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Abstract: Using the similar compositions of the Ti-microalloyed high-strength steels produced by the thin-slab casting
process of compact strip production (CSP), four thermo-mechanical control processes (TMCP) after the simulated thick-
slab casting, i. e. the two hot rolling routes and the two cooling processes, were designed, aiming at achieving the
samc mcchanical propertics as the thin strip products. The [inal microstructures after the four TMCP processcs were cx-
amincd by optical microscopec (OM), scanning clectron microscope (SEM) and transmission clectron microscope
(TEM). The tensile properties and Charpy impact energy were measured correspondingly. Strain-induced TiC precip-
itation was found in the two-stage rolling route with the finish rolling temperature at low levels, leading to grain re-
{incment duc to the pinning cflcct during austenite recrystallization. Precipitation hardening in ferrite was obscrved
when a period of isothermal holding was applicd after hot rolling. It could be concluded that both [inish rolling tem-
perature and the subsequent isothermal holding temperature were crucial for the achieved strength level due to the
combined effect of grain refinement and precipitation hardening. At the same time, it was found that the isothermal
holding led to poor impact toughness becausc of remarkable precipitation hardening. Therclore, it was suggested that
the precipitation kinctics of titanium carbides in both austenite and [errite should be investigated in future.
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Recently, the hot-rolled steels have been exten-
sively studied to exhibit higher strength level for the
further mass reduction of structural steel compo-
nents in the combination of thermo-mechanical con-
trol process (TMCP) and microalloying technologiest*1.
As an economical and effective microalloying ele-
ment, titanium has attracted more and more atten-

[+61 " because it has a lot of bene-

tion in recent years
ficial influences on the microstructural evolution
during manufacturing process and the final mechani-
cal properties of steel products. For examples, Ti,
just like boron element, sometimes is deliberately
added to improve the hot ductility of low-alloyed and
Nb-contained microalloyed steels to avoid the sur-
face cracking during continuous casting, because the
addition of Ti often induces nuclei of precipitation at
high temperature in austenitet™ ; either addition of
Ti alone or together with niobium or molybdenum,
makes the hot rolled steels obtain yield strength
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higher than 700 MPa as already developed™*!*]. Par-
ticularly, precipitation of TiC has been intensively
investigated during heat treatments such as annea-
ling'""! and tempering "*' even within a strong magnetic
field"**, Recently, the hot rolled steel with yield
strength of 700 MPa has been successfully produced
via the compact strip production (CSP) process and

[17-20]

Ti-microalloying technology , and the precipita-

tion behavior of TiC and strengthening mechanism
have been investigated ™!,

An excellent structural material demands high
strength and superior toughness simultaneously;
unfortunately, strength and toughness are generally

Although the high strength

steels have been developed by using Ti-microalloying

mutually exclusive.

technology and their strengthening mechanism has
been clarified, the mechanism on toughening was
scarcely reported. Moreover, most of the studies were

actually for the hot rolled strip products which were
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produced by hot rolling in tandem rolling mill, fol-
lowed by laminar cooling and coiling. However, the
medium and heavy steel plates underwent different
cooling routes after the end of laminar cooling.
Therefore, the different TMCP processes could be
designed and their effects on the microstructures and
properties could be systematically investigated.

this the

strength steels which had the same chemical compo-

In study, Ti-microalloyed high-
sition and were all produced in the CSP process line
were investigated, but rather different TMCP routes
were applied to simulate the medium and heavy plate
production. The mechanical properties and micro-
structure, particularly precipitation behavior, were
examined; the effects of different TMCP processes
were analyzed; the strengthening-toughening mech-
anism of Ti-microalloyed steel was discussed.

Ladle

Tundish

CSP mold
Soaking furnace

1 Experimental Materials and Procedures

The hot-rolled Ti-microalloyed high strength
steel strip was successfully produced industrially in
the CSP process line of Zhujiang Steel Co., Ltd.,
whose process is shown schematically in Fig. 1. The
liquid steel was teemed from the tundish into the
thin slab caster, in which it was solidified into a con-
tinuous slab with a thickness of 60 mm. After it was
cut into a specified length, the stocks of slab were
then directly charged into the tunnel furnace and
soaked at 1150 ‘C for about 20 min before tandem
rolling. Six-stand finishing train was employed to
produce such a thin hot rolled strip with the thick-
ness of 4 mm, which then entered the run-out table
for the accelerated cooling using sprayed water mist
until coiling. The finish rolling temperature and coil-

