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Abstract

A process window for magnetic-field-assisted cure is meaningful only if it preserves the competition between magnetic torque, viscous
resistance, Brownian motion and cure arrest. Higher viscosity improves positional stability but slows orientation, while strong field
gradients can accelerate capture and simultaneously create concentration non-uniformity. The recommended evidence combines calibrated
field mapping with real-time microscopy, orientation tensors from XRD, imaging or micro-CT, magnetic anisotropy measurements where
relevant, and rheology at the actual filler loading and temperature. Measuring alignment time as a function of field strength and viscosity
provides a direct test of the governing timescale competition. Qualification can then be expressed in terms of the field required to reach a
target orientation tensor without unacceptable migration or optical shielding.
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1. Qualification problem: magnetic alignment
In magnetic alignment, the same nominal settings can correspond to different physical states, so qualification has to follow state variables.
The evidence is judged against field strength needed for target orientation tensor, maximum allowable gradient before segregation, and
whether orientation can be reprogrammed layerwise without throughput loss, using Mason-type number, magnetic interaction parameter,
and alignment-time ratio to locate each tested condition. [1,5]
1.1 Scope boundary.
ER-357 owns magnetic-field-assisted cure and field-programmed anisotropy. ER-355 owns acoustic forcing, ER-356 electric-field effects,
ER-358 shear alignment, and ER-360 validation; those siblings define competing mechanisms and measurement controls rather than
shared ownership.
2. Governing balances for magnetic alignment
Magnetic alignment is described by relations that keep field torque, particle interaction, and cure arrest on separate timescales.
magnetic torque scales with particle magnetic moment and field while viscous torque scales with viscosity, size and angular velocity
field gradients add magnetophoretic translation to rotational alignment
dipole-dipole interactions can create chains once magnetic interaction energy exceeds thermal and hydrodynamic disruption
Used together, they reveal whether orientation is torque-limited, interaction-limited, or lost because cure arrives too late.

3. Regime boundaries for magnetic alignment

For magnetic alignment, the table directs evidence toward field strength, gradient tolerance, or layerwise reprogramming according to
regime.

Table 1. Regime indicators for magnetic-field-assisted cure.

Indicator Engineering meaning Use

Mason-type number is the similarity test attached to
'field strength needed for target orientation tensor': it
reveals whether viscous torque relative to magnetic
torque is still represented by the qualified case.

Mason-type number viscous torque relative to magnetic torque

magnetic interaction parameter is the similarity test
attached to 'maximum allowable gradient before
magnetic interaction parameter dipolar interaction energy relative to kBT segregation’: it reveals whether dipolar interaction
energy relative to kBT is still represented by the
qualified case.

alignment-time ratio is the similarity test attached to
‘whether orientation can be reprogrammed layerwise
alignment-time ratio alignment time relative to gel or cure-arrest time without throughput loss": it reveals whether alignment
time relative to gel or cure-arrest time is still represented
by the qualified case.

Magnetic orientation claims do not extend across untested torque, interaction, or cure-arrest combinations.

4. Couplings that move the magnetic alignment
Higher viscosity improves positional stability but slows orientation.
Strong gradients improve capture but can create concentration nonuniformity.
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Light-induced viscosity rise freezes both desired orientation and any unintended chains.

5. Failure signatures and false diagnoses

Qualification fails by three different routes: insufficient alignment before cure, particle chaining that causes local brittleness or optical
shadowing or migration toward magnets or field maxima. Because real-time microscopy under calibrated B and grad B, XRD, image
tensors or micro-CT orientation metrics and magnetic hysteresis anisotropy when relevant respond to different parts of that fault space, the
measurements are evaluated separately before a cause is assigned. A failure assignment is accepted only after the complete Table 2 pattern
is considered; isolated agreement with one row is treated as provisional.

Table 2. Failure-mode discrimination for magnetic-field-assisted cure.

Failure mode Observable signature Discriminating evidence

measure alignment time versus field strength and

insufficient alignment before cure i
viscosity

real-time microscopy under calibrated B and grad B

particle chaining that causes local brittleness or optical

. XRD, image tensors or micro-CT orientation metrics
shadowing

uniform rotating field versus static gradient field

migration toward magnets or field maxima magnetic hysteresis anisotropy when relevant field-off relaxation before cure

rheology under the same temperature and filler loading and

used for alignment

layerwise reorientation with controlled dwell

orientation loss between field removal and gelation
exposure

6. Measuring magnetic alignment with traceable uncertainty

Qualification of magnetic alignment treats independent resolution of magnetic torque and magnetophoretic translation as one axis and
separate monitoring of cure arrest as another; during metrology of magnetic alignment, dipole interaction is resolved against cure arrest.
Between them, an uncertainty-controlled perturbation of dipole interaction supplies the deliberate challenge that determines whether the
apparent transfer is mechanistic or merely coincidental; the uncertainty record for magnetic alignment keeps cure arrest separate from
magnetic torque.

