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• Aim

– Prediction of the stress state in “Nb3Sn” strands and cables during/after heat 

treatment

• Motivation

– Experiments (LQ*, HD2, HQ) indicate that there can be large residual stresses 

after heat treatment and cool down to room-temperature

– The study aims to understand the sources of these stresses, quantify them, and 

provide guidance for their control

*Pic. Courtesy Paolo, LARP project 

Sample heat treatment
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LBNL studies about dimensional changes 

during heat treatment
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Outline

• A basic review of the phases 
in RRP® Nb3Sn heat 
treatment

• First studies of heat 
treatment impact on 
conductor length

• Extension of heat treatment 
dimensional changes to 
cables

• Impact of confinement on 
dimensional changes

• Some thoughts on out-
standing questions

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017
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The complexity of modern Nb3Sn 

superconductors is well known

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017

A new understanding of the heat treatment of Nb-Sn superconducting wires 

36 

 

Figure 21 (a) A sketch of stacked Cu hexes and Cu-clad Nb rods-in-hex surrounded by a Nb tube 

and a Cu tube. Notice a few Cu-clad Nb-Ti rods are used for doping purposes. (b) A sketch of the 

previous stack after extrusion to bond the components, and after gun-drilling the center in order to 

insert a Sn rod. (c) The sub-element complete once the Sn rod was inserted and the components 

bonded via cold-drawing. (d) A sketch of a fully processed RRP® wire after the sub-elements have 

been restacked and a Cu jacket added 

 

Figure 22 A sketch of (a) a single Powder-in-Tube filament and (b) a final stack of a 

Powder-in-tube wire after the Cu jacket was added and the filaments fully bonded. 

The Restacked Rod Process 

69 

 

Figure 43 The critical current density of RRP® wires as a function of sub-element size showing a 

strong drop in Jc below 50 µm. Boxes for the Hi-Lumi LHC and the FCC targets are shown. 

 

Figure 44 (a) A sketch of a standard sub-element cross section. (b) a fully reacted RRP® 

sub-element showing the monolithic Nb3Sn ring that is formed after reaction. 

I have also shown, that an Internal-Tin sub-element design can vary significantly 

regarding its filament size, Cu-channel thickness, Sn core size, number of filaments, 

etc. (see Figure 32 on page 50). In order to keep track of all these variables 

Bruker-OST has standardized a few sub-element parameters. Among the most 

important ones are: 

1. Sn percent inside the barrier (wt.% Sn), 

2. Nb to Sn atomic ratio (Nb:Sn), 

3. and, Local area ratio (LAR) 

Below I will explain how each one of these sub-element parameters are 

Godeke thesis

Sanabria thesis
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As the superconductor undergoes heat 

treatment, a number of processes occur that 

can impact the mechanical behavior of the wire 

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017

Pong et al. SUST 
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A detailed understanding of the chemical 

processes and associated mechanics occurring 

during heat treatment remains elusive

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017

Formation of Cu-Sn phases results in 

density change – no increase in 

length, or even contraction

Conductor elongates with temperature

Expansions with composite nature; Nb and 

Cu mix. Length increases with temperature 

similar to Cu

Change in dL/dT due to different volume 

fraction after formation of intermetallics

Thesis, Charlie Sanabria
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ABSTRACT 

 
This work has measured the dimensional changes of Nb3Sn, Nb3Al and 

Bi2Sr2CaCu2O8 conductor, and other coil materials during heat treatment to determine the 
strains associated with these changes. The question is: can a conductor be damaged due to 
thermal expansion and contraction differences of the coil components during the heat 
treatment thermal cycle? Two conclusions regarding coil fabrication can be drawn from the 
dilatometry results. One is that Nb3Sn and Nb3Al conductors produced by an internal-tin 
process and by a jelly-roll process, respectively, are placed in tension on heating since they 
initially contract and then expand at a lower rate than the coil form material (i.e. Al-bronze 

or stainless steel). Both of these conductors have a contraction near 200-250°C which is 
due to relaxation of the Nb or Nb-Al filaments. Also, the post-heat-treatment contraction of 
these conductors is greater the larger the Cu and bronze fraction. A bronze-processed 

Nb3Sn conductor does not have the contraction at 200-250°C. The second conclusion is 
that the conductor is not placed in compression on cooling from the reaction temperature 
(650-800°C) to room temperature if the coil components (i.e. cable and end pieces) are 
unconstrained, since the Al-bronze pole piece contracts more than the cable. This should 
also be the case for conductor wound on a stainless steel coil form. The opposite seems to 
be the case for powder-in-tube Bi2Sr2CaCu2O8 conductor. It expands continuously on 
heating without the contraction seen in internal-tin processed Nb3Sn and jelly-roll 

processed Nb3Al conductor at 200-250°C. No residual stress develops in this conductor 
since the filaments have no tensile strength and are not bonded to the silver matrix. 
However, on cooling from above the Bi2Sr2CaCu2O8 melting-processing temperature the 

