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Abstract: The microstructure evolution during the cold rolling and subsequent annealing of Alloy
800H was investigated. Two distinct rolling methods, unidirectional rolling and cross-rolling, were
introduced. Cracks were observed in the cross-rolled plates, while such cracks did not appear in
the unidirectionally rolled plates, which indicated better ductility during the unidirectional rolling
process. The difference between the two different rolling methods was explained by the evolution
of Schmit factors during the deformation. A higher volume fraction of large, deformed grains was
observed in the cross-rolled plates than in the unidirectionally rolled plates. Abnormal grain growth
was observed in the cross-rolled specimens after annealing while no abnormal grain growth was seen
in the unidirectionally rolled ones. In addition, the recrystallization occurred faster in plates from
unidirectional rolling than from cross-rolling.

Keywords: Alloy 800H; cold rolling; cross rolling; annealing; microstructure

1. Introduction

Alloy 800H, also known as INCOLOY 800H has been a candidate material for use in
high-temperature nuclear reactor applications [1–6]. It is currently being considered for
the design and construction of High-Temperature Gas-cooled Reactors (HTGRs) and Very
High-Temperature Reactors (VHTRs) [1,5,7–10]. Alloy 800H is an austenitic stainless steel
alloy that was developed in the 1950s with Ni, Fe, and Cr as its major contents. Mn, Si, Ti,
and Al were added to be present in the matrix for solid solution hardening [1]. During the
typical final annealing at around 1175 ◦C, the alloying elements would precipitate out to
form M23C6 and Ti (C,N) particles at both grain interior and boundaries, thus providing
extra strengthening from precipitate obstacles [11–13]. Due to these specially strengthening
mechanisms, Alloy 800H showed low and high-temperature mechanical property stability,
such as no significant reduction in the strength and ductility till 700 ◦C [14] and good creep
properties [7,15].

Deformation of Alloy 800H was previously investigated via cold and hot rolling by
several authors [4,16–24]. Five main texture components were claimed in the deformed
specimens, i.e., Goss {110} <001>, Brass {110} <112>, Copper {112} <111>, S {123} <634> and
Copper Twin {552} <115>. The texture and grains were also reported to be significantly
impacted by the rolling paths and strains [25,26]. There was a texture transition from
Copper to Brass and Goss after 25% of rolling reduction. Goss, Brass, and Copper were the
dominant textures in the unidirectional rolled (UR) specimens, while in the cross-rolled
(CR) samples the dominant textures were Brass and ND-rotated Brass [16,18]. The as-
deformed texture and microstructure also showed influence on the subsequent annealing
behaviors [19]. A combination of Goss, Copper, and rotated Brass textures was reported
in the UR samples while the recrystallization texture in the CR specimens was Brass. The
recrystallized grain size of the CR specimens was smaller than the UR ones at the same
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annealing conditions which was attributed to the randomization of nucleation sites upon
cross-rolling [19].

Previous studies were focused on the microstructure evolution during a single rolling
strategy such as rolling with only UR or CR. In this study, the UR and CR were intention-
ally combined to evaluate the microstructure evolution during the rolling processes and
subsequent heat treatments. It was expected that the microstructure would be different
from that of a single rolling scheme.

2. Materials and Methods
2.1. Material

The material used in the present study was Alloy 800H; the chemical composition is
listed in Table 1. The material was produced from hot rolling and then with a final solution
annealing at 1167 ◦C for 32 min. The as-received plates have a thickness of 2 mm.

Table 1. The chemical composition of the as-received Alloy 800H in wt.%.

Element Ni Cr Mo Co Mn Al Ti Al + Ti Cu Si S C Fe

Content 30.3 20.6 0.7 0.05 0.7 0.49 0.52 1.01 0.09 0.4 <0.002 0.08 Bal.

