 
from center. '   •L"(-nes 

Comparisons  in tensile strength,  yield strength  and stress  corro- 

TolLT^T5 f °Per\ieS Vil1 be made  ^ng explosively  free-formed,   cold 
rolled,  and undeformed material.     The  cold rolling will be  carried out bV 

cross rolling to produce a corresponding strain state to that of explo- 
sively free-formed. CA^^U 

The  stress  corrosion  cracking test will be performed by a three 
point bending method with precracked specimens  in  3.5^ NaCl solution  at 
room temperature.     Time  to failure  at various KT  levels will be measured 
and the  apparent  threshold  for stress   corrosion cracking,  K       ' will be 
determined. Iscc 

_   The  fractured surfaces will be  examined by optical,  scanning and 
transmission electron microscopy to evaluate  any structural differences 
such as martensitic  transformation,  microcracks,  twins,   carbide  formation 
and distribution and other physical features. 

_       Part  of the  comparison of the  explosively and conventionally 
stramea materials will be  conducted on stress  relieved stock.    There has 
been work on explosively formed stock  in which the  resistance to stress 
corrosion was  reported to have been degraded.     Proper adjustment  of the 

12 
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stress relief treatment could alleviate this problem, if it occurs. 

L. Alting, Explosive Forming of Domes, Proceedings Third Interna- 
tional Conference of the Center for High Energy Forming, 6.1.1, 
Vail, Colorado, 1971. 

E.P. Wittrock "Explosive Forming of Thick Walled Domes", Final 
Report, DRI #2600, Univ. of Denver, (1972). 
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&• Explosive Thermomechanical Processing of Beta III Titanium 

Faculty Advisor:     R.N.   Orava 

Graduate Student:     M.ß.   de  Carvalho 

Mechanical property data has been obtained on Beta III  titanium 
both  in the  conventionally and explosively processed  conditions.     Corre- 
lation  of the mechanical properties with metallurgical and crystallographic 
features   is being conducted.     For  this  correlation several tests have been 
conducted or are in the process  of being performed.     These  include:   (a) 
tensile tests  at different strain  rates,   (b)  X-ray diffraction studies, 
(c)   characterization of i-urfacs   and internal microstructures   and  (d)  pre- 
straining aging treatments. 

(a)     Mechanical properties  of Beta III Titanium tested at  different  strain 
rates 

Specimens  of as-received stock  (solution Treated at  1350oF)  were test- 
ed using three  different  strain rates:   (l)  2.25  X 10-5  sec-1   ,   (2)   2.25 X 
10-3 sec"1,   and  (3)  2.25  x 10"! sec"1.     These  tests were  used to determine 
the work hardening rote  and the  strain hardening coefficient.     The  results 
are   as   follows. 

Total Strain Hardening 
Rate Strain.  E Coefficient,  n 

Work Hardening 
rate(K),  ksi 

2.25xl0-5sec-1 0.0380 

2.25xl0"3sec-l 0.0380 

2.25xl0-1sec-l 

0.091 

0.078 

(1) 

250 

212 

(1) 

(l)  Rate too high  for accurate  determination. 

The  trend in these  tests was  for the work hardening rate to decrease with 
increasing strain  rates. 

Prior to testing,  the  specimens were  chemically polished so the sur- 
face   could be examined metallographically after straining.     Photomicrographs 
of specimens  strained at the  different  rates  are presented in  Figures  2 
through h.     An inspection of these photomicrographs  indicates  a difference 
in  surface morphology as  a result  of strain rate.     Several possibilities 
could explain the  difference  in  surface morphology  including  (l)  the  for- 
mation of martensite  at higher strain rates,   (2)  the  deformation made is  a 
combination of slip  and twinning with  increasing twinning at higher rates 
and  (3)   twinning is  the predominant  deformation mode.     X-ray  diffraction 
studies were  conducted to determine  the micro structural  constituents. 

(b)     X-ray diffraction studies 

Samples  in the  following  conditions were examined (l)   As  received- 
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non  deformed (2)  explosively  formed and (3)  shocked.     The  results  of this 
investigation indicated that  there was no difference in the  constituents. 
All of the specimens  contained the beta (BCC)   and omega  (HCP)   phases      The 
omega phase, which  forms  on  quenching, was minute  in all cases.     These 
results would indicate  that  martensite does  not   form at high  strain rates. 

(c)     Met allograph!c Examinations 

The surface  deformation  indicated the possibility of slip  at  lower 
strain rates  and twinning at higher strain rates.     The surface  of the spec- 
imen,   were ground and polished further to determine if the surface  features 
were slipbands  or twins.     The markings  did not  disappear during this  pro- 
cedure which indicated that  the  deformation mode was  twinning.     This was 

lZ\r0/ ^f materials  drained at  different  rates,  explosively  formed and 
shocked.     The microstructures  of these specimens  are  shown in Figures  5  to 

In comparing these photomicrographs  it  can  be seen that  those  of the 
explosively  formed  and shocked are  similar to the  one strained at  a high 
strain rate.    The lower strength  of the explosively  formed material  can be 
ascribed to the twinning deformation mode. 

(d)     Pre-Straining Aging Treatments 

A series  of aging treatments were  conducted to optimize  the hardness 
prior to deformation.     These tests were  conducted at 900oF for  various per- 
iods  of time.     The hardness  increases wirh increasing time  at  temperature. 
The major increase  in hardness  occurs within the  first ten minutes   (31 to 
3y  Kcj     after which  it  increases by only a small  amcunt. 

Material aged  for  10 minutes will be used in the  next  series  of ex- 
plosive  forming tests. 

16 

-    -  -   -■- —             ii i—aiiiiMniBi I»I> m . 
















