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Testing and Evaluation of the Interfacial Stress State of a T

Tungsten-Clad Composite Using Push-out Testing 3

i

R. Rutherford*, W.R. Johnson*, N. Jayaraman*¥, S. Maloy*, H. Horner® 1%

) %

*Los Alamops National Laborarary, Los Alamos, NM 87545 ;;:x

**University of Cincinnari, Cincinnari, OH 45221 b

Absiract yop
To study the properties of a rungsten-clad diffusion bonded interface push-our 1;{3

tests were performed. This method involves pushing onr a rungsten rod while measuring i
the applied Joad and relative displacement of the rungsten and cladding. Specimens were 3’%
rungsten in either wrought, annealed, or single crystal form with a 316L stainless sreel ‘%
clad. In the analysis of siress siate and its dependence on failure mode for push-our 1Y
testing, two important paramelers are examined: specimen thickness, and support hole ;IE
size. The measured push-out loads coupled with the finite element modeling were nsed e
to yield information aboutr the tungsien-clad bond siength. There is currently no i (
information available on the interface properries of the composite materials under 3
investigation. Therefore, a qualitative/quantirative means of measuring interface strength b
utilizing push-out testing supported by Finite Element Modeling (FEM) was developed. “;;
B

Introduction kit
The Accelerator Production of Tritium (APT) program proposes 1o produce ’§
witium via the reaction of *He gas with neutrons produced by an accelerator-driven *:
proton beam impinging on a tupgsten rarget. In the APT program, metal-clad tungsten jﬁ
wbes and rods are used as a target material to generate neutrons by spallarion reacrions 3}‘3
with high-energy protons (1GeV) from an accelerator. The APT rarget design requires §d
mngsten fo be clad with a meral for many reasons: to resist corrosion by the coolant, to §§
improve heat transfer, and to conrain tungsten in a loss of coolant accideni. For hear 1o &
wansfer efficiently from the tungsten 1o the cladding, it is imperarive thar complete iF
bonding occurs and that the interface withstands thermal and dynamic (farigue) siresses, «‘7
along with radiarion damage that occurs during operation. 316L srainless steel is under «! f{
investigation as possible cladding materials because of its auractive thermal and !
mechanical properties, and corrosion resistance. Push-out testing was urilized 1o examine £8
the role the interface plays in controlling the overall composite sirengrh and 1oughness. 4};;
From rhe data generated it will be possible to quantify interface bond strength and select i3
the best composite materials for safe operation and optimum targer life s
There is considerable research on push-out testing as a means to measure i
interfacial swength. The information 1o date uses small push-rods compared to the 133
interface diameter and a larger-than-necessary support hole size. The effect of these test :f
parameters js that in addirion to placing the specimen in shear, a large tensile siress is ’%
imposed on the borom of the push-out specimenp leading ro initiation of failure. The 3%
tensile stresses can alter the interfacial failure process such that rather than failure &
initiation by shear siress on the upper surface of the specimen in conract with the push- gi’
rod, failure can iniriate by crack nucleation along the interface at the borrom surface of o
the specimen. Y
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Specimen Preparation

To simulate the actual target geomeiry, cylindrical specimens, consisting of a
tungsien core with a cladding of 316L stainless stegl were prepared. Bonding af the two
materials was accomplished by Hot Isostanc Pressing (HIP) of the cladding to the
ngsien rod. Minimizing the HIP temperature yields a small diffusion 2one, ayoids the
formarion of a britile intermetallic phase, and produces minimal residual stress buildup at
the interface during cooling due to the mismatch of CTE berween the tungsten and
cladding marterials.

