
 1

DOE Award # DE- SC0018962   
Quantifying the Role of APB Tubes on the Work-hardening of Ordered Phases  

P.I.: Ian Baker 
Thayer School of Engineering, Dartmouth College, Hanover, New Hampshire, 03755 

Ian.Baker@Dartmouth.edu 
Report submitted: April 8th, 2022 

Funding Period:  August 1st, 2018-December 31st, 2021 
Goal 
For 60 years, it has been theorized that antiphase boundary (APB) tubes cause, or at least greatly 
contribute to, the high work hardening rate (WHR) of ordered intermetallic alloys. The initial aim 
of this work was to quantify that effect and directly link APB tube density to the WHR; however, 
as experiments were performed to that end, evidence mounted that APB tubes have no detectable 
effect on the WHR. Thus, the goal of this work shifted to rigorously confirming that APB tubes 
do not affect the WHR in FeAl and Ni3Al and then observing Ni3Fe to determine what is affecting 
the WHR. A number of high entropy alloys (HEAs) were screened but none were suitable for this 
work. They are discussed briefly in Appendix 1. 

The concept of an APB tube was originally proposed by Vidoz and Brown [1] in 1962 to 
explain the much greater (~50% increase) WHR observed when an alloy, such as Ni3Fe, is ordered. 
The existence of APB tubes was only definitively confirmed by Chou and Hirsch in 1981 [2] using 
weak-beam imaging with superlattice reflections in a transmission electron microscope. The most 
promising approach to how APB tubes can affect the strength of a material was put forth by 
Hazzledine and Sun in 1992 [3], including: 

(i) by drag on primary edge dislocations, 
(ii) by changing the cross-slip probability of primary screw dislocations, 
(iii) by interacting with the stress fields of secondary coplanar dislocations, 
(iv)  and by acting as a forest to other secondary dislocations. 

There has been no experimental evidence to prove or disprove any of these phenomena. 
The main finding of this project is that antiphase boundary tubes do not contribute to the work 

hardening in FeAl or in Ni3Al. instead, APB tubes should be considered as evidence of the complex 
superdislocation interactions that do give rise to the high WHR. Based on TEM in-situ straining 
of disordered and ordered Ni3Fe, superdislocations in the ordered alloy were observed to undergo 
many more interaction events than unit dislocations in the disordered alloy, which can explain the 
increase in the WHR observed with ordering. 

In this project, we addressed three major unresolved issues in this field: (1) there have been no 
studies comparing the mechanical properties of intermetallics with and without APB tubes; (2) the 
annealing temperature of APB tubes is only known for very few alloys; (3) proposed strengthening 
mechanisms almost entirely rely on post-mortem transmission electron microscopy (TEM) 
observations; and (4) the APB tube formation mechanism in Ni3Al is still debated. Additionally, 
resistivity, X-ray diffraction, and neutron diffraction were used to try to quantify the density of 
APB tubes. Resistivity measurements are a promising technique and are discussed briefly. X-ray 
and neutron diffraction were not successful and are discussed in Appendix 2. 

 
Summary of Key Results 

(1) The hardness of B2-ordered FeAl did not change when APB tubes (and no other defects) 
were removed, indicating that APB tubes do not interact with gliding dislocations. 
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(2) The temperature at which APB anneal out of Ni3Al was determined for the first time. TEM 
in-situ heating revealed that APB tubes anneal out at ~532°C. The annihilation was rapid and 
diffusion-controlled. 

(3) Comparing the annihilation temperature of APB tubes in Ni3Al to past literature, there is no 
marked change in the hardness, YS, or WHR around the temperature where APB tubes 
annihilate, indicating that APB tubes do not affect the hardening of Ni3Al. 

(4) In-situ TEM straining of ordered and disordered Ni3Fe was used to observe the movement 
of dislocations to see what is causing the increase in WHR if it is not APB tubes. In the 
disordered alloy, dislocations moved rapidly though the material with very few pile-ups 
forming. In the ordered alloy, dislocations were observed interacting with dislocations on 
different planes and many large pile-ups were observed, both of which would increase the 
WHR. 