2.2. Cold Rolling and Heat Treatments

Each of the as-received Alloy 800H plates was cold rolled and heat treated subse-
quently using one of the three schemes that are displayed in Figure 1. The unidirectional
rolling, cross rolling, and intermediate annealing (IA) were intentionally combined to
evaluate the microstructure evolution behaviors during the cold rolling and heat treat-
ments. The unidirectional rolling is on the rolling direction (RD)—transverse direction (TD)
surface and the rolling direction is along the RD. The cross-rolling started with the first
pass parallel to the RD of the as-received plate and the following pass perpendicular to
the previous pass. The heat treatment was performed in a tube furnace. Specimens were
placed into the furnace until the desired temperature was reached. In the first plan, Plan A
in Figure 1a, only cross-rolling was performed, while in Plan B (Figure 1b) unidirectional
rolling and cross-rolling were combined. In Plan C (Figure 1c), intermediate annealing
was introduced between unidirectional rolling passes to reduce the stress caused by grain
boundaries and dislocations from accumulated rolling. The purpose of having three rolling
plans is to compare the differences in microstructure evolution during the rolling process
and the subsequent heat treatment. All of the rolled specimens started with a thickness
of 2 mm and ended with a final thickness of 0.5 mm, which is equal to a deformation of
75%. After cold rolling, all of the specimens were annealed at 800 ◦C for 0.5 h–4 h to study
the recrystallization behaviors. The specimens from different rolling plans are named in
Table 2. In the cold-rolling process, it is important to optimize the reduction per pass to
avoid cracking. The rolling reduction used in this investigation was 10% of the thickness
before each rolling pass. Therefore, a total of 15 passes were applied.

2.3. Microstructure Characterization

The microstructure of the cold-rolled and annealed specimens was characterized by
a Zeiss optical microscope (OM, Mosbach, Germany), and scanning electron microscopy
(SEM, FEI Nova NanoSEM 450, Waltham, MA, USA). For OM characterizations, the speci-
mens were ground using sandpapers of increasing grit number, followed by final polishing
with 9 µm, 6 µm, and 3 µm diamond suspension and 0.5 µm colloidal silica, and then
etched in a Marble reagent solution (20 mL H2O + 20 mL HCl + 4 g CuSO4). For SEM
characterizations, the polished specimen was electro-polished in a Struers LectroPol elec-
tropolisher (Westlake, OH, USA) using 5% perchloric in methanol at −20 ◦C at an applied
voltage of 20 V for 60 s.
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Figure 1. Schematic representation of the cold rolling plans. The plates in plan A (a) were cross-
rolled to 0.5 mm thickness, while the plates in plan B (b) were unidirectionally rolled to 30%, 40%, 
and 60% reductions and then cross-rolled to the final thickness of 0.5 mm. The plates in plan C (c) 
were unidirectionally rolled to 40% and 50% reductions, followed by intermediate annealing at 950 
°C for 15 min and then unidirectionally rolled to the 0.5 mm final thickness. All of the rolled plates 
were heat treated in a furnace at 800 °C for 0.5 to 4 hrs. 

Table 2. Specimen name from various rolling plans. 

Rolling Plan Process History Specimen Name 
Plan A 75% cross rolling to 0.5 mm CR75 

Plan B 
30% unidirectional rolling + cross rolling to 0.5 mm thickness UR30 + CR 
40% unidirectional rolling + cross rolling to 0.5 mm thickness UR40 + CR 
60% unidirectional rolling + cross rolling to 0.5 mm thickness UR60 + CR 

Plan C 

40% unidirectional rolling + intermediate annealing + unidirectional rolling 
to 0.5 mm thickness 

UR40 + IA + UR 

50% unidirectional rolling + intermediate annealing + unidirectional rolling 
to 0.5 mm thickness 

UR50 + IA + UR 
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3. Results 
3.1. As-Received Microstructure 

The microstructure of the as-received Alloy 800H was analyzed with an optical mi-
croscope and Electron Backscatter Diffraction (EBSD) and is displayed in Figure 2. The 
average grain size of the as-received material is 120 µm but with a variation of grain size, 
as shown in Figure 2a. EBSD maps in Figure 2b show that a texture is presented with a 
weak <113> and <111> texture along the transverse direction (TD) direction. Though the 

Figure 1. Schematic representation of the cold rolling plans. The plates in plan A (a) were cross-rolled
to 0.5 mm thickness, while the plates in plan B (b) were unidirectionally rolled to 30%, 40%, and
60% reductions and then cross-rolled to the final thickness of 0.5 mm. The plates in plan C (c) were
unidirectionally rolled to 40% and 50% reductions, followed by intermediate annealing at 950 ◦C for
15 min and then unidirectionally rolled to the 0.5 mm final thickness. All of the rolled plates were
heat treated in a furnace at 800 ◦C for 0.5 to 4 h.