Hot-strip mill

Cooling line Coiler

Fig. 1 Schematic diagram of compact strip production process

ing temperature were 880 ‘C and 600 ‘C, respectively.
Such a steel strip produced in the steel industry was
cited in this paper as a reference for comparison.
Besides, a steel was also melted in a vacuum in-
duction furnace, with its compositions being close to
those of the reference steel and given in Table 1. The

melt was cast into ingot in vacuum, from which two
pieces of slabs were cut with dimensions of 150 mm X
150 mm X 200 mm. They were then hot-rolled to the
thickness of 20 mm on a laboratory four-high revers-
ing mill. Four TMCP processes were employed in
this study, as detailed below.

Table 1 Chemical compositions of investigated steels mass %

Investigated steel C Si Mn P S Cu Cr Ni Ti N
Reference steel strip 0. 05 0.23 1. 10 0.008  0.001 0.25 0.55 0.15 0.12 0.0065
Developed steel plate 0.05 0.27 0.96 0. 007 0.003 0. 26 0.49 0.19 0.11 0.0032

The slabs were firstly heated to 1200 ‘C, held
for 90 min for solution treatment and then cooled in
air to the start rolling temperature (SRT) of 1150 C.
The hot rolling process was composed of eleven pas-
ses, in which the initial and final thickness is 150
and 20 mm, respectively. Two rolling strategies were
adopted by considering the austenitic recrystalliza-
tion and strain-induced precipitation to different ex-
tents: (1) Single-stage rolling schedule. The eleven
rolling passes were fully completed in the tempera-
ture range of 1150—1030 °C. (2) Two-stage rolling
schedule. The slab was firstly rolled into 75 mm in

thickness after five passes at 1150 —1030 C, then
cooled in air to 900 °C, and further rolled into the
thickness of 20 mm in six passes with the finish roll-
ing temperature (FRT) of 850 *C. Subsequently, the
steel plates were cooled with sprayed water at about
20 ‘C/s to the final cooling temperature (FCT) of
600 °C with two cooling processes. One is that the
plate was directly cooled in air (AC) to room tem-
perature. The other is that the plate was put into a
muffle furnace for the isothermal holding (IH) at
600 °C for 60 min, and then cooled in air to room
temperature. The detailed parameters of four differ-
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ent TMCP procedures are listed in Table 2.
Specimens for tensile tests were cut from the
plates in the longitudinal direction and were tested at
room temperature on a Zwick Z450 machine accord-
ing to the ASTM E 8M-04 standard. Charpy impact
tests were performed at the temperature of 20 °C, 0 °C,

—20 °C, and —40 °C, respectively, for sub-size Charpy
V-notch (CVN) specimens with size of 5 mmX10 mmX
55 mm, which were machined from the middle part
of the rolled plates along the transverse direction, and
conducted on a Zwick/Roell RKP machine in accord-
ance with the standard method in ASTM E 23-02.

Table 2 Actual rolling and cooling parameters of experimental steels

Steel TMCP code SRT/C FRT/C FCT/C Subscquent route
Reference steel TR 1150 880 600 Tandem rolling and coiling at 600 °C
Developed steel plate A 1S-AC 1139 1014 581 Single-stage rolling [ollowed by air cooling
B 1S-IH 1139 1014 581 Single-stage rolling followed by isothermal holding
C 25-AC 1152 852 585 Two-stage rolling followed by air cooling
D 28-1H 1152 852 585 Two-stage rolling {ollowed by isothermal holding

Metallographic specimens were cut from plate
parallel to the rolling direction. They were ground,
polished and finally etched with 3 vol. % nital before
they were observed under a LEICA DM 2500M opti-
cal microscope (OM) and a JSM-7001F field emission
scanning electron microscope (SEM). Thin foils were
also prepared from the specimens. They were elec-
tropolished on a twin-jet polisher, using a solution
of 90 vol. % ethanol and 10 vol. % perchloric acid before
they were examined using a JEM-2100 transmission
electron microscope (TEM) operated at 200 kV.