(5) Bulk tensile testing of ordered and disordered Ni3Fe showed that the WHR of ordered Ni3Fe 
remained ~33% higher than disordered Ni3Fe when strained at 480°C, which is consistent 
with the increase in WHR originating from superdislocation interactions. 

(6) Throughout this work, thousands of micrographs of Ni3Al were compiled. These 
micrographs are compared to APB tube formation mechanisms proposed in the literature. 

(7) Resistivity measurements on FeAl indicate that resistivity might work for measuring APB 
tube density. 

 
Detailed Observations 
(1) Effect of APB tubes on the hardness of FeAl 
While it has long been argued that APB tubes account for the high WHR of ordered intermetallics, 
no study had determined the mechanical properties before and after APB tube removal. In the 
experiment presented below, we introduced APB tubes in an Fe-40 at.% Al single crystal, 
measured the hardness, then annealed out the APB tubes and remeasured the hardness.  

The hardness of an Fe-40 at.% Al 
single crystal was measured after 16% 
cold-rolling and annealing to remove APB 
tubes. Figure 1 shows the hardness values 
after 16% cold-rolling and then annealing 
at various temperatures up to 2 h. The 
samples were annealed at (i) 120°C, the 
temperature at which the magnetic 
susceptibility drops dramatically [4–6], 
indicating APB tubes have annealed out; 
(ii) 300°C, near the onset of the second 
exothermic peak observed in DSC 
measurements [6]; and (iii) 420°C, near the 
third exothermic peak [6].  

There was no decrease in hardness 
when annealing at 120°C, then a 19% 
decrease in hardness after annealing at 
300°C for 2 h and an additional 9% drop 
after annealing at 420°C for 2 h. An Fe-43 

at.% Al single crystal showed the same trend, but is not pictured here for brevity. It was surprising 

Figure 1. Hardness of an Fe-40 at.% Al single 
crystal cold-rolled 16%, then annealed at the 
listed temperatures for up to 2 h. 
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that there was no change in hardness with annealing at 120°C. It is well established from magnetic 
testing [4–6] and direct observation [5] that APB tubes anneal out at this temperature, so it was 
anticipated that the hardness would decrease as well if APB tubes contribute to the strength by 
interacting with gliding dislocations. The softening at 300°C and 420°C are due to point defects 
and vacancies, respectively [7]. Thus, it is evident that APB tubes do not contribute to the 
hardening of FeAl by interacting with gliding dislocations. 

 
(2) Annihilation of APB tubes in Ni3Al 
Lightly strained foils of Ni3Al were heated in-situ in the TEM to determine the temperature at 
which APB tubes annihilate. APB tubes were readily visible as long highly rectilinear features and 
show up prominently with oscillating contrast when imaged with (111) reflections (for example, 
in Figure 2a). Two heating experiments were performed. In the first test, shown in Figure 2, the 
APB tubes disappeared during a heating step from 507°C to 546°C. Figure 2b shows the same 
area of the foil after heating to 550°C and APB tubes are no longer visible. In the second test, the 
sample was held for ~10 min at 503°C, 520°C, 517°C, 525°C, 532°C, and 544°C. APB tubes were 
no longer visible after 6 minutes at 532°C. The disappearance of the APB tubes was rapid (~50 
seconds when heating from 507°C to 546°C) and no changes in the foil were observed (e.g. the 
formation of a longitudinal kink along the tube as proposed by Ngan [8]) indicating the annihilation 
was diffusion-controlled. 
 

  
Figure 2. Bright field TEM images of Ni3Al compressed 1.9% a) at 22°C, and b) after heating to 
550°C. Taken with 𝐵ሬ⃗ ൌ ሾ23ത5ሿ, 𝑔⃗ ൌ ሾ1ത11ሿ, 𝑅஼ሬሬሬሬ⃗ ൌ ሾ110ሿ. Images are from roughly the same area 
of the sample. 
 