Table 2. Specimen name from various rolling plans.

Rolling Plan Process History Specimen Name

Plan A 75% cross rolling to 0.5 mm CR75

Plan B

30% unidirectional rolling + cross rolling to 0.5 mm thickness UR30 + CR

40% unidirectional rolling + cross rolling to 0.5 mm thickness UR40 + CR

60% unidirectional rolling + cross rolling to 0.5 mm thickness UR60 + CR

Plan C

40% unidirectional rolling + intermediate annealing + unidirectional
rolling to 0.5 mm thickness UR40 + IA + UR

50% unidirectional rolling + intermediate annealing + unidirectional
rolling to 0.5 mm thickness UR50 + IA + UR

3. Results
3.1. As-Received Microstructure

The microstructure of the as-received Alloy 800H was analyzed with an optical mi-
croscope and Electron Backscatter Diffraction (EBSD) and is displayed in Figure 2. The
average grain size of the as-received material is 120 µm but with a variation of grain size,
as shown in Figure 2a. EBSD maps in Figure 2b show that a texture is presented with a
weak <113> and <111> texture along the transverse direction (TD) direction. Though the
as-received material was heat-treated, the material is still textured since the significant
rolling reduction occurred before the final annealing process. It is believed that the new
recrystallization grains originate from dislocation cells or subgrains which are present after
deformation [27]. The new grains are normally from the strain-induced grain boundary
migration (SIBM) from the deformed grains [27]. Therefore, the annealing is expected to
result in a recrystallization texture which is closely related to the deformation texture. The
texture in the as-received plate is of the type of 60 <111>, which is a typical annealing
texture in the FCC metals. The texture was highlighted by red color in Figure 2b. It can be
seen that the texture appeared in most of the grains. TEM images showed that there are
two types of precipitates, M23C6 and TiC. They are distributed both in the grain interior
and grain boundaries. The M23C6 is more Cr, Fe, Ni and Mn enriched, while TiC is Ti-rich.
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Figure 2. OM (a), EBSD (b), inverse pole figure (c) and TEM images (d) showing the microstructure
and of the as-received Alloy 800H.

3.2. Cold-Rolled Microstructure

Figure 3 displays a general view of the cold-rolled plates. Some cracks at the edges
of the rolled plates were observed in the CR75 (Figure 3a), UR30 + CR, and UR40 + CR
(Figure 3c) plates. In the plates where large unidirectional deformation occurred such as
UR60 + CR, UR40 + IA + UR, and UR50 + IA + UR (Figure 3d), cracking during the rolling
process was absent. This indicates that the as-received Alloy 800H has less deformability
during cross-rolling than unidirectional rolling.

3.2.1. Microstructure of Cold Rolling Plan A

Figure 4 exhibits the microstructure of CR75 from the RD-ND surface by the optical
microscope with different magnifications. The microstructure is inhomogeneous. Both
large and small deformed grains can be observed. The large grains are elongated along the
RD direction, while the small grains are embedded in the large grains.
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UR60 + CR, and (d) UR50 + IA + UR. Cracks on the plates were indicated by red arrows. 
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Figure 4. OM images with low (a) and high (b,c) magnifications show the microstructure of the CR75
plates. Small grains were indicated by white arrows.