ICMC ‘97
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Early dilatometry measurements provide some 

insight into mechanics of wires during reaction

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017
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(a)                                                                                     (b) 
 
Figure 3. (a) Fractional change in length of an ITER conductor produced by IGC-AS. This 19 sub-element 
wire with 50 % Cu is the same conductor as seen in figure 1(b). (b)  Fractional change in length of a bronze-
processed conductor produced by Hitachi. Same as the conductor of figure 1(a).  

 
this transformation. Experiments should determine if the dip at 220°C is associated with the 
Cu-Sn intermetallic formation, melting of the Sn, or stress relief of the bronze and Cu and 
the accompanying relaxation of the Nb filaments.       

Two experiments were performed to confirm that the contraction at 200°C was due to 
stress relief and not due to the formation of Cu-Sn intermetallics. One was to measure the 
behavior of a bronze-processed wire during a thermal cycle and the second was to measure 

the behavior of an internal-tin wire after an anneal below 200°C. Since a bronze-processed 
wire is typically annealed after about 50 % reduction in area no residual stresses should 
develop in the wire since it has been annealed up to 20 times. As can be seen in figure 3(b) 

no contraction between 200-250°C is observed in a bronze-processed wire. Similarly, when 

and internal-tin wire is annealed at 190°C for 19 h prior to a dilatometry measurement the 

contraction at 200°C is significantly reduced. Observations of the wire prior to the 
measurement shows that only a small fraction of the Sn core had reacted with the Cu 
matrix (figure 4). These experiments show that the dip at 220°C is associated stress relief 
in the wire and not the formation of Cu-Sn intermetallic formation.  

 
 

 
 

 
Figure 4. Central sub-element in conductor heat treated at 190°C for 19 h. Note the thin layers of Cu3Sn (dark 
gray) and Cu6Sn5 (light gray) that have formed around the Sn core during the heat treatment.   

What is the source 

of the “dip”?

Dietderich et al, ICMC ‘97

Mixing 

phase

Notes: 

- this is not a full reaction cycle for the 

Nb3Sn wire (faster ramp, no holds, etc) 

- 19 sub-element IGC-AS Internal-tin wire
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A suite of measurements suggests 

elasto-plastic behavior is playing a role in 

length change

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017
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Figure 3. (a) Fractional change in length of an ITER conductor produced by IGC-AS. This 19 sub-element 
wire with 50 % Cu is the same conductor as seen in figure 1(b). (b)  Fractional change in length of a bronze-
processed conductor produced by Hitachi. Same as the conductor of figure 1(a).  

 
this transformation. Experiments should determine if the dip at 220°C is associated with the 
Cu-Sn intermetallic formation, melting of the Sn, or stress relief of the bronze and Cu and 
the accompanying relaxation of the Nb filaments.       

Two experiments were performed to confirm that the contraction at 200°C was due to 
stress relief and not due to the formation of Cu-Sn intermetallics. One was to measure the 
behavior of a bronze-processed wire during a thermal cycle and the second was to measure 

the behavior of an internal-tin wire after an anneal below 200°C. Since a bronze-processed 
wire is typically annealed after about 50 % reduction in area no residual stresses should 
develop in the wire since it has been annealed up to 20 times. As can be seen in figure 3(b) 

no contraction between 200-250°C is observed in a bronze-processed wire. Similarly, when 

and internal-tin wire is annealed at 190°C for 19 h prior to a dilatometry measurement the 

contraction at 200°C is significantly reduced. Observations of the wire prior to the 
measurement shows that only a small fraction of the Sn core had reacted with the Cu 
matrix (figure 4). These experiments show that the dip at 220°C is associated stress relief 
in the wire and not the formation of Cu-Sn intermetallic formation.  

 
 

 
 

 
Figure 4. Central sub-element in conductor heat treated at 190°C for 19 h. Note the thin layers of Cu3Sn (dark 
gray) and Cu6Sn5 (light gray) that have formed around the Sn core during the heat treatment.   