The annealing temperature of APB tubes in Ni3Al is relatively high compared to that of Fe-40 at.% 
Al, which is 120°C [4–6]. This complicates matters, as other microstructural changes also occur 
with the removal of APB tubes. Near-edge dipoles collapsed into dislocation loops starting around 
510°C. After heating, a decrease in the density of superlattice intrinsic stacking faults (SISF) 
observed. Thus, the hardness tests performed on FeAl could not be replicated in Ni3Al, as other 
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defects would also annihilate out. Instead, the vast body of literature on the mechanical properties 
of Ni3Al were reviewed and compared to the APB tube annihilation temperature. 
 Based on the theoretical strengthening proposed by Hazzledine and Hirsch [9] as well as 
Hazzledine and Sun [3] and using a shear modulus of 78 GPa [10] and {111} APB energy of 208 
mJm-2 [11], the expected strengthening from APB tubes in Ni3Al is ~10-70 MPa. This is a large 
portion of the total strength of Ni3Al and should be noticeable if the strengthening decreases when 
APB tubes are removed. In hardness testing of deformed Ni3Al, there is a continuous decrease in 
the hardness at temperatures above ~200°C but no abrupt decrease around 530°C, when the APB 
tubes would annihilate [12,13]. There also appears to be no effect on the yield strength (YS) or 
WHR of Ni3Al when APB tubes are removed. Both have an anomalous positive temperature 
dependence. The YS increases steadily up to 700-800°C for all orientations [14–17] before 
declining. The WHR depends highly on the crystal orientation, but reaches a single or double peak 
then declines prior to 500°C for the orientations ሾ1ത23ሿ [15], 〈111〉, 〈001〉, 〈123〉, 〈144〉 [18], and 
~ሾ3ത68ሿ [14]. APB tubes are not stable for the entire YS anomaly and persist slightly past the end 
of the WHR anomaly. Testing at temperatures where APB tubes annihilate leads to no noticeable 
drop in YS or WHR. 
 The trends observed in Ni3Al were also observed in Ni3Ga. Sun [30] reported that APB 
tubes were no longer observed in Ni3Ga deformed at temperatures above 500°C. The WHR of 
single crystals of Ni3Ga has a strong orientation dependence, but there is no marked change around 
500°C when APB tubes are annihilated [121,122]. Additionally, it is well documented that APB 
tubes anneal out at 120°C in B2-ordered Fe-40 at.% Al [51,53]. The WHR measured at 1% strain 
for large-grained polycrystalline Fe-40 at.% Al strained at an initial strain rate of ~1 x 10-4 s-1 
showed a slight decrease up to 227°C followed by a steep decline to zero at 477°C [109]. Thus, 
there is no experimental evidence that APB tubes have a large impact on the WHR of ordered 
intermetallics. 
 
(3) Ni3Fe tensile testing 
If APB tubes do not contribute to the high WHR, what does? To answer this question, TEM in-
situ straining was performed at room temperature on ordered and disordered Ni3Fe. It was 
qualitatively evident that the dislocation motion during straining of disordered and ordered Ni3Fe 
is very different. The unit dislocations in the disordered alloy moved smoothly and slipped out of 
the foil, with very few pile-ups observed. Figure 3a shows disordered Ni3Fe at low strains, where 
the thick white arrow indicates an active dislocation source. Figure 3b shows the same area of the 
foil after greater strain, where a small pile-up was observed but most of the dislocations remained 
mobile.  