3.2.2. Microstructure of Cold Rolling Plan B

Figure 5 shows the microstructure of the plates with a mixture of UR and CR. The
microstructure is similar to the one in CR75 with both large and small deformed grains.
The fraction of the large grains in different cold-rolled plates is displayed in Figure 6. The
large-grain (grain size > 50 µm) fraction is lower for the rolling with a mixture of UR and
CR than that of the one with merely CR. In addition, a larger amount of UR before CR
resulted in a lower fraction of large grains. This is inconsistent with the observation from
Figure 3, i.e., better deformability was seen in the UR specimens.
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UR60 + CR (c1–c3) plates.
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3.2.3. Microstructure of Cold Rolling Plan C

Figure 7 shows the microstructure of the unidirectionally rolled plates, UR40 and
UR50. In these plates, the intermediate heat treatment at 950 ◦C for 15 min was performed
to reduce the internal stress. The UR significantly reduced the grain size compared to the
one from CR in Figure 4. Elongated grains can be observed with their major axes along
the RD. A comparison between UR40 + IA + UR and UR50 + IA + UR indicates that a
larger rolling reduction before intermediate annealing could reduce the grain size after the
final rolling.
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3.3. Annealed Microstructure
3.3.1. Microstructure of Annealing Plan A

Figure 8 displays the heat-treated microstructure of CR75 at 800 ◦C for 1 h and 4 h. The
microstructure is mixed with deformed and recrystallized grains for both heat treatment
conditions. Compared to the as-deformed CR75 in Figure 4, the fraction of large grains
dropped quickly after 1 h of annealing at 800 ◦C. However, there is no significant change in
the fraction from 1 h to 4 h, as shown in Figure 6. Because the large grains in the annealed
specimens were retained from the deformed plates, the fraction of the large grain indicates
the percentage of recrystallization during heat treatments.
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Figure 8. OM micrographs showing the microstructure of CR75 specimens after heat treatment at
800 ◦C for 1 h (a1,a2) and 4 h (b1,b2).

3.3.2. Microstructure of Annealing Plan B

Figure 9 exhibits the microstructure evolution for the combination of UR and CR plates
annealed at 800 ◦C for 1 h to 4 h. It can be seen that there are elongated and equiaxed grains
after annealing for both conditions for all three rolling schemes, UR30 + CR, UR40 + CR,
and UR60 + CR. The statistical analysis of the fraction of the recrystallized and non-
recrystallized grains is displayed in Figure 6. There is a quick drop in the volume fraction
of large, deformed grains for all three rolling conditions. However, no significant decrease
in the fraction of recrystallized grains was observed from 1 h to 4 h of annealing. The
plates with a higher reduction in UR displayed a higher fraction of recrystallized grains,
which indicates recrystallization occurred faster in the plates with a higher percentage of
UR reductions.

3.3.3. Microstructure of Annealing Plan C

The microstructure evolution of UR plates after annealing is shown in Figure 10 and
an analysis of the grain size is shown in Figure 11. The grains are much more homogeneous
compared to those with CR from Plans A and B. In plates with a shorter annealing time
(0.5–1 h), the deformed microstructure such as elongated deformation strips and small
deformed grains can be observed. However, after 2 h of annealing, the grain size stays
constant (4.28 ± 0.23 µm) and equiaxed grains are seen, which means a full recrystallization
was reached (Figure 11).
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Figure 9. OM micrographs showing the microstructure evolution of UR30 + CR (a1,a2,d1,d2),
UR40 + CR (b1,b2,e1,e2) and UR60 + CR (c1,c2,f1,f2) plates after heat treatment at 800 ◦C for 1 h and
4 h. Yellow arrows indicate the non-recrystallized grains.
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4. Discussion

From the above experimental results, it is clear that the plates from cross-rolling
showed less deformability than the ones from unidirectional rolling. Previous
studies [16–19,25,26] on the deformation of Alloy 800H/HT showed that there are five major
types of textures in the cold-rolled alloy, i.e., Goss {110} <001>, Brass {110} <11-2>, Copper
{112} <11-1>, S {123} <63-4>, and Copper Twin {552} <11-5>. During the unidirectional de-
formation process, the volume fraction of the above-mentioned texture gradually increases
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from 12.5% in the as-received material to over 70% in the 55% cold-rolled plates [16]. The
evolution of texture is greatly influenced by the dislocation slips [27].