2 Results

2.1 Mechanical properties

The mechanical properties of experimental
steels are given in Table 3. The reference steel and
Plate D exhibit almost the same tensile properties
with the yield strength both more than 700 MPa,
and have the similar TMCP parameters as shown in
Table 2. The strength of produced plates decreases

with the sequence of D, B, C and A. The difference
in yield strength of Plates A and D exceeds 250 MPa,
suggesting that the TMCP parameters significantly
property of developed
steels. The yield strengths of Plates B and C are
644. 3 MPa and 508. 3 MPa, respectively. It can be

confirmed that subsequent cooling routes have sig-

influence the mechanical

nificant effects on the strength of experimental steels
in comparison of Plates A and B or C and D.

Table 3 gives the data of CVN absorbed energy.
It can be seen that Plate C has much higher impact
energy at the temperature from —40 C to 20 ‘C than
Plates D, A and B. The single-stage rolling schedule
with high finish rolling temperature (1014 “C) obvi-
ously results in worse toughness. Moreover, under
the same rolling condition, isothermal aging at 600 C
leads to decreased CVN absorbed energy at the same
temperature. The absorbed energy of the reference
steel at —20 C is 15.7 J, while that of Plate D is
11.7 J.

Table 3 Mechanical properties of developed steel plates and reference steel

Steel Yicld strength/  Tensile strength/ Yield Elongation/ Absorbed energy/]
MPa MPa ratio % 20 °C 0°C —920°C —40C
Reference steel 730.0 805.0 0.91 26.0 15.7
Platec A 161. 3 697.7 0.66 20. 2 8.7 7.0 5.7 1.0
Plate B 644.3 791.3 0.81 21.8 3.7 1.0 3.0 2.7
Plate C 508. 3 730.0 0.70 23.3 175.7 98. 3 50.7 34.1
Plate D 719.7 808.0 0. 89 23.5 28. 4 21.7 11.7 4.9

2.2 Microstructure

Fig. 2 shows the optical micrograph at the mid-
thickness of the reference steel. Its microstructure is
composed of quasi-polygonal ferrite grains, in which
some grains elongate along the rolling direction. Elec-
tron backscattered diffraction (EBSD) was used to

determine the micro-texture of reference steel with a
step of 0.5 pm. Fig. 3 shows EBSD orientation maps
and frequency distributions of ferrite grain boundary
misorientation. Intercept method was used for the
grain size measurement and the average size of grains
with high angle boundaries (>>15°) is 3. 3 um, which
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is considered as the valid grain size of Hall-Petch
equation. The percentage of high angle boundaries is
56. 4 %.

Optical micrographs of the developed steel plates
are presented in Fig. 4. It can be seen that the micro-
structures are significantly influenced by the differ-
ent rolling schedules. Two-stage rolling with low
finish rolling temperature of 852 °C (Plates C and D)
dramatically leads to grain refinement compared to
single-stage rolling at high rolling temperature
(Plates A and B). The microstructures of Plates A
and B are composed of granular bainite and polygo-

nal ferrite; however, the primary microstructural

constituent of Plates C and D is mainly quasi-polygo-

(c)

10 20 30 40 50 60
Misorientation angle/(* )

Fig. 3 EBSD orientation maps of the reference steel (a, b) and frequency distributions of ferrite grain
boundary misorientation (c¢)

(a) Plate A; (b) Plate B; (¢) Plate C; (d) Plate D.
Fig. 4 Optical micrographs of developed steel plates subjected to different TMCP schedules
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nal ferrite grains. It is noted that the further cooling
mode after laminar water-cooling has little influence
on microstructures. Isothermal holding at 600 C
just slightly leads to grain growth in comparison
with the direct air-cooling, and the primary micro-
structural constituents in Fig. 4 are similar. SEM mi-
crographs of experimental steels are shown in Fig. 5.

The size of martensite/austenite (M/A) constituent is
several microns in the case of single-stage rolling,
whereas, its size is much smaller in Plates C and D
that are subjected to the two-stage rolling. Under
the same rolling condition, isothermal holding obvi-
ously leads to the decrease in number and size of M/A
islands in comparison with the direct air cooling.

(a) Plate A; (b) Plate B;

(¢) Plate C; (d) Plate D.