The superdislocations in the ordered alloy moved far more jerkily than the unit dislocations 
in the disordered alloy. The superdislocations were observed locking and unlocking and getting 
pinned during cross-slip events. Octahedral cross-slip was very common, as shown in Figure 3c, 
which increases the chance of dislocation interactions. Most notably, large dislocation pile-ups 
were observed in the ordered alloy but not the disordered alloy. Pile-ups indicate that the leading 
dislocation has hit a barrier and more and more stress is required to overcome the barrier. The 
barrier in ordered Ni3Fe appeared to be a tangle of cross-slipped screw superdislocations, as shown 
in Figure 3d. The high prevalence of superdislocation interactions in the ordered alloy could be 
the source of the high WHR. 
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Figure 3. Bright-field TEM images of dislocations during in-situ straining of a) disordered Ni3Fe 
imaged with 𝐵ሬ⃗ ൌ ሾ110ሿ, 𝑔⃗ ൌ ሾ11ത1തሿ; b) disordered Ni3Fe imaged with 𝐵ሬ⃗ ൌ ሾ110ሿ, 𝑔⃗ ൌ ሾ11ത1തሿ; c) 
ordered Ni3Fe imaged with 𝐵ሬ⃗ ൌ ሾ52ത3തሿ, 𝑔⃗ ൌ ሾ111ሿ ; and d) ordered Ni3Fe imaged with 𝐵ሬ⃗ ൌ ሾ73ത4തሿ, 
𝑔⃗ ൌ ሾ111ሿ. Solid white arrows indicate features of interest.  
 
A benefit of studying Ni3Fe is that it is ductile enough to be strained in tension. Eight 
polycrystalline Ni3Fe samples (all with the same texture) were strained in tension at an initial strain 
rate of 1 x 10-4 s-1: one f.c.c. and one L12 sample were strained at room temperature, and three 
f.c.c. and three L12 samples were strained at 480°C (~0.97 Tc, where Tc is the order-disorder 
transition temperature [19]). All the tests are shown in Figure 4. Room temperature tensile tests 
were shown in a separate study to be highly repeatable (the YS and WHR of three samples from 
the same ingot had a standard deviation of 1%) and for the 480°C tests the WHR (measured at 275 
MPa) had a standard deviation of 4%. 
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Figure 4. Comparison of a) the true stress-strain and b) the WHR-stress curves of f.c.c. (grey) and 
L12 (black) Ni3Fe strained at an initial strain rate of 1 x 10-4 s-1 and 25°C and 480°C. Note that b) 
only includes the tests at 480°C so the graph can be magnified. 
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At room temperature, the WHR of Ni3Fe increased 87% with ordering. At 480°C, the WHR of the 
ordered alloy was still 33% higher than the disordered alloy. If APB tubes were contributing to the 
WHR, they would be expected to annihilate so close to the disordering temperature, and thus it is 
unlikely that they are responsible for the increased WHR at 480°C. Ex-situ TEM research has 
shown that the dislocation structure of ordered Ni3Fe is still composed of superdislocations after 
straining at 477°C [20], so the dislocation interactions observed in TEM in-situ straining are likely 
still active and are the source of the increased WHR at both room temperature and 480°C. 
 
(4) APB tube formation in Ni3Al 
The two main APB tube formation theories are the cross-slip annihilation mechanism [19] and the 
dragging mechanism [21]. In both, APB tubes are expected to align with dislocations that have a 
Burgers vector in the direction of the APB fault vector. In lightly deformed (<5%) Ni3Al, APB 
tubes were seen connected to screw and mixed superdislocations with Burgers vectors in different 
directions than the APB tube fault vector, shown in Figure 5a. This indicates that there are either 
previously-unreported APB tube formation mechanisms active or that APB tubes were observed 
interacting with secondary dislocations. TEM in-situ strain testing could illuminate what 
mechanism is responsible for the features reported in this chapter. 
 One instance was observed of edge superdislocations ending at APB tubes, shown in 
Figure 5b, which is consistent with the cross-slip annihilation mechanism. This has never been 
reported in Ni3Al before and bears further investigation. No evidence was seen of APB tubes 
dragging behind long screw superdislocations. This does not mean the dragging mechanism is not 
active, but the evidence presented in this chapter suggests that the dragging mechanism is not the 
only APB tube formation mechanism in Ni3Al. 
 

