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Abstract

During the manufacture of the blanket modules, 316L steel powder is simul-
taneously consolidated and joined to tubes and blocks of 316L materials by Hot
Isostatic Pressing (HIP). The high processing temperature can detrimentally
increase the grain size of the water cooling tubes in the structure and the blocks
reducing their strength. It is well known that surface oxides on the powder
particles negatively influence the impact toughness of material and joints
consolidated in this way. By increasing the consolidation temperature the
metallurgical bonding is improved, due to a redistribution of oxygen within the
oxide layer towards more discrete oxide particles. In order to get acceptable
mechanical properties of materials produced at a low H P temperature the
oxygen content on the powder surfaces needs to be reduced. The aim of this
project was to study the effect of reducing the powder oxygen content, using
new techniques to reduce the oxygen content of the metal powder. The
influence on Charpy impact energy and tensile strength were demonstrated.
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1 Introduction

During the manufacture of the blanket modules, 316L steel powder is
simultaneously consolidated and joined to tubes and blocks of 316L
materials by Hot Isostatic Pressing (HIP). A HIP temperature of
1 100-1 150 °C is normally used. The high processing temperature can
detrimentally increase the grain size of the water cooling tubes in the
structure and the blocks reducing their strength. It is well known that
surface oxides on the powder particles negatively influence the impact
toughness of material and joints consolidated this way. The surface
oxides act as a barrier for metal-to-metal contact, i.e. good metallurgical
bonding. By increasing the consolidation temperature the metallurgical
bonding is improved, because of a redistribution of oxygen within the
oxide layer towards more discrete oxide particles (coalescence). In order
to get acceptable mechanical properties of materials produced at a low
HIP temperature the oxygen content on the powder surfaces needs to be
reduced. The aim of this project was to study the effect of reducing the
powder oxygen content, using new techniques to reduce the oxygen
content of the metal powder. The influence on Charpy impact energy and
tensile strength were demonstrated.
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2 Scope of the work

The effect was measured on the impact toughness and the tensile strength
of low temperature (1 020 °C and 1 060 °C) HIP joins between steel
blocks and powder consolidated material with low and ordinary oxygen
content. This work was performed by Studsvik Nuclear AB in close co-
operation with the Swedish Institute for Metals Research (SIMR) under
EFDA task TW4-TVM-JOIACC.
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3 Preparation and materials

Steel powder 316LN IG, Bodycote Powdermet charge B945
(Appendix A), was used together with plates from the European
Reference Heat (ERH) delivered by NRG [Rietveld, 1991].

The HIP capsules were manufactured from mild steel (2 mm wall thick-
ness) with an external cross-sectional size of 92x26 mm and a height of
150 mm. Plates (80x18x30 mm) cut from ERH 316L(N)-materials were
ground with coarse paper (P80) and then ultrasonically cleaned before
being positioned and fixed by spot welding inside each capsule. Finally
the lid with a powder filling pipe was attached by welding.

Each of four capsules was filled with approximately 1.3 kg 316LN-IG
powder, two of these with powder containing a reduced amount of
oxygen. The oxygen reduction was performed by SIMR in processes that
for commercial reasons are not possible to disclose here. After ordinary
vacuum degassing, the capsules were sealed for HIP.
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4 HIP and heat treatment

After HIP the capsules were annealed and water quenched as a pre-
cautionary measure in order to avoid sensitisation. The annealing
temperatures and times were chosen as a compromise with respect to two
criteria: 1) high enough to dissolve intermetallic compounds; and 2) low
enough not to overshadow the intended effect of the chosen HIP-
temperatures.

The HIP-temperatures and heat treatments chosen for each capsule are
presented in Table 1 and the HIP chart in Appendix B.

Table 1
The HIP- and annealing cycles for each capsule. HIP-pressure = 130 MPa,
time 2 h.