Fig. 5 SEM images of developed steel plates subjected to different TMCP schedules

2.3 Precipitates

TEM micrographs shown in Fig. 6 clearly ex-
hibit a cell-like distribution of several tens nanome-
ter particles in Plates C and D subjected to two-stage

rolling with lower finish rolling temperature (852 C),
implying that the precipitates nucleated on disloca-
tions or on dislocation sub-structures. However,

this kind of particles can hardly be observed in steel

Fig. 6 TEM micrographs of particles in plate subjected to lower finish rolling temperature
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plate subjected to single-stage rolling at high tem-
perature.

Fig. 7 shows transmission electron micrographs
of developed steel plates. It can be seen that under
the same rolling condition, large amount of nanom-
eter particles exist in the steel plate subjected to iso-

thermal aging at 600 °C. However, this kind of par-
ticles are fewer in the specimen air-cooled directly to
room temperature.

Representative TEM micrograph of nanometer
precipitates in the reference steel is given in Fig. 8.
Electrolytically extracted phase analysis shows that the

(a) Plate C, dircct air cooling;

Fig. 7

Fig. 8

TEM micrograph of nanometer particles in
reference steel

total amount of precipitation phase MX (M= Ti, Mo,
Cr; X=C, N) in the reference steel is 0. 0793 mass%.
The particles of MX are in the size range of 1—300 nm,
as measured by the X-ray small angle scattering method.
The size distribution of these particles is shown in
Fig. 9. The mass fraction of particles smaller than 10 nm
accounts for 33. 7% of the total MX precipitates.

3 Discussion

3.1 Titanium carbides
Titanium exhibits a strong tendency to form
oxides and sulfides as well as nitrides and carbides in

steel. The solubility product of titanium compounds

(b) Plate D, isothermal aging at 600 °C for 60 min.
TEM micrographs of developed steel plates

25

20 -

NN

m

Mass fraction/%

1-5 10-18  36-60
5-10 18-36
Size interval/nm

96-140  200-300
60-96 140-200

Fig. 9 Size distribution of MX phase in the reference steel

indicates that the precipitation sequence of them in steel
is Ti, Q;—>TiN—>Ti,C,S,—~>TiC with decreasing tem-
perature. The developed steel was melted in a vacu-
um induction furnace, and the contents of oxygen and
sulfur were very low. TiN precipitates at higher tem-
perature; thus, only titanium carbides are discussed
as follows. The solubility products of TiC in austen-
ite and ferrite can be expressed as followsH!.

log(w | w¢))y=—7000/T+2.75 (D

log(w | wc))e=—9575/T+4. 40 (2)

The contents of titanium, nitrogen and carbon
in the developed steel are 0. 11 mass% , 0. 0032 mass%}

and 0. 05 mass% , respectively. Amount of Ti available
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for TiC formation was calculated as wni; =0.11 —
(48/14) X 0.0032=0. 099. The solution temperature
(T) of TiC in developed steel was calculated as 1112 °C.
The slabs were reheated at 1200 C for 90 min be-
fore hot rolling. Therefore, TiC can be fully dis-
solved in developed steel before hot rolling.

According to Eq. (1), the theoretical precipita-
tion temperature of TiC in the developed steel is
1112 °C, but the actual precipitation behavior de-
pends primarily on precipitation kinetics. Wang et
al. 12! investigated a 0.05% C-0.10% Ti (mass%)
high-strength low-alloy (HSLA) steel, having simi-
lar composition with the developed steel, and found
that the precipitation of TiC did not occur at 975 C
and the nucleation of strain-induced TiC precipitati-
on was a very rapid process in the temperature range
of 900 — 925 “C. Obviously, titanium carbides in
Plates A and B can hardly precipitate at the finish
rolling temperature of 1014 °C. Thus, grain refine-
ment could only be achieved through austenite re-
crystallization during the rolling passes in Plates A
and B; however, higher temperature allows the
growth of recrystallized austenite grains between
different passes, weakening the grain refinement
effect. On the other hand, strain-induced TiC pre-
cipitation took place at low temperature during the
second rolling stage in Plates C and D. The fine par-
ticles effectively retard recovery and recrystallization
of deformed austenite, thus help to retain the accu-
mulated strain and deformed structures of austenite
grains, consequently leading to an increase of nucle-
ation sites for Y>a phase transformation and favor-
ing the refinement of the finial microstructure. For
this reason, grain size of Plates C and D subjected to
two-stage rolling was remarkably reduced as com-
pared to those of Plates A and B whose finish rolling
temperature was 1014 “C. This gives a reasonable
explanation for the grain refinement of Plates C and
D shown in Figs. 4 and 5 and for the strain-induced
precipitation shown in Fig. 6. Therefore, strain-in-
duced TiC precipitation plays an important role in
influencing microstructural evolution during the hot
rolling of Ti-microalloyed steel plate. However, pre-
cipitates formed in austenite are subjected to a rela-
tively fast coarsening and lose coherency with aus-
tenite during transformation to ferrite, so their
hardening effect can be ignored.