The resolved shear stress on a slip plane can be expressed as:

τ = mσ

where m is the Schmid factor and σ is the stress applied to the material.

m = cos∅sin λ

where ϕ is the angle between the applied stress and the slip plane’s normal directions. λ is
the angle between the applied stress direction and the slip direction.

Figure 12 shows the Schmit factors, which represent the readiness of dislocations
to move in different textures during two different deformation routes, i.e., unidirectional
rolling and cross-rolling. The qualitative calculations are listed in Table 3. The unidirectional
and cross-rolling are represented by blue and orange bars, respectively. For Goss orientation,
eight dislocation slip systems are operational in the unidirectional deformation while only
four are operational in the cross-rolling condition. Similar to the Brass and Copper Twin
orientations, the dislocation slips are easier to trigger in unidirectional rolling. However,
the slips are easier in the S and Copper orientations in the cross-rolled plates than in the
unidirectional ones. Though the dislocation slips are easy in the S and Copper orientations
for cross-rolling, they are not the dominant textures since their total volume fraction is
less than 30% of the total texture component [16,18,19]. Therefore, the overall dislocation
slips are easier in the unidirectional rolling than in the cross rolling, which leads to better
deformability during the unidirectional rolling process.
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Figure 12. Calculated Schmit factors of Goss (a), Brass (b), Copper (c), S (d), and Copper Twin
(e) orientations for UR and CR. Blue and orange bars represent the Schmit factor values for UR and
CR, respectively. The top and bottom numbers for the X-axis represent the slip directions and planes
for an FCC crystal, respectively.
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Table 3. Schmit factors from different rolling plans.

Slip System Schmit Factor

Slip
Plane

Slip
Direction

Goss {110} <001> Brass {110} <11-2> Copper {112}
<11-1> S {123} <63-4> Copper Twin {552}

<11-5>

UR CR UR CR UR CR UR CR UR CR

0 −1 1 −1 1 1 0.41 0.41 0 0.27 0.27 0.41 0.33 0.44 0.45 0.41

1 0 1 −1 1 1 0.41 0.41 0 0.27 0 0.41 0.09 0.37 0.3 0.41

1 1 0 −1 1 1 0 0 0 0 0.27 0 0.42 0.07 0.15 0

0 −1 1 1 1 1 0.41 0 0.41 0.27 0.27 0 0.23 0.06 0.27 0

−1 0 1 1 1 1 0.41 0 0.14 0 0.27 0 0.33 0.02 0.27 0

−1 1 0 1 1 1 0 0 0.27 0.27 0 0 0.1 0.07 0 0

0 1 1 −1 −1 1 0.41 0 0.14 0 0 0 0.09 0.09 0.42 0

1 0 1 −1 −1 1 0.41 0 0.41 0.27 0 0 0.17 0.17 0.42 0

−1 1 0 −1 −1 1 0 0 0.27 0.27 0 0 0.26 0.26 0 0

0 1 1 1 −1 1 0.41 0.41 0.27 0 0 0.41 0.01 0.3 0.3 0.41

−1 0 1 1 −1 1 0.41 0.41 0.27 0 0.27 0.41 0.07 0.18 0.45 0.41

1 1 0 1 −1 1 0 0 0 0 0.27 0 0.06 0.11 0.15 0

5. Conclusions

The microstructure evolution during different cold rolling and subsequent annealing
processes was studied by OM and SEM. The major findings are summarized below:

- Cracks were observed in the cross-rolled plates, while such cracks did not appear in
the unidirectionally rolled plates, which indicated better ductility during the unidirec-
tional rolling process. The difference between the two different rolling methods was
explained by the evolution of Schmit factors during the deformation.

- A higher volume fraction of large, deformed grains was observed in the cross-rolled
plates than in the unidirectionally rolled plates. The higher the amount of unidi-
rectional rolling before cross-rolling is performed, the higher the fraction of small,
deformed grains observed in the final deformed plates. Abnormal grain growth
was observed in the cross-rolled specimens after annealing while no abnormal grain
growth was seen in the unidirectionally rolled ones.

- Recrystallization occurred faster in plates from unidirectional rolling than from
cross-rolling.
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