Capsule Cl C2 C3 C4

HIP temp. (°C) 1020 1020 1060 1060

Annealing temp. (°C) 1 020 1 020 1 040 1 040

Annealing time (min.) 40 40 30 30

Oxygen reduced No Yes No Yes
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5 Metallographic examination

A metallographic examination was performed in order to study the effect
of the HIP-treatments on the grain size of the materials. The grain size
was evaluated from micrographs of polished surfaces (0.25 um) after
etching in Vogels mixture 2-3 times in order to bring out the grain
boundaries. 20 lines of 500 um length were randomly distributed at three
different areas/variant and the grain size was calculated as 500/the
number of intercepted grains. The average of those values is given as the
average grain size. No attention was taken to the rolling direction of the
plate. However, due to the microscopic characterisation performed at
ECN [Rietveld, 1991] the grains are equiaxed with a grain size
ASTM 4-5 (65-90 urn) close to the surface and 5-6 (45-65 um) inside
the material.
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6 Mechanical testing

From each capsule, four impact specimens (Figure 1) were cut out in the
upper part of the capsule (HIPed powder) and another four impact
specimens were cut out in the lower part that constituted the joint
between the plate and the HIPed powder (Figure 2). Efforts were made to
position the joint in the middle of the specimen. The tensile specimen,
Figure 1, was cut out of the powder material alongside the plate material.
For the impact specimens with a joint, one surface of the specimens were
polished and etched in order to identify the exact position of the joint.
Thereafter the notch was made at the joint. Figure 3 shows an example
that illustrates how close to the joint the notches were located. Charpy
impact testing was performed according to EN 10 045 and tensile tests
according to EN 10 002-1.
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Figure 1
Specimens for a) tensile testing and b) Charpy impact testing.
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HIP capsule

=Tensile specimens

Plate

Figure 2
Schematic view of the specimen positions in the capsule.

Figure 3
Position of the notch in relation to the joint (Cl).



STUDSVIK NUCLEAR AB STUDSVK/N-04/150

2004-11-08

7 Results

A summary of the results is presented in Table 2 and details in
Appendix C.

Table 2
Results, average data.

Capsule/ Grain Oxygen Nitrogen Yield Rm Elong. Elong. Red. Impact
material size unif. total energy

ppm ppm MPa MPa % % Z % J/cm2

Cl/HIP 21 154 788

Cl/plate 29

Cl/joint 21/66 -

C2/HIP 26 69 737

C2/plate 41

C2/joint 26/68 -

C3/HIP 26 143* 785

C3/plate 43

C3/joint 26/76 -

C4/HIP 31 76 704

C4/plate 49 - - - -

C4/joint 31/93 - - - 273

*One measurement. ** Single specimen with less accuracy (±0.5) in length
measurement.

The results of Charpy impact testing are presented in Figures 4 and 5.
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Average Charpy impact energy. Joints
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Figure 4
Comparison between the Charpy energy for ordinary powder HEPed joints
and low Oxygen powder joints.
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Figure 5
Comparison between the Charpy energy for ordinary powder HIPed and
low Oxygen powder HEPed materials.

Figure 6 clearly shows that the grains at the joint are separated from each
other by a distrinct border between the two materials when using the
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ordinary oxygen content powder while when using powder with reduced
oxygen content the joint is diffuse and the grains have grown into both
materials (See Figures 7 and 8). This is part of the explanation to the
measured large difference in impact energy. However, the material itself
also gains in toughness behaviour after oxygen reduction as shown in
Figure 5. Close to the joint in the ERH material grain growth has
obviously occurred (see Figure 8). Grain growth will be influenced by
prior plastic deformation which probably took place of a surface layer
during cutting the material.

Plate

Figure 6
A sharp border between PM and the plate from capsule C3.

"

• \

Figure 7
Good metallurgic bond between PM and the plate from capsule C4.
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PM K\ Corse grained part of the plate | g Plate U

Figure 8
Example showing a coarse grained part in the plate close to the joint in
capsule C2.

The oxygen reduction of the powder implies a coarsening of the grains as
illustrated in Figure 9.
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Figure 9.
Resulting grain size (average data) after HIP and heat treatment. See
Table 1 for treatment referring to capsule number. The percentage data in
columns C2-C4 denote the increase of grain size vs. Cl.
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8 Discussion

The treatment applied managed to eliminate about 50 % of the total
oxygen content. This probably corresponds to the amount of oxygen
bound to particle surface oxides. The comparison between joints from as-
atomised powder and oxygen-reduced powder showed that the surface
oxides in the former case block the metal-to-metal contact between
powder and plate. Accordingly, the metallurgical bond in the joint is
deteriorated in the case of conventional as-atomised powders. This was
clearly confirmed from the comparisons of the impact strengths. The
same holds for the metallurgical bond within the powder since the impact
strength increased significantly when surface oxides had been reduced,
although not in the same magnitude as in the joints. The higher strength
of the joints compared to the powder part is probably due to the con-
tribution from the more ductile plate part. The exact location of the notch,
i.e. on the more ductile plate side or the less ductile powder side,
determines how high the impact energy may have become and that is
probably the reason for the relatively large fluctuations of the oxygen
reduced joint impact energies. A possible influence from the position of
the specimen in the can is probably overshadowed by this effect.