Three forms of tungsien were bonded 1o 316L stainless steel 1o study the effect of
rungsien’s material properties on the load displacement curve obtained in push-out resting
of composite discs cut from HIP samples. Specimens included rungsten in either wrought,
wrought/annealed at 1800 °C for one hour, or single crysial form with 3 316L stainless
steel clad. The HIP assembly consisted of a 0.125 inch diamerter tungsten rod inserted
into a 0.126 inch diameter hole in the clad material with end caps that were electron beam
welded on in 2 vacpum. The specimens were then HIPed in a cycle thar applied 29 ksi of
inert gas pressire for 8 hours and reached a maximum temperature of 810 +/- 20 °C.
Specimens of roughly 0.0S inch in thickness were cut from the 1 inch long HIPed rods.
Specimens were then polished to a thickness of approximately 0.040 inch using a final
medium of 1pm diamnond.

Experimental Procedures

To study the mechanical properties of the tungsten-cladding bond, push-out tests
were performed on 0.125 inch diameter mngsten rods containing a 0.12S inch thick
cladding. The push-out apparatus was designed to place the interface of the composite
sample in a stare of shear siress to measure bond strength. The push-our fixture design
incorporated a support plate that resmicts the moton of the cladding materjial while
allowing free morion of the inner rungsien core as seen in figure 1. The push-our rest
fixure was placed in a mechanical testing machine thar applied a compressive load to the
push-rad, which is in conract with the ungsten core. The test measures the combined
resistance of the rungsten and mngsten/meral clad jnterface to the motion of the push-rod
that is driven at a constant displacement rate of 0.00S inches per minute. The specimen is
held by the support plate with a concenmrically locared hole that provides unresirained
ungsten motion. Pushoul tests were performed using two identical supporr plates having
different push-our hole diameters. The first support plate hole was 0.13S inch in diameter
yielding a 0.005 inch tolerance on the radius of the mungsien. The second support plare
hole is 0.130 inch in diameter yielding a 0.002S inch tolerance on the radius of the
tungsten. The punch was made of hardened rool sieel with an end diameter of 0.121 inch.
Specimens were aligned with respect to the tungsten center and machined ro a diamerer
of 0.374 +/- 0.001inch. The tighr tolerance berween the push-rod and the support plate
hole was designed 1o help reduce the tensile siresses on the exit surface of the specimen.
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Figure 1. Push-Out fixture schematic and support plate used for testing mngsten-clad %
rods. ::%5
In addition to the information gathered on interface swrength from the push-out :}%
testing, specimens were also characierized before testing by microhardness measurements £
on borh tungsten and clad materials, energy dispersive x-ray specrroscopy (EDS) for ﬁ;;
elemental composition across the diffusion zone, and light microscopy for grain size. f;*‘
Scanning Electron Microscapy (SEM) was urilized on complete and partial push-out rests @
specimens 1o evaluate the failure mode. i
Resnlrs ' %
A SEM equipped with EDS capabilities was used to investigate the diffusion zone 2

on tungsten/316L SS specimens unlaxially bonded at temperatures of 800°C and 950°C f*f
along wirh a push-out specimen consisting of annealed mmngsten-clad 316L SS thar were %3?
HIPed ar 810°C. The diffusion data indicates thar stainless steel elements (Fe, Ni, and ’f;f
Cr) diffuse 1-3 microns into the ingsten for both the uniaxial bond 800°C and the 810°C 4
HIP push-our specimens. Diffusion data for the uniaxial 950°C specimen revealed &
measurable amounts of Fe, Ni, and Cr 7 um into the tungsten. There was no evidence in 1%
any of the specimens of wngsten diffusing into the stainless sreel. it
After HIPing, polished and eiched pushour specimens were analyzed with optical b
microscopy (Figure 2 (A, B, and C). The wrought tungsten exhibirs a grain size of 20 - o
30 pm, while the grain size in the annealed mngsten varies between 20 1o 300 pm. The ::F
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single crystal ingsten was analyzed using the Laue back-reflection technigne showing a }Jﬁ

nxTvt
&

<111> orientation normal 1o the surface of the specimen. Micro-hardness examinarion on

specimens before push-out festing yielded Vickers hardness values of 4333 = 2.54 ¥
kg/mm*® for single crystal rungsien, 399.8+£14.44 kg/mm® for annealed tungsten, and 5
427.2 + 9.92 kg/mm?” for wrought fungsten. As expecied, the annealed mingsten exhibirs 34
the lowest hardness because of the large grain size and the lower dislocarion densities 1‘%
from the annealing treatment. In addirion, the annealed mngsten shows a large standard i};
deviation because of its Jarge variation in grain size. };{f
=