Annealed during processing

⇒No residual stress
No annealing ⇒ residual stress

Conclusion: dip at 210C is due to stress relief between Nb tension and Cu, not Cu-Sn

intermetallic phase creation

Note: these measurements do not tell us about the radial growth vs T

Cu6Sn5 (η), Cu3Sn (ε) density 

change offset by thermal 

expansion of Cu, Nb
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Unconfined Cables

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017



9

Confined Cables
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Confining cables during reaction has a 

significant impact on dimensional change

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017

HQ LQ

Confining cables 

reduces width and 

thickness expansion; 

cable length increases
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Exploration of unconfined cable dimensional changes 

highlights some correlations of interest, 

e.g. un-annealed vs annealed

-1

0

1

2

3

4

5

6

996 CR - UC 975 R - UC 997 CR - UC 1000R - UC 1008 -- UC QXF 1042Z -15 -
UC

QXF 1042Z-16 -
UC

QXF 1041Z-2-
UC

%
 C

h
n

g
n

e

Axis Title

Change of Cable Parameters after HT for Annealed and Re-rolled Cable + 
QXF Cables with Annealed and Un-annealed

 d L (%)

dW (%)

d t (%)

QXF Cables

200ºC for 16 h

Before re-roll

HQ HQ HQLQ

 Same billet  

HD

Un-annealed Wire

200ºC for 4-6 h
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S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017

RRP 60/61, 

60% non-Cu 
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Detailed measurements were performed 

on QXF cables

• SQXF03 Inner - P33OL1053CB(70)B*

• SQXF-PC01b - P35OL1056AB(70)B

• SQXF04 Inner - P33OL1057AA(00)B

• SQXF05 Outer - P33OL1057AD(40)B

• Cable Samples (“1st Generation”) • Details

• 108/127, Ti-doped, reduced-Sn, 0.55°

KS; annealed prior to cabling

• 132/169, Ti-doped, Standard-Sn, 

0.55° KS; annealed prior to cabling

• 108/127, Ti-doped, reduced-Sn, 0.55°

KS; annealed prior to cabling

• 108/127, Ti-doped, reduced-Sn, 0.55°

KS; annealed prior to cabling

* This cable was test-wound on a Selva winder and subsequently straightened.  

It had matrix painted on the insulation every ~24” in 6 to 12” painted 

sections.

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017
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Reaction Method for unconfined cables

• S2-glass Sleeve

• S2-glass Braid

• S2-glass Braid + CTD-1202 Matrix  

304 Stainless steel tooling held by wire wrap for 

reacting the cables in the “unconfined” condition 

while keeping them straight.  

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017
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Heat Treatment

• 210°C for 72h + 405°C for 50h + 654°C for 50h and furnace cooled

• ± 5°C and ± 5 h at dwell; under flowing Ar

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017
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Measurement Methods

• Length measured with a caliper (±0.002”)

• Width measured with 500PSI (3.45MPa)

• Mid-thickness and keystone 

angle measured by CME (17 MPa)

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017

The ends of the cables and wire were 
welded, sealing the ends plus providing 
a reference surface for measurements
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Results
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We can glean some tentative 

conclusions from these measurements 

• Confined and unconfined cables behave differently

o Width and thickness always increase; length shrinks when 

unconfined whereas cable elongates when confined 

o Volume is not fully conserved; void formation varies

• Braid and sleeve have different effect on cable dimension 

change during heat treatment  impact of insulation

o braid is like a cable with width confined

• “Matrix material” degrades the braid but the effect on 

cable dimension change is similar: ~3% increase in mid-

thickness

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017



18

We have managed to overcome big issues, but full 

understanding of heat treatment implications remains a 

somewhat empirical process

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017

AMBROSIO et al.: DEVELOPMENT AND COIL FABRICATION FOR THE LARP 3.7-m LONG Nb3Sn QUADRUPOLE 1233

Fig. 4. New LQ coil cross-section during heat treatment showing: cable stacks,
titanium pole parts, ceramic clothes, and mica layers.

base plate to a longitudinal force applied on a different plane

(causing a moment) by the coil and/or the rest of the fixture.

Three possible causes were identified and evaluated:

• The coil expansion due to the formation: if the

cross-section of the fixture cavity is too tight the coil may

have a significant longitudinal growth [13]. If friction pre-

vents this growth the coil applies a longitudinal force to the

fixture.

• Non-uniform longitudinal expansion/contraction of the re-

action fixture during heat treatment: if the blocks of the

fixture do not expand and contract as much as the plate,

they may cause a longitudinal force.

• Different thermal expansion/contraction of the coil pole

and of the fixture: the pole is made of Ti-6Al-4V alloy,

the reaction fixture of 304 stainless steel, which have sig-

nificantly different thermal expansion in the range 20 to

640 C. The coil cross-section grows during the Nb Sn for-

mation, increasing the friction between the pole and the fix-

ture. The pole applies a longitudinal force if it cannot slide

with respect to the fixture during cooldown.