From a more general point of view, the results evoke some interesting
practical implications about hot isostatic pressing of powders. Clearly,
the conventional HIP-temperature of 1150 °C is applied in order to obtain
an acceptable metallurgical strength of PM-components, i.e. in order to
overcome the weakness induced by surface oxides. What is shown in this
study is that by eliminating surface oxides one can apply a much lower
HIP-temperature.

The tensile test performed on bars from the HIPed powder part, showed a
slightly lower yield and ultimate tensile strength but higher ductility, in
the case of oxygen reduced powder. Those differences to standard HIPed
material are normally noted for conventionally produced materials as
well. Factors influencing those properties are likely:the oxides, the grain
size and the nitrogen content

Grain size is increase by increased HIP-temperature. The temperature-
induced grain growth was twice as high in the plate (excluding the large
grain-zone close to the joint) compared to that in the powder material.
The treatment for oxygen reduction evoked grain growth at almost the
same magnitude as an increased HIP-temperature did. Accordingly,
largest grains were obtained for specimens that were prepared from
oxygen-reduced powder and HIPed at 1060 °C, although the average size
was still less than 100 urn in all regions.
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The material was heat treated after HIP (annealed and quenched).
However, the cooling rate in the HIP is probably fast enough to avoid
sensitisation and in a real application heat treatment will not be applied.
Accordingly, in order to adapt future experiments to the real practice no
heat treatment of the material will be performed after HIP. In order to
establish similar conditions to the real practice the cooling rate after HIP
should be in average approximately 3.5 °C/min down to 200 °C.
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Conclusions

The Charpy impact data of the consolidated powder material
as well as for joints of the latter to steel blocks can be
considerably increased (up to 7 times) by oxygen reduction
of the powder to about 50 %.

The influence on the tensile strength is minor

Grain size was influenced both by the treatment to reduce
oxygen and by the HIP-process. The relative increase of
grain size was higher in the plate material than in the
consolidated powder. Oxygen reduction contributed to an
average increase of 24 % in the consolidated powder
material and 20-40 % in the plate material. When HIP-
temperature was increased from 1020 to 1060 °C, the
average grain size increased by 24 % in the consolidated
powder and 30-40 % in the plate material. However, in
neither case did the average grain size exceed 100 jim.

The results are very encouraging and merit for further
investigations.
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HIP Charts

1400 -,

1200 -

1000 -

800 -

600 -

400 -

200 -

0 -

c

>

I 1

1 ;
) 100

HIP 1020 C

,

/

200 300

Time minutes

400

Tern perature C

Preassure 10 MPa

1400 -,

1200 -

1000 -

800 -

600 -

400 -

200

0

c

HIP 1060C

r • — • — • — - — - — • — - — • — • — • •

/ / '

I !
1 i
) 100 200 300 400

Time minutes

TemperatureC

Preassure 10 MPa



STUDSVIK NUCLEAR AB STUDSVK/N-04/150

2004-11-08

Appendix C.I (1)

Result of the Charpy impact tests in relation to oxygen content.

O ppm

powder

0 " ppm

HIPed
average

Nitrogen
ppm

average
J/cm2

average

1020-
Powder-

lowO

155*

76,62
69

737, 737
737
249
242
246
246

1020-
Powder-

ref

155*

153,154
154

786, 789
788
128
150
142
140

1020-
Joint-
lowO

155*

370
234

320
308

1020-
Joint-

ref

155*

51
39
47
46

1060-
Powder-

lowO

155*

73,80
76

709,698
704
283
265
269
272

1060-
Powder-

ref

155*

143
143

783, 786
784
155
153
143
150

1060-
Joint-
lowO

155*

249
221
348
273

1060-
Joint-

ref

155*

69
51
59
60

Ref. C1
1085

63-90 nm

145

-

168
182
192
181

Ref. C2
1100

155*

120

750
166
164

184
171

*result from analyse performed in 1999 of powder fraction 63-90 |im
** Oxygen content was analysed in samples that were cut out from the consolidated powder in
relation to the preparation of metallographic samples and specimens for mechanical testing.
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