-3‘.:::%

54

£

i

%

A B C i
Figure 2 A, B, and C, Morphology of 316L SS clad tungsten rod push-our specimen at gfé
500X. From lefi to right wrought wngsten / 316L SS with a grain size of 10-20 pm, R
annealed tungsten / 316L SS with a grain size of 20-300 pm, and single crystal / 316L :%
SS. i
g

Push-out swess/displacement curves were afrtained by measuring the load vs. ¢
displacement during testing and dividing the load by (7 * diameter * thickness) to yield fﬁ
the interface stress. Testing was performed on 3161 SS bonded 1o mungsten in the iz
wrought, annealed, and single crystal form. Although load/displacement aces varied Efv
from specimen to specimen, there were several distincrive characteristics in the o
load/displacement rraces of all push-out specimens. Tensile siresses induced cracking at ﬁ‘;
the ungsten—ladding interface on the bortom snrface of every specimen. These stresses ]
altered the interfacial failure process such that rather than interfacial failure initiarion near é&;
the upper surface of the specimen adjacent to the push-rod, fajlure iniriated by crack 54
nuclearion within the mngsten on the bortom surface of the specimen. Yielding of the i
clad material was observed on both the top and borom of every specimen tested. All o
push-our test specimen’s stress vs. displacement curves roughly followed the curves ]
prodoced by testing a pure 3161 SS specimen with no tungsten core. The difference o3
between the load/displacement curves for clad rungsten push-out specimens and that of ;4%_
the pure 316L SS was that for the clad wungsten specimen achieved a higher stress for the 35
same displacement in the push-out specimens. The higher smess resulis from wngsten &
having a higher modules of elasticity than the cladding marerial. The representation P
stress/displacement curve for the clad material alone can be seen as a reference on the ti
push-our stress vs. displacement graphs. ;g
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Figure 3. Push-our yield strength vs. displacement for 3161 SS clad tungsten. The
reference line in the graph indicates the stress vs displacement curve for a 316L specimen
without a tungsten core. SCT, AT, and WT in the legend indicaies the single crystal,
annealed, and wrought tungsten forms respectively, followed by the specimen rthickness
in millimeters.

The SEM analysis of push-out tests on 316L SS clad wrought show rransgranular
brirtle fractures on the bottom surface as seen in fignre 4. 316L SS clad wrought rungsien
reached a maximum siress of 406 MPa at a displacement of 0.45mm.

A B
Figure 4 A and B. Transgranular fracture of wronght tungsten core afier push-our testing.

The 316L SS clad annealed tungsten push-out tests revealed cracking along the
grain boundaries after testing (figure S). This behavior is probably a result of increased
concentration of impurities that accumulated on the boundaries during hear treatment.
The push-out stress for 316L SS clad annealed tungsten ranged from 411 1o 480 MPa for
displacements of 0.48 10 0.56mm.
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B
Figure 5 A and B. Imtergranular fracture of annealed tungsten core afier push-out testing.

The 316L SS clad single crystal ungsten push-our specimens showed cracking
along the cleavage planes on the bortom surface after testing. Laue back reflection x-ray
analysis revealed thay the <111> crystallographic direction is parallel ro the compression
direction, Thus it is hypothesize thar the cracking is occurring on the (110) close packed
planes, Figure 6 shows this cracking on the bortom of the specimen in the single crystal
tungsten proved o be at angles of 60 and 120° relative to one another. 316L SS clad
single crystal rungsten reached stresses of 402 and 440MPa at a displacement of 0.49mm.