Mao et al.'?! investigated the 0. 5Mn-0. 112Ti
(mass%) steel and found that its start and finish trans-
formation temperatures at the cooling rate of 20 ‘C/s
were 800 °C and 600 °C, respectively. As similar

composition and cooling rate were adopted in the ex-
perimental steel, it can be concluded that ¥ — «a
transformation has been completed during water
cooling after hot rolling. According to Egs. (1) and
(2), the equilibrium solubility of TiC in austenite at
852 °C is 3. 37X 107* and that in ferrite at 600 C is
2.70X10 7. After hot rolling, rapid cooling of ex-
perimental steels on run-out table will inhibit the
precipitation of titanium carbides and lead to a high
degree of supersaturation in ferrite matrix. Isother-
mal holding at 600 °C can promote TiC fully precipi-
tating from supersaturated ferrite solid solutions be-
cause the equilibrium solubility at this temperature
is extremely low. However, air cooling directly
leads to a high degree of supersaturation in ferrite
matrix; thus, nanometer particles can hardly be ob-
served in Plates A and C.

It can be confirmed that the cooling route after
water cooling becomes the crucial stage for TiC pre-
cipitation in Ti-microalloyed steel. Solubility gap of
TiC in different phases promotes ¥/« interface pre-
cipitation during transformation, or titanium car-
bides may nucleate in supersaturated ferrite. It is
noted that different cooling routes after water cool-
ing are adopted for strip production or medium and
heavy plate production. In present work, the option
of isothermal holding was based on coiling process of
strip production, and direct air cooling simulated the
cooling route after water cooling during medium and
heavy plate production. It is obvious that isothermal
holding is beneficial for TiC precipitation in compar-
ison with direct air cooling. Too low coiling temper-
ature will lead to insufficient precipitation, but too
high coiling temperature can coarsen the precipitates
and lower their strengthening potential. Carbide pre-
cipitation under the condition of continuous cooling
was investigated and more carbide can precipitate
from the supersaturated solid-solution ferrite at the
relatively slow cooling ratest!. Thus, direct air
cooling is not beneficial to TiC precipitation because
of relatively high cooling rate. Wang et al. '?*' found
that the precipitation kinetics of nano-size TiC parti-
cles in ferrite depended on the annealing tempera-
ture, and interface precipitation happened at high
temperature such as 700 ‘C, 725 ‘C, and 750 C,
but carbides randomly distributed in the ferrite ma-
trix after annealing at 650 °C and 675 ‘C. This im-
plies that transformation affects TiC precipitation,
interface precipitation takes place during Y—>a trans-
formation and dispersed precipitation forms in the

ferrite matrix after transformation.
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3.2 Strengthening and toughening mechanism

The relationship between yield strength and mi-
crostructure can be predicted by the following equa-
tion.

=0, To,to,+0,To4 (3)
where, ¢, is the lattice friction stress with the value
of 48 MPa; and o, , 0., 0,5, and 6,4 are the strengthe-
ning effects caused by solid solution, grain refine-
ment, precipitation and dislocation, respectively.

Grain refinement hardening effect can be calcu-
lated by the well-known Hall-Petch equation

o,=k,d '* D
where, d is the average ferrite grain size; k, is con-
stant and its value is 0. 55 MPa « m"? (17. 4 N/mm®?)
for HSLA steels. The calculation results show that grain
refinement effect for the reference steel is 303 MPa.

The well-known Ashby-Orowan model is widely

used to calculate the precipitation hardening effect™¥.

_5.94F z
o, (MPa)= = IH{Z.SXIO y

where, f is the volume fraction of precipitates; and

(5

x is the mean diameter of particles in micron. Calcu-
lating from the results of electrolytically extracted
phase analysis for the reference steel, the precipita-
tion hardening effect of nanometer TiC particles is
about 158 MPa.