7. Experiments that discriminate competing mechanisms

All four Table 2 interventions are required because each changes a different control variable or boundary condition; removing one leaves
a specific ambiguity unresolved. The magnetic alignment workflow deliberately separates a boundary challenge involving
magnetophoretic translation from a causal contrast between magnetic torque and dipole interaction; this avoids fitting the challenge into
the quantity being qualified; during the causal challenge for magnetic alignment, cure arrest is tested against magnetic torque. A replicate
test of cure arrest is then examined on its own terms before any transfer statement is retained; the experiment for magnetic alignment
separates magnetic torque from magnetophoretic translation.

8. Model identification and validation for magnetic alignment

The remaining two branches are prediction tests and are not used to retune parameters. [1,5] [4,6] Each acceptance boundary in Table 3
carries its own uncertainty contribution from measurement, model and state transfer. For magnetic alignment, the evidence chain starts
with parameter estimation for magnetic torque and magnetophoretic translation; within model identification for magnetic alignment,
magnetic torque is not fitted through magnetophoretic translation. It then adds prediction against dipole interaction, while an uncertainty-
bounded check on cure arrest is retained as a separate control so the three sources of information cannot compensate silently; prediction
for magnetic alignment keeps magnetophoretic translation independent of dipole interaction. [2,3]

9. Qualification envelope and technology decisions
Table 3. Technology-decision matrix for magnetic-field-assisted cure.

Decision Minimum evidence Acceptance logic

A defensible case for field strength needed for target
orientation tensor requires state-resolved real-time

Acceptance is conditional on a stable real-time
microscopy under calibrated B and grad B response

field strength needed for target orientation tensor

microscopy under calibrated B and grad B, replicated
sufficiently to distinguish systematic change from
measurement scatter.

under 'measure alignment time versus field strength and
viscosity' and on the absence of insufficient alignment
before cure at the proposed limit.

maximum allowable gradient before segregation

For maximum allowable gradient before segregation,
document XRD, image tensors or micro-CT orientation
metrics over the full operating span and include a repeat
series at the condition closest to the decision limit.

Keep the claim only if 'uniform rotating field versus
static gradient field' does not drive XRD, image tensors
or micro-CT orientation metrics outside its demonstrated
range and no evidence of particle chaining that causes
local brittleness or optical shadowing emerges.

whether orientation can be reprogrammed layerwise
without throughput loss

Use calibrated magnetic hysteresis anisotropy when
relevant measurements across the reference and
candidate states to justify whether orientation can be
reprogrammed layerwise without throughput loss, with
uncertainty propagated to the decision threshold.

Accept the transfer when repeated 'field-off relaxation
before cure' tests keep magnetic hysteresis anisotropy
when relevant on the qualified trend and migration
toward magnets or field maxima is absent from the
boundary state.

The working sequence for magnetic alignment has three parts: tested ranges in magnetic torque and magnetophoretic translation; a
separate boundary for dipole interaction; and an explicit transfer limit on cure arrest; inside the magnetic alignment envelope,
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magnetophoretic translation and dipole interaction define different transfer limits. Each part answers a different engineering question, so
uncertainty or failure in one part is not repaired by a favourable result in another; qualification of magnetic alignment bounds dipole
interaction separately from cure arrest.

10. Design consequences for magnetic alignment

No compensation is accepted between a design change governed by magnetic torque and an implementation check on dipole interaction:
while maximum allowable gradient before segregation is controlled independently, the design is advanced only if a requalification trigger
tied to cure arrest stays within its validated behaviour; during design implementation for magnetic alignment, dipole interaction is
constrained by cure arrest. The accepted design remains conditional on the measured magnetic alignment response and its uncertainty; the
magnetic alignment design record separates cure arrest from magnetic torque.

11. Evidence gaps for magnetic alignment

Replicated measurements from the remaining two branches should be collected at the same states to detect a change of mechanism. For
the magnetic alignment problem, independent replication of cure arrest defines the independent cross-check rather than a tuning variable;
for unresolved magnetic alignment transfer, cure arrest is studied separately from magnetic torque. The main inference uses scale transfer
of magnetic torque, whereas uncertainty in magnetophoretic translation versus dipole interaction is reserved for the boundary test that can
overturn the proposed interpretation; the evidence gap in magnetic alignment distinguishes magnetic torque from magnetophoretic
translation.

12. Qualification outcome for magnetic alignment

The qualification claim closes on the intersection of all Table 3 limits. None should be extrapolated from nominal settings alone. Rather
than reduce magnetic alignment to one surrogate, the analysis combines a renewed-evidence trigger when cure arrest changes with
agreement between measurement and prediction for magnetic torque; at final qualification of magnetic alignment, magnetic torque is
reconciled with magnetophoretic translation. A separate causal evidence that separates magnetophoretic translation from dipole interaction
is used to challenge that interpretation, making disagreement between the two routes visible instead of averaging it away; the closing
magnetic alignment claim keeps magnetophoretic translation distinct from dipole interaction.
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