  
Figure 5. TEM 𝑔⃗/3𝑔⃗ WBDF images of Ni3Al compressed 4.9% showing a) APB tubes connected 
to screw superdislocations (indicated with thick white arrows), imaged with 𝐵ሬ⃗ ൌ ሾ32ത5ሿ, 𝑔⃗ ൌ
ሾ1ത11ሿ, and ห𝑠௚ሬሬሬ⃗ ห = 0.09 nm-1; and edge dislocations ending at APB tubes, imaged with  𝐵ሬ⃗ ൌ ሾ119ሿ, 
𝑔⃗ ൌ ሾ1ത10ሿ, and ห𝑠௚ሬሬሬ⃗ ห = 0.04 nm-1. 
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(5) Methods of quantifying APB tubes 
The electrical resistivity of a single crystal of Fe-40 at.% Al was measured with a four-point 
collinear probe with a 30 V input voltage. The resulting values were higher than those listed in the 
literature [22–24]. The resistivity went from 231 ± 7 μΩ*cm to 323 ± 5 μΩ*cm after 16% reduction 
in thickness by cold-rolling, a 40% increase. After annealing at 120°C for 2 h (an anneal which 
has been shown to remove APB tubes in FeAl, but not to affect the dislocations [4–6]) the 
resistivity reduced to 268 ± 6 μΩ*cm and was only 16% higher than the undeformed sample. The 
remaining resistivity must be due to dislocations. Resistivity may work as a method of quantifying 
APB tubes in FeAl and bears further study. Resistivity experiments on Ni3Fe were not conclusive. 
   
Appendix 1: High entropy alloys (HEAs) 
One of the main goals of the proposed work was to analyze the impact of APB tubes on the work 
hardening rate with ordering of the high entropy alloy AlCoCrFeNi2.1. Many authors [25–27] have 
stated that this alloy is composed of a B2 phase and an L12 phase. However, the present authors 
discovered that the soft phase was actually disordered f.c.c. with coherent L12 nanoprecipitates, 
rather than an f.c.c.  L12 orderable alloy. At least one other group [28] has also observed this. In 
this case, no APB tubes could form in the alloy, and it was not suitable for the present work. 
FeCoNiV also seemed like a good candidate, as it has been reported to be f.c.c.  L12 orderable 
[27]. However, when the present authors cast FeCoNiV and observed it in the TEM there were 
many large precipitates that also made it unsuitable for this work. While it is certainly still possible 
that APB tubes form in ordered HEAs, there is no reason to think APB tubes would affect the 
WHR of HEAs if they do not affect the WHR of ordered binary intermetallics. 
 
Appendix 2: Additional analysis techniques 
It was theorized that the X-ray diffraction (XRD) and neutron diffraction patterns from deformed 
ordered intermetallics would change with the removal of APB tubes. Synchrotron XRD was 
performed on polycrystalline Ni3Fe at the Cornell High Energy Synchrotron Source (CHESS). 
Polycrystalline Ni3Fe was chosen because it was ductile enough to perform in-situ tensile testing 
during XRD. However, during initial testing it was discovered that the second-order harmonic of 
the X-rays directly overlapped the superlattice reflections of the first-order harmonic and it was 
not possible to fix without buying and installing a new piece of equipment on the beamline, which 
was not possible. This would be an issue for any of the cubic ordered intermetallics used in this 
project, so synchrotron XRD was not a viable technique for this project. 
 Neutron diffraction was performed on lightly-deformed Ni3Fe samples at Oak Ridge 
National Laboratory. The superlattice peaks were discernible, which is quite difficult to achieve 
for Ni3Fe. However, peak analysis was not successful to detect a difference in the peak broadening 
with deformation and annealing. This experiment may be worth repeating on a material where the 
APB tube annihilation temperature is defined, such as Fe-40 at.% Al. In Ni3Al, it is not possible 
to remove only APB tubes and no other defects, and thus it would not be suitable for this work. 
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