The results revealed that the reference steel is
strengthened mostly by combined effects of grain re-
finement and precipitation hardening. Although dis-
location hardening and solid solution hardening can-
not be overlooked, the difference between developed
steel plates is smaller when the conventional TMCP
parameters are adopted for the same compositions.
Therefore, the strengthening mechanism of devel-
oped steel plates is discussed on the basis of grain
refinement and precipitation hardening.

It can be concluded from the previous discussion
that lower finish rolling temperature (852 C) leads
to finer grain size, and isothermal holding at 600 °C
promotes the precipitation of nanometer TiC. Plate
D underwent the similar TMCP parameters as the
reference steel, so its yield strength exceeds 700
MPa because of remarkable grain refinement and re-
markable precipitation hardening. The yield strength
of Plate A is the smallest because of high finish roll-
ing temperature (1014 °C) and air-cooling directly
after water cooling. Strength of other steel plates
lies between them. Table 4 shows the strengthening
and toughening mechanism of developed steel plates.
The values in parentheses are the difference between
the properties of Plate A and other plates.

It is well known that grain refinement is the only

Table 4 Effects of grain refinement and precipitation on strength and toughness

Ttem Reference steel Plate D Plate C Plate B Plate A
Grain refinement Remarkable Remarkable Remarkable No No
Precipitation hardening Remarkable Remarkable No Remarkable No
Yield strength/MPa 730 (268.7) 719.7 (258.4) 508.3 (47) 644.3 (183) 461. 3
Absorbed cnergy at —20 C/J 15.7 (10) 11.7 (6) 50. 7 (45) 3.0(—2.7 5.7

method to simultaneously improve both strength and
toughness. However, precipitation hardening severely
impairs the impact toughness of structural materials.
It can be clearly seen from Table 4 that Plate B dem-
onstrates the worst toughness because of weaker
grain refinement and remarkable precipitation hard-
ening, but Plate C boasts the best toughness because
of remarkable grain refinement and few precipitates.
Although yield strength of reference steel and Plate
D exceeds 700 MPa through grain refinement and
precipitation hardening, unfortunately, the impact
toughness of them is unsatisfactory, mainly due to
the precipitation hardening of TiC particles.
Titanium carbides maybe nucleate in austenite
during hot rolling, at the ¥/« interface during trans-

formation, or in supersaturated ferrite. Strain-induced

precipitation plays an important role in grain refine-
ment. Interface precipitation and dispersed precipita-
tion in ferrite are the main sources for precipitation
hardening. It is noted that strain-induced precipitation
during hot rolling would adversely affect the precipitati-
on hardening effect by reducing the amount of titanium
and carbon in solution. TMCP conditions should be
controlled to favor either strain-induced precipitation
in austenite or precipitation in ferrite, in order to ob-
tain better strength and impact properties simultane-
ously. Previous researches on precipitation behavior
and precipitation kinetics of titanium carbides were
only focused on either strain-induced precipitati-

ont?"?*] or interface precipitation and dispersed pre-

[29.30]

cipitation in ferrite The relationship between

the two kinds of precipitation and the effects of titanium
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carbides on strength and toughness were scarcely re-
ported either. In order to obtain a better strength and
impact properties, more TMCP schedules should be ex-
tensively investigated in future.

4 Conclusions

(1) Grain refinement was achieved in Plates C
and D, which were subjected to lower {inish rolling
temperature (852 °C), because strain-induced pre-
cipitation inhibited recovery and recrystallization of
deformed austenite. Isothermal holding at 600 °‘C pro-
moted the precipitation of nanometer TiC in Plates B
and D; however, supersaturated titanium and carbon
had no enough time to precipitate in the directly air-
cooled Plates A and C.

(2) The yield strength of Plate D, which adopted
the similar TMCP parameters as the reference steel,
exceeded 700 MPa, Plate A, which was rolled at
high finish rolling temperature (1014 ‘C) and air
cooled directly after water cooling, showed the mini-
mum yield strength. Plate B showed superior tough-
ness to others because of remarkable grain refine-
ment and weaker precipitation hardening.

(3) Timicroalloyed steel is strengthened mostly
by the combined effects of grain refinement and pre-
cipitation hardening. Unfortunately, the latter obvi-
ously impairs the impact toughness.
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