F-373

A

B
Figure 6 A and B. SEM images revealing cracking at 60° and 120° in single crystal
tungsten on the bortom surface of a failed specimen.
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Figures 7 A and B. Borom surface of a 316L SS clad single crystal mngsien partial
push-out specimen. Viewing cracking in the mungsten and yielding of the 316L SS clad
marerial.
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PR

Parial push-out tests were performed on the three forms on clad mngsten rods to
evaluate the failure process. In all partial push-out tests cracking was observed in the

2 b
b2

tungsten on the bottom surface of the specimen. {&
48

Conclusion i
EDS of the diffusion zone revealed elements of stainless stee]l (Ni, Cr, Fe) f
diffusing 1-3 microns info the tungsten at 800°C increasing up to 7 microns for 950°C. fj‘én
After testing each specimen, it was observed using EDS and backscarter electron imaging 1%
made on the SEM revealed the remains of tungsten on the clad material. The same is gue i%
for clad remains being visible on the ngsten core after pushed-our testing. The material ;g
remains on both portions of the push-out specimen leads to the conclusion thar fajlure %
occurred at the interface. ik
The results showed consisient push-our stress values for both 0.135 and 0.130 f::g;

inch push-out support hole diameter. Although a larger difference in support hole size %:7@
will cenainly affect the rest resulis, the 0.005 inch difference between support hole j%
diameters showed na noticeable affect. 48
316L, SS clad single crysial tungsten had an average push-out siress of 421MPa. \2 ¥
Failure on the borom surface of the rungsten occurred by cracking on the (110) cleavage H
planes. Micro hardness testing of single crystal mngsten revealed a Vickers number of iﬁ
433 with a standard deviation of 2.54. 2 %
316L SS clad annealed tungsten, with 2 grain size of 20-300 pm, showed an F
average push-our siress of 443MPa. Failure on the bomom surface of the tungsten i
occurred by intergranular cracking. Micro hardness restring of single crystal tungsten *’f:
revealed a Vickers number of 399.8 with a standard deviarion of 14.4. %
316L SS clad wrought tungsten, with a grain size of 10-20 um, had an average ffé‘
push-out sfress of 392MPa. Failure on the botom surface of the tungsten occurred by ?ﬁ‘
ransgranular cracking. Micro hardness testing of single crystal mngsien revealed a o3
Vickers number of 427 with a standard deviation of 9,92, The discrepancy between 35»2

kY

B

Gaf 2 o Lo ,'.wfv:..\:"é.-a'w
W ey

%




N

R
Vel Ladas

AN T K i XA B B0 N T 2 e

e

|0 D00Z-BZ=AC) -

W o
£ 8 s
=] =
®vo =
gm
Ul< he 2 ]
o B 3
<& 3
g 3
u‘é“ 4
e
[e=]
e
EW
& B
[V 1]
IR
=T
v O
% B
B
Eo
ey
B E
Q
o
o
)
£
o
3 &
& é
=h -3
2 ~
= | B
B
o
&
(2}
-t
o 7
~H [
g: =
=) ~
= =
= S
outt =
=]
“n
)
)
P

HAF G b 04 ? S R g T R D ] ;ﬂ%’?ﬁflfnﬁfﬁff%‘@f{f\Zﬁﬁluﬁ?‘»ﬁ7b@§a\zﬂ,}}«,tﬁnﬁ S WL o P A, Y R A 3 T R B TR NS I Y A Bt gt AR t\“wa%;lpﬁrnwtéswnqm42r“¢aa;g,;3::,’3 ¥
Rartisn b a S g R e R RIS W s i R A N M R e R N L T e P IS i ‘;:af'.a&_é:é.*&&ﬁmﬁﬁw‘»&xﬁ;&;&&m&;"}.ﬁt?ﬂ%ﬁ:giz&&t. g niar R S T