An analytical model of the fixture, used to compute the force

necessary to cause the bending of the base plate ( 250 kN), dis-

proved the first hypothesis because the maximum force that the

coil can apply is orders of magnitude smaller. All parts of the re-

action fixture were subjected to a pre heat treatment (125 hours

at 650 C) in order to avoid any change during coil heat treat-

ments. Measurements of parts after the heat treatment of LQ02

showed no changes. In addition to this, the location and amount

of gaps among the blocks of the fixture disproved the second

hypothesis. The difference between the expansion of the fixture

and the pole is 18.6 mm. Therefore each pole tip should slide by

9.3 mm, with respect to the fixture, during the final cooldown. If

slightly less than half this displacement is prevented by friction,

the resulting force could cause the measured bowing. Ceramic

or S2-glass cloth can cause high friction between fixture, pole,

and coil. Therefore it was decided to change the materials sur-

rounding the coil during the heat treatment, and to adopt the

scheme shown in Fig. 4.

In this new configuration mica sheets cover all contact sur-

faces between the coil package (conductor and pole) and the fix-

ture, assuring good sliding. Another plate, as long as the whole

fixture, was added on the top of the blocks in order to increase

the rigidity of the fixture and making it more symmetric, in order

to prevent any other possible cause of bending (Fig. 5).

Fig. 5. LQ reaction fixture with top plate after heat treatment.

D. Second Practice Coil

The second Nb Sn Practice Coil (LQ03), reacted with the

modifications described previously, didn’t show any bowing.

Nonetheless other problems were found during inspection after

the heat treatment. The inner-layer pole was shorter by 4.3 mm,

and the outer-layer pole by 0.3 mm. In addition, the inner-layer

pole had approximately 550 Kg of compressive longitudinal

load (measured when the central pole part was removed). After

the central pole part was removed, the inner layer coil shrunk

by additional 0.5 mm. The outer pole, however, did not have

any longitudinal compression. Both inner- and outer-layer coil

ends showed a higher compaction after the heat treatment, re-

sulting in a shortening of 2 mm (inner layer coil) and 1.2 mm

(outer layer coil).

Normally, the inner layer pole pieces would not be removed

after reaction, as they were not removed on the TQ coils. There-

fore it is not known whether tension on the inner layer existed

in the TQ coils. Presently there are no data about possible TQ

coil length changes after the reaction. The high tension on the

inner layer of LQ03 was discovered when the outer poles were

removed for observation of the inner layer, and the inner layer

began to spring upward due to the high column loading on the

inner pole pieces.

As a result of these observations, the LQ coil production was

stopped for about six weeks. Check of material properties, mod-

eling, measurements and tests took place at BNL, FNAL and

LBNL in order to understand the issue before proceeding with

the next LQ coil reaction. The most relevant results were:

• Titanium pole creep: the Ti-6Al-4V alloy can be subject

to significant creep during the 48-hrs plateau at 640 C if

small pressure is applied [14].

• Winding tension: the winding tension (16 Kg) generates a

force at each pole tip trying to shorten the pole. The central

pole parts of two LQ coils were removed after curing the

ceramic binder, and the coils shrunk by 2.5–3 mm. The

shrinkage occurred slowly during a few days because the

binder holds some tension.

• Cable shrinkage during heat treatment: each LQ cable

undergoes a partial annealing (2 hours at 200 C) during

fabrication. However this is not sufficient to prevent fur-

ther shrinkage at the beginning of the heat treatment. An

LQ cable, extracted from the oven when the standard LQ

heat treatment was stopped after 36 hrs at 400 C, showed

shrinkage by 0.39% at room temperature (RT).

• Coil thermal contraction from 640 to 20 C: the coil

thermal contraction during the cooldown was computed

by comparing coil and gap dimensions, before and after

heat treatment, in coils of the TQ01-series (with aluminum

bronze pole and gaps), the LR and the LM. The most

Authorized licensed use limited to: Lawrence Berkeley National Laboratory. Downloaded on January 6, 2010 at 19:43 from IEEE Xplore.  Restrictions apply. 
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Experience with HQ demonstrated that proper 

confinement dimensioning is critical

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017

From H. Felice, “Status on HQ Coil Design and 

Fabrication”, 17th LARP, 1st HiLumi collaboration 

meeting

Solution in HQ case was to provide more “room” 

for cable expansion during reaction
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In conclusion…

There are many questions that we can ask 

ourselves…

1. Does the reaction phase impart real force on confining 

structures, or are the forces we see due to differential 

thermal expansion of structural materials?

o Suggests detailed elasto-plastic calculations using temperature-

dependent properties

2. What is the variability in volumetric change in 

conductors? In cables? Does it depend strongly on 

conductor architecture?

3. Is there a correlation between anneal, volumetric change, 

void creation, and sensitivity to strain degradation?

S. Prestemon, Workshop on Nb3Sn Cable Characterization, CIEMAT, Nov. 16-17, 2017


